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ABSTRACT 

Lablab (Lablab purpureus (L.) Sweet) is a grain legume crop commonly grown in 

Africa and India and is used as human food, animal feed, in soil conservation, 

enhancing soil fertility and in weed management. In Kenya, most farmers grow 

landraces which are inherently low yielding and have other undesirable attributes like 

long maturity duration and indeterminate growth habit. The status of genetic diversity 

of the local lablab germplasm and how it relates to materials from other regions remain 

unclear. Unavailability of novel breeding selection tools such as molecular markers and 

lack of adequate information on the inheritance pattern of important traits have also 

hampered the crop improvement in Kenya. The objectives of the study were therefore: 

to develop new molecular markers for lablab; to assess the genotypic diversity of local, 

exotic and wild lablab accessions using simple sequence repeats, diversity array 

technology (DArT) and single nucleotide polymorphism (SNP) molecular markers; to 

identify the inheritance pattern of selected lablab qualitative traits and establish the 

linkage relationship of the genes controlling them; determine the heritability estimates, 

genetic gain and character association of important traits of determinate lablab. 

Transcriptome sequencing using 454 Titanium FLX system of mRNA isolated from 

leaves and shoots of lablab samples, was conducted to discover genic-SSRs and to 

develop SSR markers. Eight of these new developed SSR markers were used to 

characterize 189 lablab accessions.  SilicoDArT and SNP markers were developed 

using DArTSeq technology and used to characterize 240 lablab accessions. The 

genetics of growth habit and other qualitative traits were studied in three generations 

(F1, F2 F3) of eight lablab populations. Selected F5 lines with determinate growth habit 

were grown using RCBD design at KALRO Thika and Katumani to determine 

heritability estimates, genetic gain and character association. Results indicated that 

there were 446 genic SSRs from 3140 assembled lablab contigs indicating an overall 

density of 202 SSR per Mbp. SSR primer pairs designed from the contigs sequences 

amplified on lablab genome. The gene diversity among the 189 accessions based on 

SSR loci ranged from 0.26 to 0.52 with an average of 0.38, with germplasm collected 

from Kenya showing a moderate genetic diversity of 0.36. Higher genetic diversity 

(He<0.5) was detected within the Ethiopian and South Africa populations. A total of 

15,601 polymorphic DArT markers and 11,431 SNP markers were identified each with 

average reproducibility and genotype call rate of more than 90%. Based on both DArT 

and SNP markers the 240 lablab was of narrow genetic diversity with the expected 

mean heterozygosity of 0.030 (DArT) and 0.039 (SNP). However, genetic 

differentiation was most pronounced between the cultivated and the wild accessions. 

The growth habit in lablab is under control of three genes which could be temperature 

dependent. The genes controlling stem growth habit and time to flowering in lablab are 

linked. The study identified, moderate to high heritability, genetic advance estimates 

and significant positive correlations of pods per plant, raceme per plant, plant height, 

pod width, racemes per pod and number of flower nodes. The newly developed 

molecular markers are useful in grouping lablab genotypes into related clusters that 

breeders can use to enhance lablab productivity. Selection for high number of units of 

pods per plant, raceme per plant, plant height, pod width, racemes per pod and can be 

effective when targeting to develop high seed yielding determinate varieties. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background information 

Lablab (Lablab purpureus (L.) Sweet) is a leguminous crop that is currently grown in 

Africa, India and parts of Southeast Asia (Maass et al., 2005; Kimani et al., 2012; 

Sennhenn, 2015). The crop is cultivated in diverse climatic conditions worldwide and 

displays wide genetic diversity. The production of lablab in India is about 0.030 million 

tonnes, grown on approximately 0.085 million hectares (Keerthi et al., 2014). In Kenya, 

lablab is grown in more than 10,000 hectares, with an average yield of less than 0.5 

tons ha-1(Kamotho et al., 2015). In Kenya, lablab can grow in different agro-ecological 

zones ranging from the lowlands of the coastal region to the highlands of Mt. Kenya 

region (Kamotho et al., 2015). 

Lablab is an important pulse crop in some developing countries of Asia and Africa 

where it is mainly consumed as dry seeds and fresh green pods (Maass et al., 2005; 

Kimani et al., 2012; Sennhenn, 2015; Amkul et al., 2020). As food, it serves as a vital 

source of protein (20-28%), minerals such as Zinc (34mg/kg) and iron (57 mg/kg) 

(Onyango, 2011). The immature pods are commonly used as vegetable while the crop 

residue after harvest are utilized for making manure (Julius et al., 2021).  It is also 

important as livestock forage and feed especially in Australia (Maass et al., 2010). The 

spreading lablab varieties are used in soil conservation and in weed management. 

Lablab has also been utilized in the management of diabetes mellitus, inflammations, 

coronary heart diseases and anaemia (Al-Snafi, 2017; Naeem et al., 2021). The ability 

of lablab to extract soil water at deep depth even at heavy-textured soil makes it a crop 

of choice for farmers in semi- arid areas (Kimani et al., 2012; Kilonzi et al., 2017). In 

addition to subsistence use, the excess grains are sold in the local market where it 
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fetches higher prices than most of the other common legumes (AFFA, 2016). Therefore, 

there is a great potential for commercialization of this crop thereby giving an incentive 

for breeding and production. 

In Africa, lablab has remained neglected and underutilized despite the crop being well 

adapted to arid and semiarid areas which are characterized by food insecurity (Maass 

et al., 2010). Like other underutilized crops in Africa, there is poor research attention 

given towards the improvement of lablab as evidenced by little literature on the crop 

and poor crop productivity. Poor research attention on this leguminous crop is partly 

because it is still regarded as subsistence crop, thereby not attracting donor research 

funding like the other major and commercial crops. Owing to the minimal research 

effort on this crop, the grain yield of lablab on farmers’ fields in Kenya is low, ranging 

from 0.3 tons per hectare to 0.71 tons per hectare (Kamotho et al., 2010; Tegemeo, 

2010; Meru County, 2018; Lamu County, 2018). Higher grain yields of 1.5 tons per 

hectare have been reported under irrigation in semi-arid areas of Machakos in Kenya 

(Sennhen, 2015). In, Brazil and Bolivia, grain yield of upto one ton per hectare has been 

reported. In Columbia, 1.2 – 1.8 tons per hectare were reported in the high attitude areas 

(Kempanna et al., 2008). This indicates that, there is room for improvement of the 

current level of lablab productivity in Kenya through investment in breeding of high 

yielding varieties that meet the farmer’s requirements.  

Currently, most of the lablab production in Kenya is carried out in the semi-arid areas 

(Kamotho, 2015). The production of this legume is mainly done by smallholder farmers 

within diverse cropping systems, ranging from monoculture to intercropping, mainly 

with cereals. A majority of these farmers are resource-poor and faced by numerous 

challenges. However, little effort has been made to understand the challenges that limit 
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productivity among the small-scale lablab farmers in Kenya. In their survey in major 

lablab producing areas in Kenya, Kinyua and Kiplagat, (2012) identified low soil 

fertility, pests and disease infestation, cultivars with undesirable traits like low genetic 

yield potential, late maturity and indeterminate growth habit as important production 

constraints. Little effort has been made to address these challenges largely because the 

crop is still considered underutilized and therefore receive minimal attention from 

researchers and donors. 

1.2 Statement of the problem 

Production and productivity of lablab in Kenya has remained low (Boit et al., 2013, 

Kinyua and Kiplagat, 2012, Tegemeo, 2010). Lack of cultivars which are high yielding 

and with desirable traits like earliness to maturity and determinate bush characters have 

been identified to contribute to the low adoption and productivity especially in short -

season environments (Kinyua and Kiplagat, 2012). Lablab is mainly grown in the 

dryland areas of Kenya which frequently experience short rainfall duration (Daryanto 

et al., 2015). Under rain-fed conditions, long duration cultivars are subjected to end of 

season moisture stress leading to yield loss (Sennhenn, 2015). Yield losses of more than 

43.5% has been reported in several legumes when grown under moisture stress 

(Daryanto et al., 2015). Even in drought tolerant crops like lablab, excess moisture 

stress during pods and seed development can result in formation of few pods, shivered 

grains and ultimately low grain yield (Fredrick et al., 2001; Nepomuscene et al., 2017). 

Currently, the cultivars and landraces available to farmers in Kenya all have medium 

to long maturity duration (Kamotho, 2015). To overcome the challenge of production 

of long maturity cultivars under short season environment, farmers are advised to plant 

lablab during the short season rainfall (October-December) but harvest their crop after 

the long season of the following year. The short season rainfall period is utilized to 
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germinate and establish the crop. The short season rainfall is not enough to allow full 

crop cycle of the long duration cultivars. Therefore, the crop is allowed to remain in the 

field during the dry months of January and February awaiting for the rains at March. 

During this period, the crop remain vegetative though it sheds most of the leaves. The 

vegetative lablab crop in field usually attract heavy infestation of insect pests such as 

aphids since during this dry period, there are only few other alternative hosts for the 

pests.  After the onset of the long season rainfall, new shoots immediately develop 

followed by flowering and pod formation.  The small holder farmers are discouraged 

from planting lablab due to the long duration (usually 7-8 months) they have to wait 

before harvesting of the grains. This problem can be overcome by farmers adopting 

early maturing cultivars which are able to escape drought. Drought escape is an 

adaptive mechanism which allows plants to develop rapidly and complete their full life-

cycle before the onset of drought (Shavrukov et al., 2017).   Early maturity under the 

conditions of terminal drought can reduce exposure to moisture stress during the 

delicate flowering and grain filling periods.  

Majority of the lablab landraces and varieties frequently used by Kenyan farmers are 

not only late maturing but also have indeterminate growth habit thereby limiting their 

utilization especially under intercropping system (Kamotho et al., 2015). Cereal/lablab 

intercropping system is very common among lablab small holder farmers with limited 

arable land (Kamotho et al., 2010). Intercropping enables the farmers to produce 

diverse crop species within the same field and season thus minimizing risks associated 

with crop failure (Bonginkosi et al., 2018). The current practice is where the farmers 

intercrop the cereals with indeterminate lablab cultivars. Under the cereal/lablab 

intercropping system, the  indeterminate and aggressive lablab varieties become very 

vegetative and climb on, pull down and lodge the intercrop cereal resulting in yield 
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reduction of both the cereal and lablab crop (Kamotho, 2015; Kgasago, 2006). For 

instance, a reduction of 57% in maize leaf yield when maize and lablab were sown at 

the same time compared to the leaf yield of the maize crop under monoculture 

(Bonginkosi et al., 2018). To reduce the problem of competition and entanglement of 

indeterminate varieties on maize, farmers are usually advised to plant the lablab at least 

two weeks later than maize (Rapholo et al., 2020). This practice is not favourable 

especially for areas with short seasons. Inaddition, indeterminate lablab varieties 

usually produce high biomass at the expense of the grain yield (Nord et al., 2020) 

thereby resulting in low grain yield. Currently there is lack of determinate lablab 

varieties developed for grain production in Kenya. Therefore, development of varieties 

with determinate growth habit may be necessary to increase lablab productivity and 

especially under the cereals intercrop system. 

The current problem of low lablab productivity in Kenya can be resolved through crop 

improvement.  A thorough understanding of the level of genetic diversity of the 

available germplasm is important in selecting of the suitable parents to be used in the 

breeding programme. Although, there is a considerable amount of lablab genetic 

resources held by gene bank of Kenya (GBK) and other gene banks such as 

international livestock research institute (ILRI), the level of relatedness of these 

materials is not well understood (Shivashi et al., 2012, Kimani et al., 2012, Kamotho, 

2015) limiting their utilization in breeding programs. Rapid characterization and 

subsequent utilization of lablab germplasm in the improvement of the farmer’s cultivars 

can be achieved through the use of efficient biotechnology tools such as molecular 

markers. Research effort have been made to develop molecular markers in lablab 

(Guwen et al., 2013) but the numbers are still too low compared to other leguminous 

crops. Lack of adequate DNA markers in lablab is of particular concern because these 
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molecular tools have been efficient in characterization and genetic improvements of 

many other crop plants (Yunbi and Jonathan 2008, Ribaut et al., 2010, Guo-Liang 

Jiang, 2013; Raatz et al., 2019; Amkul et al., 2020).   

This study therefore sought to address the problem of inadequate molecular tools for 

germplasm characterization, limited understanding of genetic relatedness of the 

available germplasm and inadequate understanding of characters association in lablab 

which is a prerequisite for the development and selection of early maturing determinate 

lablab varieties in Kenya.  

1.3 Justification of the study 

Lablab productivity in Kenya has remained low due to lack of adapted varieties 

especially to the short -season environments (Kinyua and Kiplagat, 2012). Crop 

improvement is one of the sustainable strategies that can be used to increase 

productivity of underutilized crops such as lablab. Success of developing improved 

crop varieties is dependent on the access to full range of germplasm resources. A good 

characterization of these genetic resources in terms of their relatedness is a prerequisite 

for their use in crop improvement (Kamenya et al., 2021). The characterization of 

lablab germplasm is important because it would allow simple grouping of accessions, 

development of core collections and in identification of valuable germplasm for 

breeding better adapted varieties. The inclusion of big worldwide lablab collections in 

this study is important because it enables better understanding of the relatedness of the 

local and exotic genetic materials. This information would enable the local breeding 

program to benefit from the lablab genetic resources from other countries and regions. 

Such materials can be introduced and hybridized with the local cultivars to broaden 

their genetic base.  
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Conventionally, diversity of crops is assessed through phenotypic qualitative traits such 

as growth habit or quantitative traits such as yield potential.  However, this approach 

has a major setback because the expression of quantitative traits is subjected to strong 

environmental influence (Wamalwa et al., 2016) and is dependent on the developmental 

stage of the plant thereby reducing their efficiency in germplasm classification. Modern 

techniques which analyse diversity at molecular level have been developed and 

successfully applied in evolutionary and diversity studies of different crops (Nadeem 

et al., 2018). However, like in most other underutilized crops, there are limited 

molecular markers developed for lablab crop (Guwen et al., 2013). Simple sequence 

repeats (SSR) markers, which are single locus markers with multiple alleles, highly 

polymorphic, co-dominance of alleles, arbitrary dispensation in genome (Luo et al., 

2018) can be effective for discriminating between lablab genotypes. Currently, 

Diversity array technology (DArT) molecular markers are becoming popular in 

characterizing large number of individuals because they are amenable to high-

throughput genotyping and are cost-effective (Liu et al., 2018). No prior knowledge of 

DNA sequence is required for detection of polymorphisms with DArT markers 

therefore making them ideal for species with limited genome information such as 

lablab. Similar to SSR markers, single nucleotide polymorphism (SNP) markers are 

highly abundant, polymorphic and are co-dominant. Their abundance in genome and 

their low cost of development makes them popular in population structure and genetic 

diversity studies (Semagn et al., 2018). Therefore, the development of numerous 

molecular markers for lablab in this study can offer important tools to effectively 

investigate the genetic diversity in the huge local and introduced lablab germplasm, 

understand the structure of different populations and in classification of relatedness of 

these materials (Nadeem et al., 2018).  
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Most of the cultivars grown by farmers in Kenya have long maturity period of more 

than 120 days (Kamotho, 2015) and extends way beyond the rainy season which is 

usually less than 80 days (Sanhenn, 2015) thereby suffering from terminal drought. 

Breeding for early crop maturity is therefore essential to match crop duration with the 

period of favourable growing conditions, avoid losses caused by terminal drought and 

to stabilize the grain yield. Availability of determinate bush lablab varieties in Kenya 

can also stabilize yield especially under the intercrop system. Towards the development 

of improved lablab varieties, combination of multiple qualities such as high yield along 

with determinate growth habit and earliness to maturity is therefore essential. Clear 

understanding of the genetics of these traits is essential in determination of the suitable 

strategies for combining these traits into improved cultivars (Acquaah, 2015). In 

addition, the information on heritability, genetic advance and correlation of yield 

related traits is necessary to identify the traits to use in selection of individuals with the 

desired high grain yield, determinate growth habit and early maturing traits. Although 

this genetic information has been generated in lablab, there have been contrasting 

conclusions from diverse workers and most of the work has been undertaken in Asia 

with limited studies done in Africa. Unless reasonable information on inheritance 

pattern, genetic advance, correlation and heritability of important lablab traits is 

established under the local genetic background, the process of selection of improved 

lablab varieties for Kenyan farmers will be slow and less efficient. 

1.4  Objectives   

1.4.1 Broad objectives. 

The study aimed to contribute to enhanced lablab productivity by improving the 

maturity duration and growth habit of Kenyan lablab varieties, hence contributing to 

expanded adoption, increased yields and income of small holder farmers.  
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1.4.2 Specific objectives.  

1) To identify new lablab derived simple sequence repeat (SSR) molecular 

markers; 

2) To identify the genetic diversity of some local and introduced lablab accessions 

using the new SSRs markers; 

3) To assess the genetic diversity and population structure of some worldwide 

lablab accessions based on two ultra-high-throughput diversity array technology 

(DArT) markers (Silico DArT and SNP); 

4) To determine the  genetics of  growth habit traits, days to flower initiation, and 

flower colour traits in lablab; 

5) To assess genetic variation, heritability and genetic advance of important yield 

attributing traits of some advanced determinate lablab lines 

6) To determine association among yield and yield related traits of determinate 

lablab.  

1.5 The Hypotheses 

1) SSRs are abundant in lablab genome and the Roche/454 next generation 

sequencing system produces long reads which have enough flanking regions to 

design primers. 

2) The new SSRs are robust in revealing polymorphism between closely related 

lablab accessions. 

3) DArTSeq platform can be applied to provide genetic differences of lablab 

germplasm.  

4) Stem growth habit, flower colour and duration to flower initiation is controlled 

by major genes in lablab.  
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5) There are some yield contributing traits with high heritability and genetic 

advance which if identified could be useful in selection of high yielding 

determinate varieties in Kenya 

6) There are some yield contributing characters that are highly correlated to grain 

yield and if identified could be useful in development of early maturing 

determinate lablab varieties in Kenya. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Origin and distribution of Lablab 

Lablab purpureus (L) Sweet belongs to the family Fabaceae, sub-family faboideae, 

tribe phaseolae, and subtribe phaseolineae and genus lablab. Verdicort, (1970) 

classified the species L. purpureus into three subspecies namely; subspecies unicinatus, 

subspecies bengalensis and subspecies purpureus. These subspecies mainly differ in 

the shape and sizes of their pods. For instance, the subspecies uncinatus have small, 

scimitar-shaped pods of about 40 mm x15 mm and contains all the wild accessions. The 

subspecies bengalensis, have the longest (about 140mm) pod sizes among the others 

and the shape is linear oblong. The subspecies purpureus has larger, scimitar-shaped 

pods of 100 mm x 40 mm and consist of all accessions cultivated as pulse (Maass, 

2005).  Maass et al., (2016), observed that although Verdcourt (1970), combined all 

wild morphotypes under subspecies unicinatus, there was clear difference in pod 

morphology of the two seeded and four seeded wild types. The subspecies purpureus 

and subspecies bengalensis are genetically very similar. Most of the domesticated 

accessions in majority of lablab growing regions belongs either to subspecies purpureus 

or subspecies bengalensis with subspecies unicinatus domesticated only in Ethiopia.  

There are several theories suggesting different origin of lablab as reviewed by 

Kempanna et al., 2008. Verdcourt (1970) suggested the origin to be in east Africa 

because the wild ancestral forms of L. purpureus; ssp. unicinatus are found in East 

Africa. Pulseglove (1974) suggested the origin of lablab to be Asia because that is the 

place where it’s widely cultivated. Fuller (2003) mentioned that lablab originated from 

India because its archeological findings in India at 3500 BC. Through AFLP studies 

Mass et al., (2005) showed that lablab originated from eastern or south Africa. Maas et 
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al., (2016) disputed the Indian origin and suggested eastern and southern Africa as the 

centre of origin because these are the only regions with occurrence of the wild plants. 

Like the other crops of Africa, lablab could have been taken to India by the ancient 

people of Arabia. 

2.2 Morphology of Lablab 

After germination, the plant forms a taproot, from which lateral and many adventitious 

roots develop. Lablab has primary leaves that are unifoliate and the subsequent leaves 

are trifoliate. The leaflets are ovate while the lateral leaflets are oblique and sometimes 

covered with soft hair. The inflorescence is a stiff axillary raceme with many flowers. 

Flowers are borne in the axillary and terminal racemes which may be one or many 

flowered. The colour of the flower may be white, pink, red or purple. The flowers 

contain ten stamens and a single multi-ovuled ovary which is predominantly self-

fertilized (She & Jiang., 2015). Once fertilized it develops into a pod which could be 

flat or inflated and can vary from 5-20cm in length and are usually 1-5cm in breadth. 

Pods usually have 2-6 seeds. The seed shape varies from round, oval or flat while the 

colour ranges from white, cream, beige, red, brown or black or variously speckled. The 

hilum of the seed is white, usually extending to one third around the seed. One hundred 

seed weight ranges from 20-50g. 

2.3 Ecology of lablab 

Lablab is adapted to warm climate with an average of temperature ranging from 18-

300C. Many cultivars are tolerant to high temperature while others can withstand short 

duration of frost. Cold weather of less than 150C is not suitable for this legume because 

it affects pollination and seed set.  Lablab is sensitive to day length. Most genotypes 

require short days to initiate flowering, but long-day cultivars exist as well (Cook et al., 
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2005). Sennhen, (2015) observed that some accessions depend on temperature and 

photoperiod to trigger the flowering response. Cultivars which can produce flowers 

regardless of the photoperiod have been reported in India (Keerthi et al., 2014). The 

legume is drought tolerant and grow well in areas with average annual rainfall is 600-

900 mm. It is considered to be more drought tolerant than other legumes like common 

beans (Phaseolus vulgaris) and cowpea (Vigna ungiculata) (Maass et al., 2010). 

However, it requires adequate moisture during the crop establishment but it’s later on 

able to withstand moisture stress due to its well-developed tap root with many laterals 

and adventitious roots. Lablab can be grown in a wide range of soils provided they are 

well drained. The crop cannot withstand water logging. It prefers sandy loam soil with 

an average soil pH of 6.5. The crop cannot tolerate soils with high aluminum content.  

2.4 Global lablab production  

Lablab has been in cultivation in Asia, Africa, Australia and America for a long period 

of time (Raghu et al. 2018).  In Asia, it’s mainly grown in South India for use as a 

vegetable. The area under cultivation in India is 0.085 million hectares with a 

production of 0.030 million tonnes (Keerthi et al., 2014). Karnataka is the leading 

lablab production area contributing to about 90% of both area and production of this 

leguminous crop in India (Laxmi et al., 2015). It’s considered the third most important 

vegetable in the central and south-western parts of Bangladesh with a total production 

area in the region of approximately 48,000 ha ( Maass et al., 2010). In USA, a lablab 

variety “Rio Verde” developed at the AgriLife Research and Extension Center at 

Overton in 2006 is widely cultivated as a forage in Texas and California (Smith et al., 

2008). The forage varieties highworth, Rongai and endurance are cultivated in USA 

and Australia.  
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There is little information about the current national production acreage and volumes 

of lablab in Kenya. This is mainly because the crop is still categorized as minor and 

therefore receiving little attention from ministry of agriculture and other stakeholders 

(MOA, 2014). In their survey, Kamotho et al., (2010) reported that lablab was grown 

in different agro-ecological zones of Kenya ranging from coastal areas to the highlands.  

In Meru County, one of the leading lablab producer, the acreage under lablab 

production has increased from 4282 ha in 2012 to 6345 ha in 2017 (Meru county, 2018). 

At the coastal region, Lamu county is the leading producer with more than 433ha of 

land under lablab production in 2017 (Lamu county, 2018).  

In inter-cropping systems, lablab is mainly cultivated in association with maize, millet 

or sorghum (Kimani et al. 2012). The practice of intercropping lablab with maize is 

more common in Lamu, Maragwa and Thika probably because of the small land sizes 

(Kamotho et al., 2010). In coastal Kenya, lablab/maize system, has demonstrated to 

increase maize grain yield by 79% compared to maize monoculture with no fertilizer 

inputs (Njunie, 2002). The actual grain yield at farmers field are low, ranging from 0.3 

t/ha to 0.71 t/ha which is way below the crop potential of over 1.5 t/ha (Boit et al., 2013, 

Kamotho et al., 2010, Tegemeo, 2010; Meru county, 2018; Lamu county, 2018).  

2.5 Utilization and consumption trend of lablab in Kenya 

In Kenya, lablab is mostly utilized as dry grain. Sizeable number of people also utilize 

it either for livestock feed or in conservation agriculture. Local consumption of lablab 

as vegetable is still very low (Kinyua and Kiplagat, 2012). 

The data on the current consumption volumes of lablab in Kenya is lacking. However, 

there is evidence of increased demand for this pulse as indicated by the high grain price 

in the market. For instance, in 2015, the wholesale prices of lablab ranged between Kes 

7000-8,000 per 90 Kg bag (MOAL, 2018). The lablab price was higher than that of 
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most other common legumes like common beans, cowpeas and pigeon peas. Currently, 

Kenya is a net importer of grain lablab mainly from the neighbouring countries 

suggesting further high demand of the pulse. In 2014, Kenya imported 121,430 MT of 

lablab grain (AFFA, 2014) and the demand has been increasing. The awareness of the 

food value of lablab and other indigenous crops is increasing especially at the urban 

areas and is expected to increase the demand of this pulse.  

2.6 Lablab production constraints  

Lablab production in Kenya is constrained by insect pests, lack of adapted genetic 

cultivars, drought and low soil fertility (Kinyua and Kiplagat, 2012) which contribute 

to low grain yield. The major insect pests include pod borer (Helicoverpa armigera), 

aphid (Aphis craccivora) and lablab bug (Coptosoma cribraria). Majority of the 

farmers do not control the insect pests due to high cost of the chemicals resulting in 

high yield losses (Kamotho et al., 2010; Kinyua and Kiplagat, 2012).  

In Kenya, the production of lablab is usually undertaken in marginal environments 

characterized by depressed amounts of rainfall and reduced duration of precipitation. 

Majority of the lablab cultivars face unique challenge in such environment. Due to their 

long duration period, the crop flower and mature during the period of moisture stress 

usually experienced at the end of the season. The seeds formed during the end of season 

moisture stress remain unfilled thereby affecting the yields and quality of grain 

produced.  

Most of the lablab production in Kenya is done under cereals legume intercrop system 

(Kinyua and Kiplagat, 2012). The most common practise is where the farmers grow a 

row of lablab between every row of maize or sorghum crop (Kamotho et al., 2015). The 

indeterminate growth habit nature of lablab cultivars poses a challenge under intercrop 

environment. Under this environment, the indeterminate cultivars are excessively 
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vegetative, they climb on, pull down and lodge the intercrop cereal thereby affecting 

the grain yield (Kamotho, 2015; Sullivan, 2003; Kgasago, 2006 Bonginkosi et al., 2018; 

Rapholo et al., 2020) 

 

2.7 Adaptation of long duration lablab cultivars in short season environments 

Production of late maturing lablab cultivars have contributed to the low grain yields at 

farm level especially at the semi-arid areas (Kamotho et al., 2010). The previous lablab 

breeding efforts in Kenya have not prioritized on improvement for earliness to maturity 

(Kamotho et al., 2010; KEPHIS, 2015). Since farmers have no access to improved early 

maturing varieties, they continue to cultivate their landraces or the few available 

medium to long duration varieties. Under rain-fed conditions in semi-arid areas which 

is usually characterized by short season, late maturing cultivars are subjected to end of 

season moisture stress which leads to yield loss (Sennhenn, 2015). Most dryland areas 

experience terminal drought which result in low crop yields (Daryanto et al., 2015). For 

instance, yield losses of more than 43.5% was reported when the moisture stress 

occurred during the reproductive stage of various leguminous crops (Daryanto et al., 

2015). Even in drought tolerant crops like lablab, excess moisture stress during pods 

and seed development results in formation of few pods, shriveled grains and ultimately 

low grain yield (Fredrick et al., 2001; Nepomuscene et al., 2017).  

To overcome the challenge of production of long maturity cultivars under short season 

environment, farmers plant lablab during the short season rainfall (October-December) 

but harvest their crop after the long season of the following year. The short season 

rainfall period is utilized to germinate and establish the crop. The short season rainfall 

is not enough to allow full crop cycle of the long duration cultivars. Therefore, the crop 

is allowed to remain in the field during the dry months of January and February awaiting 
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for the rains at March. During this period, the crop remain vegetative though it sheds 

most of the leaves. The vegetative lablab crop in field usually attract heavy infestation 

of insect pests such as aphids since during this dry period, there are only few other 

alternative hosts for the pests.  After the onset of the long season rainfall, new shoots 

immediately develop followed by flowering and pod formation.  Harvesting is done 

from June indicating that farmers can only reap one crop per year. The pests 

accumulated during the dry period usually attack the new shoots and pods and if not 

controlled can potentially reduce the grain yields. Farmers are discouraged from 

planting lablab due to the long time they have to wait before harvest and also the low 

grain yield. In Kenya, lablab is produced by small holder farmers with small parcel of 

land of less than 2.5 acres (Kinyua and Kiplagat, 2012) Small holder farmers prefer to 

cultivate short term crop varieties which would not hold their land for a long period of 

time.  Therefore, selection towards consistently early flowering determinate varieties is 

important for the production success in areas with short growing season such as semi-

arid areas.  

 2.8 Indeterminate varieties under intercropping systems 

Maize/legume intercropping is a significant solution for food security among small 

scale producers (Thobatsi, 2009). In intercropping systems two or more crops are grown 

in the same field at the same time (Sullivan 2003) resulting into increased yield per unit 

area and thereby improved food security. This cropping system is very common to 

lablab small holder farmers in Kenya who usually have limited arable land (Kamotho 

et al., 2010). The most common practise is where the farmers grow a row of lablab 

between every row of maize or sorghum crop (Kamotho et al., 2015). In intercropping 

system proper selection of cereal/legume varieties is key as it increases yields of the 

intercrops and minimizes intercrop competition (Makgoga, 2014).  The indeterminate 
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varieties usually climb on, pull down and lodge the intercrop cereal resulting in yield 

reduction of the cereal crop (Kamotho, 2015; Sullivan, 2003; Kgasago, 2006; 

Bonginkosi et al., 2018).  

Due to the lack of determinate varieties with compact growth habit, a wider plant 

spacing is adopted when indeterminate lablab varieties are intercropped with cereals. 

For instance, a spacing of 90cm is recommended between rows of maize and lablab in 

semi-arid areas of Kenya. Wide plant spacing can result in low productivity ( 

(Makgoga, 2014). Varying the planting date of the intercrop species has been 

previously used to the reduced competition between intercrop plants (Egbe, 2010). 

However, in areas that receive low rainfall like where lablab is commonly grown, early 

planting is recommended to ensure that the crop utilize all the available water during 

the growing season.  

The indeterminate lablab cultivars have prolonged harvest period resulting from non-

uniform maturity of the pods (Keerthi et al., 2014). Such cultivars with prolonged 

harvest period are however not suitable for farmers with small parcels of land who 

prefer short season crops for maximum utilization of their land. Breeding for varieties 

with rapid, uniform maturation and determinate growth habit is an important strategy 

to enhance food security among the lablab farmers especially in the semi-arid areas of 

Kenya.  

2.9 Importance of early maturity in lablab 

Successful production of lablab in marginal areas and under cereal legume intercrop 

environment requires use of genotypes with bush growth habit and with early maturity 

characteristics. In legumes, the greatest grain yield losses is when moisture stress occur 

during the flowering and post flowering stages (Manjeru et al., 2007; Nepomuscene et 

al., 2017). Water stress at flowering and pod maturity period cause flower and embryo 
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arbotion, lower percentage of pods and seeds formed and shrivelled grains. Therefore 

matching crop phenology events such as flowering and maturity to environmental 

conditions, mainly water supply is an important strategy of minimizing the impact of 

end of season moisture stress.  

Most of the cultivars grown by farmers in Kenya have long maturity period. Kamotho 

(2015) evaluated 45 landraces and found that they flowered within 88- 124 days and 

matured within 123 days to 190 days after planting. In Machakos County, a major 

lablab growing areas in eastern region of Kenya, the everage rainfall duration recorded 

between 1961 and 2012 was less than 82 days each for both the short and long rain 

season (Sanhenn, 2015). It’s therefore important to reduce the duration of crop growth 

in lablab cultivars in order to increase and stabilize their grain yield. 

2.10 Factors affecting timing of flowering 

The number of days taken from sowing to onset of flowering (flowering time) is a major 

component of crop adaptation and may directly affect yield, particularly in rain-fed 

environments (Sennhenn, 2015). Successful transition from vegetative stage to 

flowering stage is important for good pod set, seed load and therefore affect the grain 

yield. Flowering time in legumes is affected by genotypic variation and regulated by 

environmental factors such as photoperiod and temperature (Weller, 2015). 

Photoperiod is an important external factor that influence flowering of crops grown at 

diverse latitudes. Plants perceive photoperiod through photoreceptors in the leaf. 

Consequently, a signal called florigen is translocated to the apex of the shoot resulting 

to floral initiation. This process is regulated by the internal circadian clock which 

measure seasonal change. This is important in facilitating the matching of flowering to 

environment (Matthew et al., 2010). Flowering in long day plant is accelerated with 

lengthening photoperiod while in a short-day plant is accelerated as the photoperiod 
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shortens. In lablab, both short-day and long-day photoperiod types have been reported 

(Sennhenn, 2015). However, photoperiod insensitive (PI) or day neutral plants (DNT) 

have been also been reported in India.  

Flowering time response to photoperiodic is affected by the temperature. Sennhenn, 

(2015), observed that increase in temperature decreased the critical day-length in short 

day lablab accessions. However, she noted that below the critical day-length, time to 

flowering in lablab was affected by temperature only. In Kenya, lablab is mainly grown 

between latitude 20 south and 20 north of equator with 12 hours day length. Therefore, 

the main important factor affecting the time to flowering of lablab under Kenyan 

condition is basically the temperature. 

Phenological responsiveness to ambient temperature is observed across plant species. 

In plant species, leaves have the capacity to measure the diurnal temperature. The 

ambient temperature regulate several physiological processes in plants. Flowering is 

one of such processes regulated through the plant ambient temperature signalling 

pathway (Matthew et al., 2010).  In general, lower temperature result in elongation of 

time to flowering.  For instance, delayed flowering under lower temperature has been 

reported in lablab (Sennhenn, 2015). The flowering genes may influence maturity date 

through their effects on the onset of reproduction and duration of reproductive phase 

(Kumar et al., 2001).  

2.11 Factors affecting determinate growth habit 

The determinate growth habit is a spectacular architectural modification in grain 

legumes. In some legumes like Lupin sp determinacy is expressed by separate 

vegetative and reproductive phases. In other legumes like Soybean, Faba bean, common 

bean, lablab and pea, the determinate types don’t completely stop vegetative growth 

upon flowering but the vegetative growth is highly reduced. In lablab, the determinate 
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growth habit is characterized by the apex of the main stem terminating into a flower 

bud formation usually at 8th to 10th node (Keerthi, 2014). Lateral shoots latter develop 

and terminate in the same sequence. The new flowers are at the apex of the pedicel 

while the older flowers are at the base. In determinate plants, the first flower to open 

are those located on the main terminal stem (Kim et al., 1992). There are several reports 

of environment-dependent stem determinate growth habit in legumes. Kim & Okubo, 

(1995) reported that high temperature of above 300C or/and long photoperiod (more 

than 13 hours) shifted the growth habit of lablab from determinate to indeterminate. In 

their study in soyabean, Inouye et al., (1979) also reported that some plants shifted from 

determinate growth habit at 200C to indeterminate habit at 300C - 350C. This highlights 

the role of temperature and photo period in control of growth habit.  

2.12 Breeding for Early Maturity and growth habit in Lablab 

Successful production of lablab in marginal areas and under cereal legume intercrop 

environment requires use of genotypes with bush growth habit and with early maturity 

characteristics. The early maturing varieties could be ready for harvest within 100 days 

thus allowing farmers to plant and harvest more than one crop per year.  Varieties with 

determinate growth habit have synchronous flowering, more uniform pod maturity and 

thereby enabling cost-effective harvesting. 

Crop improvement programmes are based on the existing differences within crop 

species. In other words, no crop improvement is possible in the absence of diversity 

within the crop species. Genetic diversity is the natural divergence present within 

different individuals of same species. The diversity is as a result of presence of different 

alleles of a gene in individuals resulting in contrasting phenotypes. The natural 

divergence between crops have been widely identified and used in development of new 

varieties of crops (Bhanu et al., 2017). Under the current climate change and its adverse 
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effects on weather patterns, genetic diversity is an important reservoir of many unique 

traits conferring adaptability to the emerging crop growing conditions. Genetic 

diversity is also crucial in providing novel traits to adapt to the changing cropping 

systems such as intercropping caused by the diminishing arable land sizes especially 

among the small holder farmers (Govindaraj et al., 2015). The goal of every crop 

improvement program is to identify the diverse germplasm required to improve the 

deficiency of the elite and popular cultivars. Various techniques have been used in 

discrimination of plant genotypes. These include the use of morphological markers, 

biochemical evaluation and DNA marker analysis (Arunga et al., 2015; Bhanu et al., 

2017; Govindaraj et al., 2015). 

2.12.1 Morphological characterization 

Traditional methods of estimating genetic diversity relied on use of morphological traits 

to discriminate genotypes within crop species (Gepts, 2006). In morphological 

characterization, different genotypes are grown in the field and the discrimination of 

the entries is done based on the visually observable traits.  Morphological markers are 

direct, easy to score and less expensive than other markers. However, they are limited 

in number, dependent on the growth stage and often masked by factors in the 

environment hence limiting their application in genetic diversity assessment (Nadeem 

et al., 2018; Cholastova et al., 2012). However, since most of the morphological 

characters are greatly influenced by environmental factors and the developmental stage 

of the plant, new techniques which analyse diversity at biochemical or molecular level 

have been developed and successfully applied in evolutionary and diversity studies of 

different crops. 
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2.12.2 Biochemical markers  

Germplasm characterization using biochemical markers involves separation of proteins 

or their variants (isozymes) into specific banding patterns (Bhanu et al., 2017).The 

isozymes are detected through electrophoresis and specific staining. The isozymes are 

the products of different alleles and not the genes. Use of biochemical markers for 

assessing diversity is fast and requires smaller amount of plant tissue. However, like 

the morphological markers, biochemical markers are few in number and are affected 

by changes in environment (Govindaraj et al., 2015). 

2.12.3 Molecular markers   

2.12.3.1 Restriction fragment length polymorphisms (RFLP) 

Restriction fragment length polymorphism (RFLPs) is a hybridization-based marker 

and was developed in the late 1970s .The RFLP technique is based on the use of 

restriction enzyme. Restriction enzyme is a protein that identifies a specific, short 

nucleotide sequence and cleaves the DNA only at a particular recognition sequence site. 

DNA experience mutations such as substitutions/ deletions/ insertions which alter the 

fragments sequence and lengths of particular fragment. Using RFLP process, the 

differences in the length of DNA fragments in genotypes can be detected using some 

labelled probes. The purified DNA is fragmented by digesting it using restriction 

enzymes. The enzymes identifies specific recognition sites, cleaves the DNA 

generating a number of fragments generated from digestion. The differences in the size 

of fragments produced is based on the number of recognition sites identified. The 

restriction fragments generated during DNA fragmentation are separated using gel 

electrophoresis. The fragments are then transferred to a nylon membrane, hybridized to 

specific DNA probes and visualized by autoradiography. RFLP are highly reproducible 

between laboratories, are transferable across populations are codominant (can 
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distinguish between homozygous and heterozygous individuals) and are numerous in 

number. However, they are highly expensive mainly due to the enzymes and the probes 

used, time consuming, labour intensive and require larger amounts of DNA (Bhau et 

al., 2016).  

2.12.3.2 Random Amplified Polymorphic DNA (RAPD)  

RAPD markers are based on PCR amplification of random DNA segments with short, 

arbitrary primers. RAPD uses a short DNA sequence (primer) usually ten base pairs 

long to amplify many loci along the DNA of the samples. The amplified DNA 

fragments are separated using gel electrophoresis and visualised under ultraviolet light 

after staining (Kumar et al., 2009). RAPDs require low amount of samples DNA, are 

fast and easy to use, do not require prior knowledge of the sequence information of the 

genome and are highly polymorphic. Polymorphisms of DNA in RAPD occur due to 

deletions of a priming site, insertions or insertions that change the size of a DNA 

segment without preventing its amplification. (Williams et al., 1990). RAPDs have 

previously been utilized in diversity studies of crops such as lablab (Liu, 1996); 

Bambara groundnut (Massawe et al., 2003) and wheat (Li et al., 2012). This marker 

system is restricted by very poor transferability between laboratories.  

2.12.3.3 Amplified Fragment Length Polymorphism (AFLP) 

The AFLP technique combines both the use of restriction enzymes and PCR 

amplification. The genomic DNA is cut using both rare cutting (EcoRI or PstI) and 

frequent cutting (MseI or TaqI) restriction enzymes (Vos et al, 1995). This is followed 

by ligation of double-stranded adapters and selective amplification of the restriction 

fragments with adapter specific primers (Loh et al., 1999). The marker has also been 
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used in genetic diversity analysis studies such as in common bean (Maciel et al., 2003) 

in cowpeas (Coulbaly et al., 2002), and in bambara groundnut by Massawe et al., 

(2002). Using AFLP, Maass et al., (2005) discriminated two sub species of lablab 

namely purpureus and unicinatus. AFLP diversity analysis by Venkatesha et al. (2007) 

indicated narrow genetic diversity local lablab accessions at Bangalore India. While 

using AFLP markers, Kimani et al., (2012) reported low genetic diversity of some 50 

Kenyan lablab accessions. The advantages of AFLP markers are that they are less 

labour intensive compared to RFLP, require small amount of DNA and they have 

number of polymorphic bands (Kimani et al., 2012; Nadeem et al., 2018; Nurmansyah 

et al., 2020). 

2.12.3.4 Single nucleotide polymorphism (SNP) 

Single nucleotide polymorphism (SNPs) are single nucleotide differences in the DNA 

sequences of individuals in the populations. A SNP occurs when individuals of the same 

species differ in their genome with a single nucleotide such as adenine (A), thiamine 

(T), cyosine (C), or guamine (G). They originate from a single point mutation event. 

SNPs can occur in both coding and non-coding regions of the genome. Within the 

coding regions, SNPs can either affect or not affect the amino acid sequence. Like 

SSRs, SNPs are abundant in genome of most organisms, though the latter is more 

abundant than the former. In contrast to multi-allelic markers, the bi-allelic SNP 

markers are suitable for automation thus making them to be very effective compared to 

other methods of DNA analysis. In addition, thousands of SNPs can be analysed at the 

same time through the use of DNA microarrays. Using 1200 SNP markers, Buckler et 

al., (2009) reported that flowering time in maize is controlled by small additive QTL. 

A soybean aphid resistance gene Rag1, was mapped between two SNP markers that 
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corresponded to a physical distance of 115 kb (Kim et al., 2010).  Similarly, another 

aphid resistance gene, Rag2, was fine mapped to a 54 kb interval using SNP markers 

(Kim et al., 2010).  

There are numerous SNP genotyping platforms which vary in terms of their allele 

discrimination approaches, detection methods and their reaction formats. The reaction 

formats include solution phase, liquid phase, gel electrophoresis and the next generation 

sequencing. The next generation sequencing reaction format is the most commonly 

adopted approach in SNP genotyping due to its cost effectiveness (Semagn et al., 2018). 

There are several SNP genotyping platforms that are currently being used. They include 

GoldenGateTM, GeneChipTm, GenFlexTM, TaqManTM, GoldTM Assay and Mass-

ARRAYTM and Kompetitive Allele Specific PCR, or KASPTM (Broccanello et al., 

2018; Semagn et al., 2018).  

SNPs have been used in germplasm characterization of several crops. For instance, 

Hamblin et al., (2007) used 847 SNPs to study the structure of populations and the 

genetic relationships of 259 maize inbred lines.  Van Inghelandt et al. (2010) used over 

8000 SNP and 359 SSR markers to genotype 1,537 elite maize inbred lines and 

indicated that SSRs were better at clustering the inbred lines and more SNPs than SSRs 

were required for effective characterization of population structure and genetic 

diversity. Blair et al., (2012) used GoldenGate array technology to score 736 SNPs on 

236 common bean genotypes and concluded that though the SNPs polymorphism was 

low, they were useful in discriminating the common bean races. Cichy et al. (2015) 

characterized an Andean diversity panel (ADP) comprising of 349 Andean, 21 

Mesoamerican, and 26 Andean–Mesoamerican admixed accessions using the Illumina 

BARCBean6K_3 SNP chip. They reported that the SNPs were able to differentiate the 
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different race groups and grain types. A set of 708 common beans genotypes collected 

from breeders in Africa and CIAT breeding program were characterized using over 800 

SNPs and  were able to reveal duplicated lines with different names (Raatz et al., 2019). 

In rice, Adeboye et al., (2020) studied the population structure and genetic diversity of 

176 accessions adapted to the upland ecology using 7063 genome-wide SNP markers 

from DArTseq and reported average polymorphism information content and 

heterozygosity of 0.25 and 0.03, respectively. There is no literature on development of 

SNPs or their application in lablab.  

2.12.3.5 Diversity Array Technology (DArT) 

DArTTM is a high-throughput marker system first developed in 2001 by Diversity Array 

Technology Pty Ltd (DArT, Canberra, ACT, Australia (Jaccoud et al., 2001). In DArT, 

DNA samples are pooled together, cut with chosen restriction enzyme and ligated to 

adaptors. A complexity reduction method using PCR primers with selective overhangs 

is carried out, amplified DNA fragments cloned and individual inserts arrayed onto a 

microarray to form a discovery array assay  (Alam et al., 2018). DArT markers have 

been used for characterizing large number of individuals because they are amenable to 

high-throughput genotyping and are cost-effective.  

Recently, DArTseq platform has been developed for genome-wide marker discovery. 

The platform uses restriction enzyme to reduce the genome complexity followed by 

sequencing of the DNA fragments on the Next Generation Sequencing (NGS) platforms 

(Edet et al., 2018). In most cases, almost all the DArTseq markers align matchlessly to 

the reference genome. This is attributed to the fact that this genotyping technology 

target areas of DNA with less repetitive sequences. DArTseq produces two types of 

markers namely silico DArT and SNP markers. SilicoDArT markers are microarray 
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markers that are dominant while SNPs are co-dominant markers (Alam et al., 2018). 

DArTseq markers have been applied in genomic studies of   several crops such as, 

common beans (Nemli et al., 2017) macadamia (Alam et al., 2018), wheat (Edet et al., 

2018) and pinneaple (Kilian et al., 2016). Alam et al., (2018) characterized the genetic 

diversity and population structure in 80 macadamia cultivars using 3,956 DArTseq-

Based single nucleotide polymorphism (SNP) markers.  The average polymorphic 

information content (PIC) and gene diversity values were 0.21 and 0.412 respectively 

suggesting the efficiency of this marker in germplasm characterization. In a recent 

study, 186 chickpea genotypes were characterized using DArTseq-based single 

nucleotide polymorphism (SNP) markers. The markers revealed high genetic diversity 

among the chickpea genotypes demonstrating the usefulness of DArTseq-based SNP 

for genetic analysis of large number of germplasm (Farahani et al., 2019). However, 

this useful technology has not been used in understanding of genetic diversity and 

population structure in lablab germplasm.  

2.12.3.6 Simple sequence repeats (SSR) 

Microsatellites, or simple sequence repeats (SSR), are DNA stretches  of di-, tri-, tetra- 

and penta nucleotides units repeated in tandem (Andrea et al., 2012). SSR 

polymorphism arise due to both unequal crossing over, mutation and DNA slippage 

occurring randomly in stretches of repetitive sequence (Yong-jin et al., 2009). Mutation 

at the microsatellite loci occur by insertions or deletions and the rate of these mutations 

increase with the length of the repeats.  

Microsatellites are preferred in breeding applications due to their co-dominant 

inheritance that allows distinguishing of homozygotes and heterozygotes in segregating 

populations  (Kalia et al. , 2011; Wang et al., 2017; Li & Zhang, 2015; Zhao et al., 
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2016). The SSRs are powerful genetic makers because of their high reproducibility 

from one laboratory to another and their ability to distinguish between heterozygotes 

and homozygotes (Gupta and Varshney, 2000). The hyper-variable nature of SSRs 

make them good at distinguishing closely related individuals (Kumar et al., 2009; 

Amkul et al., 2020). Microsatellites have been used in comparative and association 

studies, genetic diversity, individual identification, marker-assisted selection, 

population and evolutionary studies (Andrea et al., 2012).  Microsatellites have been 

used in genetic studies of various crops. For instance, Wang et al., (2018) evaluated 

184 mung bean accessions obtained from the germplasm resources information center 

of the USDA using 38 polymorphic SSR markers. The SSRs revealed high diversity 

with an average of 4.2 alleles per locus and a PIC value of 0.65 per locus. Cabral et al., 

(2011) evaluated the genetic diversity of 57 dry bean accessions using common beans 

SSR primers. They found that 13 SSRs were polymorphic, giving 29 polymorphic 

alleles. The PIC varied from 0.11 to 0.5. Currently, there are very few studies on use of 

SSRs in diversity studies of lablab in Kenya. Shivashi et al., (2012) used 21 dry beans 

SSRs to evaluate 13 lablab accessions from Kenya. He recorded genetic distance of 0.0-

0.62 with majority having less than 0.4 indicating narrow genetic diversity. Kamotho 

et al., 2015 evaluated 96 lablab accessions from Kenya using 10 SSRs. The mean 

amplification was 4.3 allele per primer, PIC of 0.63 and average heterozygosity of 0.38. 

The study revealed that the accessions had a narrow genetic base. 

Numerous number of SSRs are now available for many crops such as Soya bean (Li et 

al., 2011), chickpea (Sethy et al., 2003), cow pea (Gupta et al., 2010), pigeonpea 

(Saxena et al., 2010), mung bean (Sing et al., 2013) and common bean (Blair et al., 

2011). In lablab, Zhang et al., (2013) identified 22 expressed sequence tags (EST) SSRs 

and used them to genotype 19 Chinese accessions.  Chapman, (2015) mined SSRs from 
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transcriptome data and identified 2427 lablab loci. However, only 12 primers were 

developed and tested for amplification in lablab. Recently, (Keerthi et al., 2018) used 

55 lablab EST based SSR markers to characterize 16 lablab genotypes. The number of 

SSR markers developed in lablab is so far fewer than those reported for other legumes.  

2.13. Strategies of SSR Development 

There are several methods and protocols developed for the isolation of SSR loci. These 

methods include, Construction and screening of SSR enriched genomic libraries (Kalia 

et al., 2011), screening of available sequenced EST databases (Tang et al., 2008), 

testing of transferability of markers from other related species (Satya et al., 2016) or 

sequencing of whole or parts of the genome using high-throughput technologies (Zane 

et al., 2002). Isolation of SSRs through enriched genomic libraries is time consuming 

and produce few microsatellites. Searching for SSRs from EST databases is a cheaper 

way of isolation but is largely limited to those species or close relatives for which there 

is a sufficiently large number of ESTs available. For underutilised crops like lablab, 

little number of EST are available due to minimal research on these crops.  For instance, 

in their search for SSRs from lablab EST at NCBI database, Zhang et al., (2013), 

obtained 459 EST and isolated only 22 SSRs. Microsatellites have poor transferability 

which is generally limited to closely related species. Shivakumar et al., (2017) screened 

275 SSRs from various legumes and reported 45.8% transferability to lablab. In other 

studies lower rate of transferability has been reported between genus of leguminous 

crops (Garcia et al., 2011).  

The advent of high throughput sequencing technologies such as next generation 

sequencing (NGS) have produced millions of nucleic sequences in less time than the 

traditional methods (Ma et al., 2019). This makes the NGS platforms suitable for large-
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scale discovery of genetic markers at reduced prices. There are different NGS 

technologies platforms developed including 454 FLX (Roche), Solexa (Illumina), 

SOLiD (Applied Biosystems) and HeliScope True Single Molecule Sequencing 

(Helicos) (Taheri et al., 2018; Krishna et al., 2019). Roche 454 and Illumina are among 

the NGS platforms widely used for developing SSR markers (Vieira et al., 2016). 

Roche 454 technology has been used in marker discovery in crops such as pigeon peas 

(Dutta et al., 2011), chick peas (Hiremath et al., 2011), winged bean (Vatanparast et 

al., 2016), faba bean (Suresh et al., 2013), finger millet (Gimode et al., 2016) and lentils 

(Kaur et al., 2011).  

The development of SSR using NGS utilize either genomic DNA sequences or DNA 

synthesised from single-strand RNA (cDNA). Direct sequencing using DNA instead of 

RNA is straighter forward, as it does not require library construction and normalization. 

However, transcriptome  sequencing (RNA-Seq) is more preferred because it can 

discover markers embedded in function gene sequences and directly associated with 

transcribed gene (Taheri et al., 2018). Transcriptome sequencing is particularly 

important for non-model plant species like lablab that lack adequate background 

genomic information (Ma et al., 2019).  RNA-seq has successfully been applied for 

SSR development in many leguminous plant species such as sesame (Wei et al., 2011), 

pea and faba beans (Luke et al., 2012), peanut (Yin et al., 2013), common beans (Wu 

et al., 2014) and mung bean ( Liu et al., 2016). There is however limited application of 

RNA-Seq for development of SSRs and generation of genomic information in lablab. 

The only available information on application of RNA-Seq in lablab is by Chapman, 

(2015)  who identified 2427 SSRs from RNA sequences and managed to develop and 

test amplification of only 12 primers.  
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2.14 Marker Assisted Selection 

Phenotypic selection is a crucial tool of conventional plant breeding that has 

successfully been utilized in improvement of genetic traits (Acquaah, 2012). Plant 

breeders are usually concerned with the phenotype (physical appearance) of a plant. 

Phenotype of a plant is determined by the genetic constitution of the individual and the 

environmental conditions under which the individual grows (Arnel, 2011).  The 

environmental influence and genetic interactions can mask the presence of specific 

genes, making it challenging for breeders to select the plants that they really seek. 

Improvement of polygenic traits require breeders to develop a large population to 

provide a possibility of combining desired alleles at several loci into a single line (Luby 

& Douglas, 2000). This is followed by evaluation of hundreds of the lines in multiple 

environments to identify the recombinants with desired traits. Though phenotypic 

selection has been used in improvement of many genetic traits, phenotypic evaluation 

can be costly and time consuming. Molecular markers may provide a potential solution 

to some of these problems 

Molecular Markers are short pieces of DNA that correspond to particular sequences of 

DNA in the plant genome (Guo-Liang Jiang, 2013). Markers can inform breeders about 

the presence of desirable alleles in individual plants. If the presence of the desirable 

alleles can be confirmed through the use of markers, breeders do not have to resort to 

costly and time consuming phenotypic evaluation to determine whether or not the 

alleles are present. The selection of target trait indirectly using molecular markers that 

are closely linked to the underlying genes is referred to as marker assisted selection 

(MAS) (Yunbi and Jonathan 2008, Ribaut et al., 2010, Guo-Liang Jiang, 2013). 

Availability of adequate number of polymorphic markers and knowledge of marker-

trait association are prerequisite for successful MAS (Babu et al., 2004). In MAS, 
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breeders are interested with those markers that are closely associated with the target 

traits or tightly linked to the genes for they provide sufficient guarantee for the success 

in practical breeding (Guo-Liang Jiang, 2013). Like in many other underutilised crops, 

lack of suitable markers has been identified as one of the most restricting factors for the 

lablab bean breeding studies (Zhang, 2013).  Among the many different types of 

molecular markers that can be used in plant breeding, simple sequence repeat (SSR) 

markers are the markers of choice due to their simplicity in use, reproducibility, and 

most of all, they are a co-dominant in nature (Sulieman et al, 2016). 

This study attempted to fill the gap of lack of molecular markers for lablab by using the 

new NGS platforms to develop more lablab based molecular markers. The availability 

of molecular markers will benefit the breeding program of this less studied crop.  Once 

developed, the markers that are closely associated with important traits like growth 

habit should then be identified for use in the selection process. 

2.15 Inheritance of Qualitative Traits 

2.15.1 Inheritance of time to flowering in lablab 

In legumes, Flowering time (Ft) genes have been identified to be responsible for 

integrating the environmental cues for flowering at the leaves and signalling the 

production of flowering hormones at the shoot apex (Weller &Ortega, 2015). The genes 

influence maturity through their effects on the onset of reproductive growth and then 

the subsequent duration of the reproductive phase. In many cases the flowering loci 

have been identified as QTL, but in other cases as major loci (Weller & Ortega, 2015).  

In Phaseolus species like common beans, recessive allele on locus Ppd which is on 

linkage group one (LG1) has been reported to control photoperiod response and early 

flowering under long days condition (Koinange et al.,1996). Four non-allelic genes (ef-
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1, ef-2, ef-3, ef-4) have been identified to control flowering time in chickpea (Gaur et 

al., 2015). A major recessive gene ‘sn’ was identified to be responsible for early 

flowering in lentil variety Precoz (Sarker & Erskine, 2006).  Murfet, (1973) indicated 

that duration to flowering in Pisum was under control of two genes (S2 & E) with the 

earliness being recessive. In India, a photoperiod insensitive early maturing lablab 

cultivars have been developed. A single gene is responsible for the photoperiod 

response to flowering time in these genotypes (Keerthi et al., 2014; Keerthi et al., 

2016). The recessive allele at this locus confer early flowering and maturity. However, 

the inheritance pattern of flowering time under local Kenyan environment and local 

genetic background is still lacking.  

2.15.2 Inheritance of growth habit in lablab 

Determinate growth habit in many legumes has been reported to be under the control 

of major genes. In Soybean two genes were involved in the control of determinate 

growth habit. In faba bean and garden pea, recessive monogenetic control was reported 

(Filipetti, 1986., Singer et al., 1991) while two genes were reported to control 

determinate growth habit in Chickpea. . The information on genetics of growth habit in 

lablab is limited and conflicting. For instance, Keerthi et al., (2014) reported that 

growth habit is controlled by three genes, GH1, GH2 and GH3 of which, one (GH1) is 

independent and the other two (GH2 and GH3) are complementary. However, in 

Bengalulu India, Keerthi et al., (2016) indicated that growth habit was under control of  

two genes which exhibited classical complementary epistasis. Earlier on, Gowda et al., 

(2008) had reported that growth habit was controlled by single dominant gene but while 

using different genetic populations they indicated that the trait was controlled by two 

dominant genes. Peeta et al., (2017) reported that determinate bush growth habit in 

lablab is controlled by single recessive gene.  Notably, all these studies were conducted 
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in Southern Asia and used their local genetic populations. In Kenya, the information of 

genetics of growth habit under the local environment and using local genetic 

populations is still lacking.  

2.16 Character Association 

One of the main thrust in crop improvement programme is to enhance yield. Breeders 

have to seek for effective and efficient ways of selecting superior plants in breeding 

program. Yield is a complex trait and difficult to manipulate but can be best understood 

if it’s broken down into components (Jiaqin et al., 2009). The understanding of how 

various yield components are related to one another will allow an indirect selection of 

yield based on those characters.  

The knowledge of how crop characters are associated to one another is crucial for 

successful breeding. The expression of a qualitative trait like yield in a plant is a product 

of the interaction of numerous physiological processes. These processes include 

developmental, reproductive and morphological features which contribute to the yield 

of a plant. A good understanding of the relationship of plant characters and the yield is 

essential because the final yield is the  sum total of effects of all its related traits (Verma 

et al., 2015). Breeders seek to break down a complex trait like yield into yield 

components, aiming to find suitable selection criteria to improve the complex trait. 

Correlation coefficient analysis enables the understanding of the nature and degree of 

association between any two measurable characters. Such knowledge is useful in 

identifying the traits suitable for indirect selection of yield thereby improving the 

efficiency of the selection process.  

Strong positive phenotypic and genotypic correlation between the grain weight yield 

and the number of pods per plant has been reported in lablab (Salim et al., 2014;  Das 
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et al., 2015). This suggested that the grain weight of lablab is greatly determined by the 

number of pods per plant. The plants with high number of pods per plant produced high 

total grain weight and vice versa.   The number of pods per plant could be valuable 

index for effective selection towards higher yield.  Ali et al., (2005) observed positive 

correlation of yield per plant with pod length and pod diameter but observed a negative 

significant correlation of pod weight with flowers per inflorescence and number of pods 

per inflorescence. Noorjahan et al., (2019) studied 31 genotypes of lablab bean and 

observed a positive and strong correlation of days to flowering and days to first pod 

harvest, pod yield per plant and pod length. The pod length could be contributing to the 

pod yield per plant through the number of seeds per pod or seed size. This is because 

longer pods are likely either to have more seeds per pod or have larger seeds. A positive 

significant correlation of days to flowering and days to first pod harvest suggest that 

the early flowering plants were also early in maturity. Early flowering, can therefore be 

used to select for the early maturing genotypes.  

Though simple correlations coefficients have been used by plant breeders to understand 

the extent of association of characters, they are however limited in that they do not 

measures the magnitude of direct and indirect contribution of a component character to 

a complex character. Path analysis is a powerful method for partitioning the direct effect 

of a trait on yield and its indirect effects through other traits (Hama et al., 2016) thereby 

providing information on which characters have direct and indirect contribution 

towards yield. 

2.17 Path Analysis for relatedness of Characters  

In path analysis, correlation coefficients is partitioned into two components. The first 

component is the path coefficient that measures the direct effect of a predictor variable 
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upon its response variable, with the second component being the indirect effect(s) of a 

predictor variable on the response variable through another predictor variable (Wang et 

al., 2011). Plant breeders have used path analysis to identify traits which could be used 

as selection criteria for improvement of crop yield. For instance, Muhammad et al., 

(2004) identified that biological yield and harvest index had high direct effect on grain 

yield of chickpea and recommended that the two traits could be used as selection criteria 

for yield. However, in a different study using path analysis, Ozveren et al., (2006) 

demonstrated that number of seeds per plant and number of fully developed pods per 

plant had the highest direct influence on yield. In mung bean, Moushree et al. (2014) 

identified positive direct effect between seed yield and 100 seed weight and days to 

50% flowering and recommended that these two traits to be considered as selection 

criteria for yield improvement in mungbean breeding programs. A positive relationship 

between grain yield and number of pods per plant, pod weight, 100 seed weight and 

pod size was shown in lablab (Devmore et al., 2015; Das et al., 2014; Parmar et al., 

2013; Magalingam et al., 2013; Chaudhari et al., 2013). They suggested that selection 

for yield in lablab should be based on these traits. However, no study has been carried 

out to determine the relationship of the yield and yield parameters of the determinate 

lablab cultivars especially under various growing areas in Kenya.   

2.18 Genetic Variability, Heritability and Genetic Advance 

The understanding of the extent and nature of variability existing in plant is of 

paramount significance as it provides the basis for effective selection. The phenotype 

of a plant is determined by its genetic composition, the environment in which the plant 

is grown, and the interaction of genotype with environment. Genotypic variability on 

the other hand is the variation that can be attributed to genes that encode specific traits 

and can be transmitted from one generation to the next. This type of variability that can 
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be consistently expressed from one generation to another is very useful for the breeders 

in their selection processes.  

The genetic coefficient of variation (GCV) provides a good measure for comparing 

genetic variability in quantitative traits. However, high GCV alone is not sufficient for 

the determination of the heritable variation as it simply measures the extent of genetic 

variability present for the character (Magalingam, et al., 2013). Heritability is the 

proportion of phenotypic variance that is due to genetic variance. Heritability is 

therefore of great value to breeders since it represent the variation that is transferred 

from one generation to another (Chaitanya et al., 2013). Large heritability values 

indicate the relative ease with which selection can be made based on the phenotype. 

However, the practical application of heritability in crop improvement is better if 

accompanied by high genetic advance (Hailu et al., 2016).  

 

Genetic variability can be created through crossing individual parents followed by 

population advancement through selection. Selection identifies superior individuals 

with high genetic potential thereby changing the population mean of the trait in a 

positive way in the next generation (Acquaah, 2012). Genetic advance (GA) is the 

difference between the mean phenotypic value of the offspring of the selected parents 

and the whole of the parental generation before selection (Hailu et al., 2016). The GA 

depends on the total phenotypic variation of the population, heritability and the 

selection pressure imposed by the plant breeder (Acquaah, 2012).  

The understanding of the GCV and heritability estimates is important as it enlightens 

on the expected genetic advances to be made through selection (Magalingam, et al., 

2013). However, better information is obtained when these parameters are considered 

together rather than individually. For example, a trait which combines high GCV, GA 
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and heritability estimates are desirable because it indicates the trait is under additive 

gene action and therefore simple selection for the trait would be effective (Hailu et al., 

2016). However, traits possessing low genetic advance with high heritability indicates 

the presence of non-additive gene action, thus simple selection procedure in early 

segregating population will not be efficient for screening desirable traits. 

 

Considerable genetic variability for important quantitative traits has been reported in 

Lablab and other legumes. Moderate genotypic variation (GCV, 35-60%) for number 

of pods per plant was reported by Chaudhari et al., (2013), Parmar et al., (2013) Parmar, 

et al., (2014), Das et al., (2015) while Magalingam et al., (2013), Pawar and Prajapati 

(2013) recorded low genotypic variation of the trait. In common beans, low to moderate 

genetic variability for number of pods per plant was recorded by Roy et al., (2006). 

Molosiwa (2012) reported high genotypic variation for pods per plant in Bambara 

groundnut. Moderate genetic variability for pod yield per plant was recorded in lablab 

by Pamar, et al., (2013) and Chaudhari et al., (2013). Low genetic variability for days 

to 50%, days to maturity, no of seeds per plant, pod length and 100 seed weight was 

reported in lablab by Chaudhari et al., (2013) and Parmar et al., (2013). Similar results 

were obtained for these traits in Phaseolus vulgaris by Roy et al., (2006) and Prakash 

and Ram, (2014). 

 

In lablab, high heritability for number of pods per cluster (Magalingam et al., 2013), 

number of pods per plant (Magalingam et al., 2013; Chaudhari et al., 2013), green pod 

length (Magalingam et al., 2013) green pod width (Magalingam et al., 2013; Parmar et 

al., 2014), pod weight (Magalingam et al., 2013), protein content (Magalingam et al., 

2013; Parmar et al., 2014; Chaudhari et al., 2013), number of branches per plant 
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(Chaudhari et al., 2013; Moushree et al. 2014) and plant height (Moushree et al. 2014) 

has been reported. However, Patel et al., (2011) while evaluating 63 lablab genotypes 

noted low heritability for pedicel length (23.41%) and number of pods per plant 

(23.40%). In common beans, Roy et al., (2006) recorded high heritability estimates for 

pod length, duration of flowering, % protein content and days to 50% flowering while 

low values were recorded for seed per pod and plant height. While evaluating some 

bambara groundnuts genotypes, Molosiwa (2012) recorded different heritability 

estimates for days to maturity in a greenhouse experiment (10%) and field experiment 

(95%). However, in both experiments most of the characters recorded more than 70% 

heritability. 

 

In their study, Das et al., (2015), observed both high heritability and high genetic gain 

for number of pods per plant, and pod weight and suggested that the traits could be 

effectively used for direct selection of high pod yield genotypes in the lablab 

improvement programs. Similarly, both high genetic advance as percentage of mean (> 

40%) and heritability (> 75%) was also recorded in number of pods per cluster, number 

of pods per plant, green pod length, width, weight and protein content by Magalingam 

et al., (2013). In Mung bean, high heritability estimates together with genetic advance 

was observed on 100 seed weight and days to 50% flowering (Moushree et al., 2014). 

There is limited amount of work on heritability and genetic advance on the yield 

characters of determinate lablab genotypes and especially under the Kenyan conditions 

hence this study.  
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CHAPTER THREE 

Development of Simple Sequence Repeat (SSR) Molecular Markers for Lablab 

(Lablab purpureus) 

3.1 Abstract 

Lablab (Lablab purpureus) is one of the important pulse crop used as human food, feed, 

in soil conservation, in enhancing soil fertility and weed management. However, the 

crop has remained underutilised in many regions.  Lack of adequate and specific 

molecular markers has hindered rapid improvement of this crop through molecular 

breeding. Development of such markers would hasten and enhance lablab variety 

development. In this study, we isolated mRNA from leaves and shoots samples, 

conducted transcriptome sequencing using 454 Titanium FLX system to discover 

genic-SSRs and develop molecular SSR markers for lablab. BLASTX analysis revealed 

that the largest number of lablab transcriptome sequence matches were on genus Vigna 

(V. angulasis & V. radiata) 45.2% followed by Phaseolus vulgaris 22% and genus 

Glycine (G. max and G. soja) at 11.8%.  In this study, 446 genic SSRs were identified 

from 3140 assembled contigs. The overall density of the genic SSR was 202 SSR per 

Mbp.  Tri-nucleotide (51.3%) and di-nucleotide (46%) were the most abundant repeat 

units. After several filtering procedures, 145 SSR primer pairs were designed from the 

unigene sequences and 75 of these SSRs were validated for amplification. The marker 

validation showed that 70 (93.3%) of the genic SSR markers were amplifiable on lablab 

genome. Majority of the primers (60%) did not produce secondary products indicating 

their high quality standard. Eighteen of these PCR based markers were utilised to 

investigate diversity of 10 lablab accessions collected from different regions of the 

globe. The 18 markers yielded 42 alleles, with an average of 2.3 alleles per locus and a 

moderate PIC of 0.34. The sequence information and DNA markers generated in this 

study are useful for genetic improvement of this underutilised leguminous crop. 

3.2 Introduction 

Lablab (Lablab purpureus) is one of the important pulse crops produced and consumed 

mostly in Asia and Africa. The dry seeds and fresh green pods  serves as vital source 

of protein (20-28%), minerals such as Zinc (34mg/kg) and iron (57 mg/kg) (Maass et 

al., 2005; Kimani et al., 2012; Sennhenn, 2015).  

Successful improvement of lablab requires availability of wide genetic variation which 

consist of reserviour of genes required for development of profitable and sustainable 

varieties of the future. The genetic resources are screened to identify those germplams 

containing desirable traits which are used as parents in crossing to combine the positive 

traits into improved varieties. The conventional approaches of improvement of 
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important plant traits have mainly relied on phenotypic and pedigree information which 

are influenced by environment and are time and labour intensive. However, the 

implementation of conventional selection procedures combined with the use of 

innovative tools like molecular markers should considerably accelerate the breeding 

process.  

Molecular markers are fixed marks in the genome and are found at specific locations of 

the genome and are used for identification of specific genetic differences.  They have 

previously been used for various molecular breeding related activities such as assessing 

genetic diversity, back crossing of gene of interest,  gene/QTL mapping and marker 

assisted selections (Nadeem et al., 2018, Wang et al., 2017). There is a range of 

molecular markers systems available for genetic studies of various crops. Simple 

sequence repeats (SSR) markers are tandem repeats of di- to tetra- nucleotides sequence 

motifs found both in coding and non-coding region of the genome (Molosiwa, 2012).  

They exhibit high polymorphism due to their variation in the number of repeat units 

that arise due to slippage-like events that happen at the repetitive sequences during the 

DNA replications. The microsatellites are able to detect large number of allelic variants 

because of their multi-allelic nature. Microsatellites are preferred in breeding 

applications due to their co-dominant inheritance that allows distinguishing of 

homozygotes and heterozygotes in segregating populations  (Kalia et al. , 2011; Wang 

et al., 2017; Li & Zhang, 2015; Zhao et al., 2016).  

One major challenge towards application of molecular tools in the breeding of lablab  

is due to the inadequate number of codominant molecular markers such as SSR (Zhang 

et al., 2013).  To date, only few SSR markers have been developed and tested on lablab 

genome. For instance,  Chapman, (2015) developed and tested for amplification 12 SSR 
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in lablab,  Keerthi et al., (2018) used 55 lablab EST based SSR markers to characterize 

16 lablab genotypes while Zhang et al., (2013) identified 22 SSRs and used them to 

genotype 19 Chinese lablab accessions.  The number of SSR markers developed in 

lablab is so far fewer than those reported for other legumes, such as cow peas (Chen et 

al., 2017b), mung bean (Chen et al., 2015), Common bean (Blair et al., 2011), chickpea 

(Choudhary et al., 2009) and pigeon pea (Bohra et al., 2017).  

There are several methods and protocols developed for the isolation of SSR loci. These 

methods include, Construction and screening of SSR enriched genomic libraries (Kalia 

et al., 2011), screening of available sequenced EST databases (Tang et al., 2008), 

testing of transferability of markers from other related species (Satya et al., 2016) or 

sequencing of whole or parts of the genome using high-throughput technologies. The 

introduction of high throughput sequencing technologies such as next generation 

sequencing (NGS) have produced millions of nucleic sequences in less time than the 

traditional methods (Ma et al., 2019). This makes the NGS platforms suitable for large-

scale discovery of genetic markers at reduced prices. There are different NGS 

technologies developed including 454 Roche, Illumina genome analyzer, ABI SOLID, 

Pacific Bioscience, Ion Torrent, Oxford Nanopore and Qiagen GeneReader (Taheri et 

al., 2018). Among the NGS platforms, Roche 454 and Illumina have been widely used 

for developing SSR markers. Roche 454 technology has been used in marker discovery 

in crops such as pigeon peas (Dutta et al., 2011), chick peas  (Hiremath et al., 2011), 

winged bean (Vatanparast et al., 2016), faba bean (Suresh et al., 2013) and lentils (Kaur 

et al., 2011).  

The development of SSR using NGS utilize either genomic DNA sequences or DNA 

synthesised from single-strand RNA (cDNA). Transcriptome  sequencing (RNA-Seq) 
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is more prefered because it can discover markers embeded in function gene sequences 

and directly associated with transcribed gene (Taheri et al., 2018). Transcriptome 

sequencing is particularly important for non model plant species like lablab that lack 

adequate background genomic information (Ma et al., 2019).  RNA-seq has 

successfully been applied for SSR development in many leguminous plant species such 

as sesame (Wei et al., 2011), pea and faba beans (Luke et al., 2012), peanut (Yin et al., 

2013), common beans (Wu et al., 2014) and mung bean ( Liu et al., 2016). There is 

however limited application of RNA-Seq for development of SSRs and generation of 

genomic information in lablab. The only available information on application of RNA-

Seq in lablab is by Chapman, (2015)  who identified 2427 SSRs from RNA sequences 

and managed to develop and test amplification of only 12 primers.  

The generation of expressed sequences resources through transcriptome sequencing 

and development of more reliable and informative molecular markers for lablab is 

important for enhancing of our understanding about this underutilized crop and to 

facilitate molecular breeding. In this study, we conducted transcriptome sequencing in 

lablab by using 454 Titanium FLX system to discover genic-SSRs and develop 

molecular SSR markers. 

3.2. Objectives  

The broad objective was to identify some SSR markers in lablab. The specific 

objectives included: 

(1) To generate lablab EST data set and determine functional annotation of the 

ESTs. 

(2) To assess frequency and distribution of genic SSRs in lablab genome 

(3) To determine and validate novel SSR markers for lablab 
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3.3 Materials and Methods 

3.3.1 Plant Materials 

Lablab genotype GBK 012026 was used for the development of EST SSRs. The 

genotype is gene bank of Kenya (GBK) accession collected from the coastal region of 

Kenya. It is a late maturing accession that has white flowers and with indeterminate 

growth habit.  The stem has no anthocyanin and the leaves are light green in colour. Its 

seeds are brown in colour and are usually three to four in a pod.   

3.3.2 RNA Isolation 

The seeds of the accession were sown in pots in a greenhouse at Sutton Bonington 

Campus, University of Nottingham in Britain. At pre-flowering stage, young leaves and 

terminal shoots were harvested and immediately frozen in liquid nitrogen and later 

stored at -800C freezer. Total RNA was extracted using RNeasy plant mini kit (Qiagen) 

according to manufacturer’s protocol. The RNA was extracted as follows:  About 

100mg of the frozen leaves and shoots were weighed, placed in liquid nitrogen and 

grounded thoroughly with mortar and pestle. 450 ul of buffer RLC containing β-ME 

was added to the 100mg tissue powder and vortexed vigorously. The lysate were 

transferred to a QlAshredder spin column which was placed on 2 ml collection tube. 

0.5 volume of 96% ethanol was added to the lysate and mixed by pipetting.  The sample 

was transferred to RNeasy spin column placed on 2ml collection tube and centrifuged 

at 10,000 rpm and the flow through discarded. The spin column membrane was washed 

with 500ul of buffer RPE. The RNA was eluted by adding 50ul of RNase free water 

directly to the spin column.  

3.3.3 Construction and Sequencing of cDNA Library 

The total RNA was delivered to Centre for genomics and genetics, University of 

Nottingham for mRNA purification and cDNA libray construction and sequencing. 
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The mRNA was isolated from total RNA using Oligotex mRNA kit (Qiagen) according 

to manufacturer’s protocol. A cDNA library was constructed following the standard 

Roche Diagnostics protocol (Roche 454, 2009). The protocol consists of the following 

steps: fragmentation of the RNA, denaturation of RNA, first strand cDNA synthesis, 

second strand cDNA synthesis, double stranded cDNA  purification, fragment end 

repair, adaptor ligation, small fragment removal and library quantification.  

Sequencing of the cDNA was done using 454 Titanium FLX system (Roche 

diagnostics) at the Centre for genomics and genetics, University of Nottingham. The 

generated sequence reads were assembled into, contigs, isotigs and isogroups using the 

GS denovo assembler (Newbler 2.3). In this study only a ¼ plate of the lablab cDNA 

library was sequenced mainly because of limitation of funds. 

3.3.4 Gene Annotation and analysis. 

The assembled contigs were utilized as BLASTx queries for homology searches against 

NCBI non redundant (NR) (http://www.ncbi.nlm.nih.gov/) protein databases using 

BLAST2GO program. The BLASTx hits were set at below E-value of 1E-10. Mapping 

was done to identify and retrieve the gene ontology (GO) terms associated with the 

obtained BLAST hits. The GO terms were finally assigned to the hit sequences. The 

GO terms were classified according to molecular function, biological process and 

cellular component ontologies.  

3.3.5 Microsatellite discovery 

The assembled contigs were screened for microsatellite using perl script MIcroSAtellite 

(MISA) program. The misa.pl script was downloaded together with misa.ini file which 

contains the search parameters. The following parameters were used for search of 

http://www.ncbi.nlm.nih.gov/
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microsatellite in the assembled lablab contigs: at least 6 repeats for di- and 5 repeats for 

tri-, 5 repeats for tetra-, penta- and hexa nucleotide SSRs.  

In this study, the number of SSRs obtained from the assembled contigs were few to 

obtain numerous polymorphic SSR markers. We therefore extended our search for more 

SSRs to the unassembled raw read sequences. In this search, microsatellite were defined 

as those having at least six repeats for dinucleotide and with five minimum number of 

repeats for tri-, tetra-, penta- and hexa-nucleotides.  

3.3.6 Primer Design 

All the primers were designed from the flanking sequences of SSR using Primer3 web 

interface program (http://fokker.wi.mit.edu/primer3/input.htm). Primer pairs were 

designed using the following parameters: The amplicon range was 100-400 bp, the 

primer annealing temperature was restricted to 50–650 C, the (guanine and cytosine) 

GC content was in the range of 40–60% while the primer length was 18–27 bp. The 

designed primers were synthesized by Europhin MWG Operon Company.  

3.3.7. PCR gradient optimisation for primer annealing temperature.  

The polymerase chain reaction (PCR) involves in vitro amplification of DNA through 

a series of three polymerization cycles, the DNA denaturation, primer templates 

annealing and DNA synthesis by thermostable DNA polymerase. Optimization of PCR 

(gradient PCR) involves testing of different annealing temperatures to identify the best 

primer annealing temperature. In this study, 75 primer pairs were screened and 

optimised for annealing temperature.  
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3.3.8 DNA Isolation 

DNA extraction was done at Kenya Agricultural and Livestock Research Organization 

(KALRO) Biotechnology Research Centre, Nairobi. A panel of five diverse lablab 

genotypes were selected to be used in the process of optimization of the 75 primer pairs. 

The five accessions include KDD, ILRI 13692, ILRI 21048, DL1002 and GBK 028663 

as shown in Table 3.1 below. DNA was isolated from each of the five accessions using 

modified cetrimonium bromide method (CTAB) (Doyle 1987). The modification done 

was addition of 2% of polyvinylpyrrolidone (PVP) into the CTAB extraction buffer. 

The extraction buffer (2% CTAB) was prepared using  2% CTAB, 100mM Tris-

Hydrochloric acid  (pH 8.0), 1.4M Sodium chloride (NaCl), 50mM 

Ethylenediaminetetraacetic acid (EDTA), 2% Polyvinylpyrolidone (PVP) and 10µl of 

2% β-mercaptoethanol.  Approximately 0.3g of the leaf tissues were placed in self-

standing tubes each containing a ceramic bead. Nine hundred micro-liters (900µl) of 

extraction buffer was added to the leaf tissue containing the ceramic bead. The samples 

were crushed by geno-grinder machine (Benchtop homogenizer) set at revolution speed 

of 4 meter per second for one minute. The samples were then incubated in a water bath 

with constant shaking at 650C for 15 minutes. The tubes were then centrifuged at 14000 

rpm for five minutes. Six hundred microliters (600µl) of the supernatant were 

transferred into a fresh eppendorf tube and an equal volume of chloroform: isoamyl 

alcohol (24:1) added. The above step was repeated. Four hundred microliters 

(400µl) of the aqueous phase was transferred to a fresh tube and an equal volume of 

ice-cold isopropanol added and mixed by inverting several times and incubated at -20oC 

for 2 hours to precipitate the DNA. The tubes were centrifuged at 14000rpm for 5 

minutes. The supernatant was decanted leaving the DNA pellet at the bottom of the 

tube. The pellets were washed using 500µl of 70% ethanol and centrifuged for one 
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minute at 14000rpm before they were air dried for one hour. The dried pellets were re-

suspended in 50µl of sterile distilled water. RNA was removed by adding two 

microliters (2µl) of pancreatic ribonuclease A (RNase A) (10mg/ml) and incubating the 

samples for 30 minutes at 37oC. The samples were stored at -20oC.  

   

Table 3.1: Lablab Genotypes used in Determining Optimum PCR Annealing 

Temperature of the New SSR Molecular Markers 

Genotype Maturity 

group 

Seed testa 

colour 

Growth habit Flower 

colour 

Seed size Sub species 

KDD Early Cream Determinate White  Small  purpureus 

ILRI 13692 Medium dirty brown- 

cream 

Indeterminate 

prostrate 

Purple  Very 

large 

bengalensis 

ILRI 21048 Very late Black Indeterminate 

prostrate 

Purple  Very 

small 

unicinatus 

DL 1002 Medium  Black indeterminate Purple  Medium  purpureus 

GBK 

028663 

Medium brown- 

cream 

indeterminate Purple  Medium  purpureus 

 

3.3.9 DNA quantification and quality determination.                                                                                                                              

The quantity and quality of genomic DNA was examined by comparing the template 

DNA isolated from  samples with a DNA ladder (gene ruler) of one kilo base (1 

kb) in a 0.8% agarose gel using 1x TBE buffer and viewed in a gel box (G: Box, 

Syngene).  The concentration and quality was further determined at optical density 

(OD) readings of 260 nm and 280 nm using a Nanodrop spectrophotometer (Thermo 

Scientific NanoDrop 2000C). The concentrations were used to guide the normalization 

of DNA of each sample at a concentration of 20 ng/ µL.  Additionally, the ratio of OD 

260/280 was provided by the Nanodrop and this gave an indication of purity of the 

samples. Pure DNA has OD260/OD280 value of 1.8 and a deviation from this signifies 

the presence of contaminants that inhibit PCR reaction. 

The DNA was later diluted to a concentration of 20ng/uL for use in the PCR. 
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3.3.10 Dilution of primers. 

The primers were synthesized by Europhin MWG Operon Company, UK and were 

supplied as lyophilized powder. The primers were diluted in TE buffer (1 mM Tris-

HCL pH8.0/0.01 mM EDTA) to give a stock solution with concentration of 200 pmol/ 

μL. A working solution of 2pmol/μl was then prepared by diluting 1 part of the stock 

200 pmol/μl with 990 μl of sterile water and stored at -20oC. 

3.3.11 Gradient PCR 

Polymerase chain reaction (PCR) optimization was carried out using a composite DNA 

samples obtained from the five genotypes. Each of the five DNA samples were diluted 

to 20ng concentration. Equal amount of each the diluted DNA samples was mixed to 

form a composite sample which was used for PCR reaction.  

The following were used in the 25ul PCR; Lyophilised master mix bead (easy to use 

beads) containing (dNTPs, MgCl2, Tris-HCl (pH 9.0), KCl and Taq), 19µL of sterile 

distilled water, 2µL of 2 pmoles/ul forward primer, 2µL of 2 pmoles/ul reverse primer 

and 2µL of template of 20ng/ul DNA. Amplification was carried out in a Thermocyler 

machine (Techne-TC 412, Applied Biosystems Veriti systems) programmed with the 

following regime and 35 cycles: 94°C for 3 minutes, 35 cycles of 94°C for 1 minute, 8 

temperatures ranging between 50-65oC (50°C, 51°C, 52.9°C, 55.7°C 59.1°C, 

62°C,63.8°C 65°C) for 1 minute, 72°C for 1 minute and final extension at 72°C for 10 

minutes and final hold at 40C. A total of 75 lablab EST SSR markers (Appendix I) were 

screened.  

3.3.12 Gel electrophoresis of PCR products.  

The PCR products for each marker were separated on 2% agarose gel at 80V for one 

hour. Agarose powder was dissolved in Tris-borate EDTA (1x TBE) buffer by slowly 
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boiling in a microwave oven. The agarose was allowed to cool and 1.5uL of 1mg/ml 

ethidium bromide was added to the gel. The warm agarose solution was then poured 

into the gel tray in which combs were inserted to form sample wells. The gel was 

allowed to solidify for 30 minutes before immersing in the electrophoresis tank 

containing 100ml TBE buffer. The samples were run alongside 3.0µL 1kb DNA ladder 

at 80 volts for 60 minutes. The amplified products were viewed under UV light in a gel 

box (G: Box, Syngene).  

3.3.13 Genotype characterization using SSR primers. 

Eighteen SSR primers that showed good amplification were tested for their 

informativeness in lablab genome. The study was carried out at biotechnology research 

centre, Kabete. The primers were amplified on genome of 10 lablab accessions selected 

from different groups of origin, seed colour, maturity duration, growth habit among 

others (Table 3.2).  The following were used in the 25ul PCR; Lyophilised master mix 

bead (easy to use beads) containing (dNTPs, MgCl2, Tris-HCl (pH 9.0), KCl and Taq), 

19µL of sterile distilled water, 2µL of 2 pmoles/ul forward primer, 2µL of 2 pmoles/ul 

reverse primer and 2µL of template of 20ng/ul DNA. Amplification was carried out in 

a Thermocyler machine (Techne-TC 412, Applied Biosystems Veriti systems) 

programmed with the following regime and 35 cycles: 94°C for 3 minutes, 35 cycles of 

94°C for 1 minute, annealing temperature of 57°C for 1 minute, 72°C for 1 minute and 

final extension at 72°C for 10 minutes and final hold at 40C.  

Table 3. 2: Important attributes of 10 lablab accession used to amplify the 18 LabRRT 

primers 

Accession name Sub species Growth habit Flower 

colour 

Floweri

ng time 

Seed 

colour 

Seed size 

KDD Purpureus  Determinate White Early  Cream  Small 

ILRI 13692 Bengalensis  Indeterminate Purple Medium Brown   Very big 
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ILRI 011615 Purpureus  Indeterminate Purple Early  Black  Medium 

ILRI 14411 Purpureus  Indeterminate Purple Late Black  Small 

ILRI 21081 Unicinatus  Indeterminate Purple V. late Black  Very small 

ILRI 14440 Unicinatus  Indeterminate Purple Late Black  Very small 

GBK 028663 Purpureus  Indeterminate Purple Medium  Brown   Medium 

Njoro Purpureus  Indeterminate Purple Medium  Black  Medium  

Kahuro Purpureus  Indeterminate Purple Medium  Black  Medium  

ILRI 21048 Unicinatus  Indeterminate Purple V.Late  Black  Very small 

 

The PCR products were size separated using PolyAcrylamide gel (PAGE). In this 

experiment, 6% PAGE was used. The 6% gel was prepared as follows; 53.8 ml of 

distilled water was put in a clean 500 glass beaker, 18.8 ml of 40% acrylamide/ bis-

acrylamide 19:1 was added to the beaker, 2.5ml of 50x TAE (Tris acetate EDTA) was 

then added and mixed by stirring, one tablet containing ammonium persulfate (APS) 

and TEMED was dissolved in 50ml distilled water in a 50 ml falcon tube, the 

APS/TEMED solution was then added to the glass beaker and gently stirred without 

introducing any air bubble, the solution was immediately poured into the gel tray with 

in-built combs and was covered with glass plate treated with silane solution and allowed 

to gel for 1 hour. The glass plate with the attached PAGE was then transferred to the 

horizontal PAGE (hPAGE) (Cleaver Scientific) electrophoresis tank containing 1X 

TAE solution. Two micro liters (2uL) of samples were loaded into the wells alongside 

3.0µL 1kb DNA ladder and run at 140V for 3hrs.  The glass plate was removed from 

the gel tank and placed in another glass tray for post staining of the gel. To stain the 

PAGE, 6uL of ethidium bromide was dissolved in 200 ml of water and poured into the 

glass tray to cover the glass plate containing the PAGE. The tray was kept in a dark 

room for 1 hour. The staining solution was then drained off and the gel de-stained using 

clean water for 30-45 minutes. The amplified products were then viewed under UV 

light in a gel box.  
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3.3.11 Data collection and analysis 

The gradient PCR products for each marker were separated on 2% agarose gel at 80V 

for one hour. The amplified products were viewed under UV light in a gel box and 

captured by a camera. The intensity of the amplified band was scored. The clearly 

visible and blight bands were scored as strong bands, those that were faint and not clear 

were scored as weak bands while absence of amplified band was scored as nil band. 

The annealing temperature that produced the strongest band was recorded for each 

marker and was considered as the optimal annealing temperature for that marker.  

The PCR products arising from genotyping of 10 accessions using 18 SSRs were size 

separated on 6% PolyAcrylamide gel (PAGE). The amplified products were then 

viewed under UV light in a gel box. The images were captured using a camera 

connected to the gel box and saved in the computer. To score the bands, the images 

were pasted in MS power point program. On the gel image, a straight line was drawn 

across the bands that had migrated the longest distance. The accessions that had bands 

at that position were scored as 1 while those that didn’t have were scored 0. The straight 

line was moved to another allele and scoring was done. The process continued until all 

the bands were scored.  

The number of alleles per locus, major allele frequency per marker, gene diversity, 

heterozygosity and the polymorphic information content (PIC) for each locus was 

computed using PowerMarker version 3.25 (Liu and Muse, 2005).  

3.4 Results 

3.4.1 Sequencing and de novo assembly of reads. 

Sequencing of cDNA library was done using FLX Titanium system (Roche 454) at 

Deep Seq in the University of Nottingham and assembly done using GS denovo 

assembler (Newbler 2.3). In this study, a ¼ plate of the lablab cDNA library was used 
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and produced 144,619 set of high quality cDNA sequence reads with total size of 

2,198,045 bp. These sequences were assembled into 3140 isotigs. The length of the 

isotigs ranged from 25 bp to 9905 bp with an average length of 700 bp. A total of 1184 

(37.7%) had lengths not longer than 500 bp. Majority of the isotigs 1627 (51.8%) were 

500-1000 bp long. The rest of the isotigs (316) (10%) had lengths longer than 1000 bp 

(Figure 3.1).  

 
 

Figure 3. 1: The length distribution of isotigs assembled from lablab cDNA sequence 

reads  

3.4.2 Sequence annotation 

An important use of genomic data is in associating the individual sequences with known 

biological functions in order to make them more meaningful. This process of DNA 

sequence annotation is important for relating the genome data to functions of different 

proteins. In this study, the assembled isotigs sequences were used for homology 

searches against the NCBI non redundant (NR) protein databases. The results of the 

number of contigs allocated to different annotation categories are shown in figure 3.2 

below. Of the 3140 isotigs queried against the NR database, 2527 (80.4%) had 
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significant hits at greater than 1 × 10−10 stringency. This meant that approximately 

80.4% of isotigs could be assigned to putative protein functions. About 19.4% (611) of 

the isotigs did not have similar sequences in the database.  

 

Figure 3. 2: The number of lablab cDNA assembled contigs allocated to different 

annotation categories 

 

The number of gene ontology (GO) terms assigned to each of these significant 

sequences ranged from 1-22. However, majority of them (96%) were assigned less than 

10 GO terms (Figure 3.3). 

 

Figure 3. 3: The annotation distribution of GO terms 

Approximately 63.78% of the aligned isotigs, showed very strong homology to 
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remaining 36.22% had weak homology (E-value between 1.0E-5 and 1.0E-50) (Figure 

3.4).   

 

Figure 3. 4: E value distribution of BLAST hits for the assembled isotigs in NR 

database 

 

The results of the similarity distribution of the aligned unigenes compared to the 

sequences in the NR database are shown in Figure 3.5 below. About 92% of unigenes 

had a similarity > 80%, 6.7% of the unigenes had a similarity between 60% and 80% 

while only 0.4% of the unigenes had < 60% similarity with NR sequences. This 

suggests that for the majority of these isotigs, highly homologous sequence annotation 

information could be obtained from the NR database. 
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Figure 3. 5: Similarity distribution of contigs with sequences in the Nr database 

The top blast hits of annotation of lablab transcriptomes are given in Figure 3.6 below. 

Among the leguminosae species, Phaseolus vulgaris was ranked first with 703 (22.4%) 

of the top blast hits followed by Vigna angulasis (16.7%) Vigna radiata var radiata 

(15.1%), Vigna angularis var angularis (13%), Glycine max (6.9%), Glysne soja 

(4.8%), Cajan cajan (3.3%) and Mucuna pruriens (3.1%) (Figure 4). In other words, 

75.2% of the assembled sequences matched with sequences from just seven 

leguminosae species. This further demonstrate that the sequencing and assembly 

strategy used in this study was quite efficient. 

 

Figure 3. 6: The species distribution of the top BLAST hits of annotation of lablab 

transcriptomes  

The contigs generated in this study captured a broad range of different types of 

transcripts, as indicated by the variety of Gene Ontology (GO) terms assigned. The 

contigs were annotated to various gene ontology categories including molecular 

function, biological process, and cellular component. A total of 3572 terms were 

allocated to the molecular function, 3539 under biological process, and 3232 under the 
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cellular component. Among the contigs annotated to biological process, approximately 

74% of these contigs accounted for cellular process, metabolic process and biological 

regulation (Figure 3.7). In the category of cellular components, about 69% of the 

contigs were annotated to cell, cell parts, organelle and cell membrane components 

(Figure 3.8). Majority of the contigs (92%) annotated to molecular functions were 

associated with catalytic and binding activities (Figure 3.9).  

 

Figure 3. 7: GO category assignment: Biological process 

 

Figure 3. 8: GO category assignment: Cellular process 
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Figure 3. 9: GO category assignment: Molecular function 

Majority (82.3%) of the isotigs from where primer pairs were successfully designed 

were associated with 1 to 14 GO terms (Appendix 3.2). The highest number of GO 

terms (14) were associated with the isotig01972 (Lab T11). The high number of isotigs 

with GO terms of homologs retrieved by BLAST in this study suggest that the quality 

of assembly of these isotigs was high. 

3.4.3 Frequency and distribution of SSR from assembled isotigs 

A search for SSRs in the 3140 contigs was done using MISA software. The results 

showed that a total of 446 SSRs were identified from 396 SSR containing sequences. 

This represent an overall density of 202 SSR/Mbp (i.e., one SSR found in every 4.9 

kbp) across the genome. Tri-nucleotide (229, 51.3%) was the most abundant repeat unit, 

followed by di- (205, 46%), tetra- (6, 1.3%), penta- (3, 0.7%), and hexa- (3, 0.7%) 

nucleotides (Figure 3.10). This indicate that both di-nucleotide and tri-nucleotide 

constituted about 97% of the motifs. The total length of di- to hexa nucleotide repeats 

accounted for about 0.24% (5402/2198045 bp) of the assembled genome (Figure 3.10). 
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Figure 3. 10: Frequency distribution of the genic-SSR motif length from the lablab 

isotigs 

 

 

Figure 3. 11: Frequency distribution of the of genic-SSR repeat unit derived from 

lablab isotigs 

The number of SSR repeats ranged from 4 to 78. It was observed that those SSRs with 
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followed by those with four tandem repeats (154, 34.6%), six tandem repeats (48, 

10.7%), and seven repeats (23,5.2%). 

  

Figure 3. 12: Frequency distribution of the number of genic-SSR repeat unit derived from 

lablab isotigs 

The most common single repeat loci were those containing 12 bp (182, 42.0%) followed 

by those with 10 bp (145 33.5%), 15 bp (46, 10.6%) and 18 bp (23, 5.3%). The longest 

SSR locus was 156 bp.  

A total of 23 repeat motif types were identified, based on sequence complementarity. 

Tri-nucleotides were the most frequent motifs (54.6%) followed by di-nucleotides 

(42.7%), while the other nucleotides were observed at 2.7 %. The AT/AT repeat motif 

(29.4%) was the most common dinucleotide. The most common tri-nucleotide repeat 

motifs were AAG/CTT (12.1%) and ATC/ATG (11.5%) respectively (Table 3.3). 

Table 3. 3: Frequency distribution of the 12 most frequent genic-SSR repeat motifs 

in the lablab transcriptome and the number of repeats within each motif 

Order Repeats 4 5 6 7 8 9 ≥ 10 Total % 

1 AT/AT - 93 19 8 4 4 3 131 29.4 

2 AG/CT - 39 9 5 2 1 3 59 13.3 

3 AAG/CTT 34 7 8 4 - 1 - 54 12.1 

4 ATC/ATG 37 10 4 - - - - 51 11.5 
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5 AAT/ATT 20 7 2 2 1 - - 32 7.2 

6 ACC/GGT 18 4 2 1 - - - 25 5.6 

7 AGC/CTG 17 6 1 - - - - 24 5.4 

8 AGG/CCT 12 3 - - 1 - - 16 3.6 

9 AC/GT - 13 - 1 - - - 14 3.1 

10 AAC/GTT 6 5 - - - - - 11 2.5 

11 CCG/CGG 5 2 - - - - - 7 1.6 

12 ACT/AGT 2 2 1 - - - 1 6 1.3 

13 ACG/CGT 3 - - - - - - 3 0.7 

14 Others  - 8 2 2 - - - 12 2.7 

 Total 154 199 48 23 8 6 7 445 100 

3.4.4 Length distribution of SSR motifs mined from the raw reads  

A search for more SSRs was extended to the raw (single trimmed 454 run 

transcriptome) reads. About 144,614 raw reads sequences were examined and 3882 

sequences which contained SSRs were identified. Of these 1904 sequences, 396 had 

more than one SSR while 551 SSRs were in compound formation. Tri-nucleotide (1553, 

40%) was the most abundant repeat unit, followed by di- (1182, 30%), tetra- (300, 8%), 

penta- (410, 11%), and hexa- (437, 11.2%) nucleotides (Figure 3.12). The most frequent 

SSRs were those with less than 10 repeats (Figure 3.13). Generally, a negative 

correlation existed between abundance and microsatellite length. 
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Figure 3. 13: Frequency distribution of different types of genic-SSRs obtained from 

the lablab raw reads.  

Figure 3. 14: Frequency distribution of the genic-SSRs of different repeat sizes 

obtained from the lablab raw reads.  

The AT/AT repeat motif (73%) was the most common dinucleotide, followed by 

(AG/CT)n. This study did not identify any (GC)n SSR. The most abundant tri-

nucleotide repeat motifs was ACT/AGT (18%) followed by AAC/GTT (16%), 

ATC/ATG (15%), AAG/CTT (15%) and AAT/ATT (15%). More than 90% of the tetra-

, penta- and hexa-nucleotide were dominated by the AT rich motifs (AAAT/ATTT, 

AAAAT/ATTTT, AAAAAT/ATTTTT). 
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Figure 3. 15: Frequency distribution of the genic-SSR repeat motifs obtained from 

the lablab raw reads. (a) di-nucleotide repeat motif (b) tri-nucleotide repeat motif. 

 

3.4.5 Design of Primers from assembled contigs and unassembled raw reads 

Not all the fragments containing SSRs were suitable for designing primers. This is 

because some SSRs were located too close to the end of the fragments and therefore 

did not have enough flanking region to accommodate primer design. For others, the 

base composition of the flanking sequence was unsuitable for primer design. For 

instance, the composition of the flanking region was considered unsuitable for primer 

design where the GC content was outside the range 40–60%. In this study, from the 446 
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SSRs identified from the 3140 isotigs only 34 unique primers pairs were designed using 

the Primer 3 software (Table 3.4). The majority (52.9%) of those primers designed in 

this study were for tri-nucleotide repeat motif followed by di-nucleotide (10). 

 

Table 3. 4: Characteristic of the SSR sequences identified from assembled cDNA 

library of L. purpureus and designed primer pairs 

 

 

 

 

 

 

 

 

 

 

 

 

 

To design more SSR primers from the transcript sequence data, we extended the search 

of SSR loci to the raw (unassembled 454 transcriptome) reads. About 144,614 raw reads 

sequences were examined and 2454 SSRs were identified. The 2454 SSRs were 

contained in 1904 sequences. Only 600 raw reads had ample flanking sequence length 

suitable for designing primers.  One hundred and eleven (111) unique primers pairs 

were thereafter designed from these 600 raw reads. The majority (54%) of the primers 

Repeat unit Repeat class Number of 

the motifs  

cDNA (%) Designed 

SSR 

     

Di- AC/GT 14 7 1 

 AG/CT 59 29 5 

 AT/AT 132 64 4 

 Total 205 - 10 

Tri- AAC/GTT 11 5 0 

 AAG/CTT 54 24 6 

 AAT/ATT 32 14 2 

 ACC/GGT 25 11 3 

 ACG/CGT 3 1 1 

 ACT/AGT 6 3 3 

 AGC/CTG 24 10 0 

 AGG/CCT 16 7 1 

 ATC/ATG 51 22 2 

 CCG/CGG 7 3 0 

 Total 229  18 

Tetra- AAAT/ATTT 2 33 0 

 AACC/GGTT 1 17 1 

 ACTC/AGTG 2 33 1 

 ATGC/ATGC 1 17 0 

 Total 6  2 

Penta- AAAAT/ATTTT 2 33  

 AGCAT/ATGCT 1 17 1 

Hexa- AAAAGG/CCTTTT 1 17 1 

 AACACC/GGTGTT 1 17 1 

 AGATAT/ATATCT 1 17 1 

 Sub-total 6  4 

 Total 446  34 
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successfully designed were for tri-nucleotide repeat motif, followed by di- (28.8%) 

while the least number of primers were for penta- (4.5%) and hexa- (2.7%) (Table 3.5). 

The details of the designed primers are given in appendix I. 

Table 3. 5: Characteristic of the SSR sequences identified from raw reads of cDNA 

library of L. purpureus and number of designed primers 

 

Repeat 

unit 

Repeat class # of 

designed 

SSR 

Repeat 

unit 

Repeat class # of 

designed 

SSR 

Di- AC/GT 3 Tetra- ACGC/CGTG 1 

  AG/CT 25  ACTC/AGTG 1 

  AT/AT 4  AGAT/ATCT 2 

  Total 32  Sub-Total  11 

Tri- AAG/CTT 20 Penta- AACGT/ACGTT 1 

  AAT/ATT 8   AAGAG/CTCTT 2 

  ACC/GGT 10   AGCAT/ATGCT 2 

  ACG/CGT 3   Sub-total 5 

  ACT/AGT 4 Hexa- AAAAAC/GTTTTT 0 

  AGC/CTG 3   AAAAGG/CCTTTT 1 

  AGG/CCT 6   AACACC/GGTGTT 1 

  ATC/ATG 6   AGATAT/ATATCT 1 

   Sub-total 60   Sub-total 3 

Tetra- AAAC/GTTT 1   Total 111 

  AAAG/CTTT 1    

  AAAT/ATTT 1    

  AACC/GGTT 2    

  AAGT/ACTT 1    

  ACAT/ATGT 1    

 

3.4.6 Optimization of primers  

Among the designed primers (from raw reads and contigs), 75 were selected to 

determine their potential as molecular markers in lablab. The annealing temperature of 

each of these primers was optimised using gradient PCR. The gel pictures of the PCR 

products amplified by the primers is presented in plate 3.1.  
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Plate 3.1: Agarose gel picture showing PCR amplification of various lablab SSR 

markers at different amplification temperatures. The marker loci is indicated in 

yellow, the 1 Kb ladder is indicated by a Column of bands, the single bands across 

the gel represents the PCR product amplified for each locus at 8 temperatures 

ranging between 50-65°C  (50°C, 51°C, 52.9°C, 55.7°C 59.1°C, 62°C,63.8°C 65°C).  
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The result showed that 70 (93.3%) primers pairs amplified lablab genome (Appendix. 

3.3). Primers LabRRT 64, LabRRT 34, LabRRT 5, LabRRT 2 and LabRRT 3 did not 

amplify lablab genome. Most of the primers were able to amplify DNA products at 

more than one annealing temperature. However, 28 (40%) of these primers pairs 

produced secondary products in at least one of the annealing temperatures tested. 

Notably, the frequency of secondary PCR products was lower among the primers 

designed from assembled isotigs (Lab T primers) but higher in those designed from raw 

reads (LabRRT primers). The intensity of the amplified products varied from faint to 

strong bands. Among the primers with successful amplification, 63 (90%) produced 

strong bands while the rest produced faint but visible bands. It was observed that the 

most of the primer pairs (68) produced amplification products of the expected size. 

However, two primer pair’s (LabT10 and LabT19) generated PCR products larger than 

expected. In this study, we suggested the optimum annealing temperatures (TA) of the 

70 SSR primers based on the strength of the band produced and the absence/presence 

of the secondary products. The optimum TA of primers ranged from 51.90C to 620C 

but majority were ranging between 550C and 590C. Majority of the primers had their 

TA 30C to 70C lower than their primer melting temperature (TM).  

 

3.4.7 Effectiveness of SSR markers in detecting allele availability and 

polymorphism in lablab 

In this study, 18 SSR primers were used to genotype 10 lablab accessions. The results 

indicated that 16 out of the 18 lablab primer pairs were polymorphic (Table 3.6), among 

the 10 lablab accessions. In total, 42 alleles were revealed by the 16 polymorphic SSR 

loci. The number of alleles per locus ranged from two to four with an average of 2.62 

alleles. The highest number of allele’s amplified products was observed in LabRRT90. 

The PIC values of the polymorphic primers were calculated, based on the allelic 
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variation in the 10 lablab accessions. The PIC values across 16 loci ranged from 0.16 

(LabRRT 76) to 0.54 (LabRRT 90). The average PIC was moderate at 0.34. Moderate 

gene diversity of > 0.4 was detected at 10 (62.5%) SSR loci. The highest gene diversity 

was detected at LabRRT 90 (0.58) while the lowest was at LabRRT 38 (0.20).  

Table 3. 6: Characteristics of the 18 Lablab SSR markers (isolated from unassembled 

raw data) indicating major allele frequency, number of alleles, expected 

heterozygosity and polymorphism information content (PIC). 

Marker Major. 

Allele. 

Frequency 

Genot

ype No 

(Ng) 

Sample 

Size 

No. 

of 

obs 

Allele

No 

Availab

ility 

Gene 

Diversity 

Hetero

zygosit

y 

PIC 

LabRRT 36 0.83 3 10 9 3 0.90 0.29 0.22 0.27 

LabRRT 37 0.78 2 10 9 2 0.90 0.35 0.00 0.29 

LabRRT 38 0.89 2 10 9 2 0.90 0.20 0.00 0.18 

LabRRT 40 0.80 2 10 10 2 1.00 0.32 0.00 0.27 

LabRRT 44 0.75 3 10 8 3 0.80 0.41 0.00 0.37 

LabRRT 49 0.63 3 10 8 3 0.80 0.53 0.00 0.47 

LabRRT 50 0.71 3 10 7 3 0.70 0.45 0.00 0.41 

LabRRT 53 0.70 2 10 10 2 1.00 0.42 0.00 0.33 

LabRRT 61 0.70 3 10 10 3 1.00 0.46 0.00 0.41 

LabRRT 63 0.50 2 10 4 2 0.40 0.50 0.00 0.38 

LabRRT 76 0.90 2 10 10 2 1.00 0.18 0.00 0.16 

LabRRT 72 0.80 2 10 10 2 1.00 0.32 0.00 0.27 

LabRRT 77 0.56 2 10 9 2 0.90 0.49 0.00 0.37 

LabRRT 83 0.70 3 10 10 3 1.00 0.46 0.00 0.41 

LabRRT 90 0.60 4 10 10 4 1.00 0.58 0.00 0.54 

LabRRT 98 0.67 2 10 9 2 0.90 0.44 0.00 0.35 

LabRRT 112 1.00 1 10 10 1 1.00 0.00 0.00 0.00 

LabRRT 103 1.00 1 10 10 1 1.00 0.00 0.00 0.00 

Mean 0.75 2.3 10.0 9.0 2.3 0.9 0.36 0.01 0.34 

 

3.5 Discussion 

In this study, Roche 454 GS FLX titanium was used to develop a collection of expressed 

sequence reads from lablab leaves and shoots and mined for genic-SSR markers. We 

generated 144,614 high quality cDNA sequence reads which were assembled to 3140 

isotigs of lablab. Our analysis identified 446 genic SSRs from the isotigs and further 
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1908 genic SSRs from the raw reads. The approximately 2.1 x 106 base pairs of data 

and genic SSRs produced here represent a substantial resource for lablab and will 

contribute to genetic diversity studies, linkage mapping, QTL mapping and marker 

assisted selection in lablab.  

The 454 transcriptome pyrosequencing involves construction of cDNA library, 

attachement of the library to beads via adapter sequences and amplification in water-

in-oil emulsion PCR (emPCR). The cDNA-coated beads are then washed over a 

picoliter reaction plate wells where pyrosequencing then occurs. The wells containing 

suitably clonally-coated beads will produce reads of varying base pair lengths (bp) 

(Heather & Chain, 2016).  In the present study, a total of 144,614 sequence reads were 

produced and assembled into 3140 unigenes. The average length of the unigenes was 

700 bp while 61.8% of these unigenes being > 500 bp in length. The unigenes length 

reported here compares well with those reported in legumes such as field pea (719 bp), 

faba bean (615 bp) (Luke et al., 2012), sesame (629 bp) (Wei et al., 2011) and winged 

bean (798 bp) (Wong et al., 2017). However, the unigenes length was shorter than those 

reported in common bean (813 bp) (Hiz et al., 2014), mung bean (874 bp) (Chen et al., 

2015), rice bean (986 bp) (Chen et al., 2016), lablab (999 bp) (Chapman, 2015) but was 

longer than that of black gram (443 bp) (Souframanien & Reddy, 2015). This difference 

may reflect a variation of species and of the assembly algorithm used (Chen et al., 

2017). About 80.4% of the isotigs in this study showed significant hits in the NCBI non 

rendundant protein databases (Figure 3.2) and 100% (34) of the SSR markers developed 

from these isotigs had PCR amplification of lablab genome. This suggest that 

assembled contigs were of high quality. In this study, the percentage of contigs with 

positive hits in the NCBI nr database was higher that those reported for instance in 

mung bean (41%) and black gram (73.9%) (Souframanien & Reddy, 2015). This could 
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be attributed by the higher number (61.8%) of contigs with long sequences > 500 bp 

compared to 24.1% in black gram and 52.6% in mung bean. In sequence annotation, 

the length of a querry sequence is an important factor which determine whether the 

sequence simmilarity will be significant or not (Souframanien & Reddy, 2015). 

Therefore the longer isotigs obtained in this study could have contributed to more 

BLAST matches in the protein databases. BLASTX analysis revealed that the largest 

number of matches were to genus Vigna (V. angulasis & V. radiata) 45.2% followed 

by Phaseolus vulgaris 22% then genus Glycine (G. max and G. soja) 11.8% and other 

plant species. This result is consistent with known phylogenetic relationships, as genus 

lablab is classified together with genus vigna and phaseolus in subtribe phaseolinae 

while genus glycine is in a different subtribe glycininae (Pasquet & Padulosi., 2013).  

This study produced only 3140 unigenes of 2.1 x 106 bp size which represents a small 

fraction of lablab transcriptome. Here, we carried out small scale run of 454 

pyrosequencing equivalent to ¼ Pico Titer plate. This could have contributed to the 

small number of sequenced reads reported because in ¼ Picotiter plate run, smaller 

number cDNA-coated beads are initially captured than in a full Picotiter plate. This 

may indicate that ¼ plate pyrosequencing of leaf and shoot transctritome of lablab is 

not enough to obtain the desired large number of genic SSRs. Higher number of contigs 

have been obtained in other plant species while using 454 pyrosequencing. For instance, 

(Luke et al., 2012) obtained 6370 and 13602 contigs of faba bean and field pea 

respectively from ¼ Picotiter plate run, Grahnen et al., (2010) reported 57,086 contigs 

of lodgepole pine (Pinus contorta) from ½ plate run while (Moe et al., 2011) identified 

98,716 contigs of mung bean from a full plate run. 

In this study, a total of 446 genic SSR markers were identified from 396 SSR-containing 

unigene sequences. Previous studies in lablab had identified a total of 2567 SSRs from 
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15,740 unigene sequences (Chapman, 2015). Higher number of genic SSRs have been 

identified in many legume species, including 14, 637 in medicago (Gupta & Prasad, 

2009), 1840 in black bean (Souframanien & Reddy, 2015), 13134 in mung bean (Chen 

et al., 2015), 5560 in cowpeas (Chen et al., 2017b) and 3011 in rice bean (Chen et al., 

2016). The small number of SSRs identified here could be attributed to the limited 

number of unigenes assessed. In terms of overall SSR density, this study observed 202 

SSR/Mbp (446 SSR/ 2,198,045 bp) or 0.20 SSR in every one Kbp. The results compares 

well with reports in other legumes such as soya bean (0.29 SSR/Kb), medicago (0.29 

SSR/Kb) and Lotus (0.30 SSR/Kb) (Jayashree et al., 2006). This indicates that like in 

other legume crops, SSRs are equally abundant in the coding region of the lablab 

genome and can be identified and developed into molecular markers for use in breeding 

process. 

This study observed predominance of TA motifs among di-nucleotides in both unigenes 

(68%) and raw reads (73%).  This observation was similar to that of (Blair et al., 2014) 

in common bean and (Song et al., 2010) in soya bean. However it was different from 

other reports in legume species like lablab (Chapman, 2015),  mucuna (Sathyanarayana 

et al., 2017),  winged bean (Wong et al., 2017), and cowpeas (Chen et al., 2017) who 

observed the predominance of AG/CT motif among the di-nucleotide repeats. The 

abundance of the TA motifs in this study could be as a result of high frequency of 

certain amino acids present in the leaves and shoots of tissues which were sequenced.  

No CG/GC dinucleotide repeat motif were observed in this study which agrees with 

reports by Souframanien & Reddy, (2015) and Wong et al., (2017) who observed that 

GC motif repeats were very rare in dicots. In this study, tri-nucleotide (51.3%) and 

dinucleotide (46%) were the most abundant repeats. The dominance of trinucleotide 

SSRs over other repeats in coding regions may be due to the suppression of non-trimeric 
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SSRs in coding regions to avoid the risk of frameshift mutations. The non-trifold SSRs 

in coding regions can cause frameshifts thereby resulting to inactivation of gene 

expression or coding for shorter protein sequence (Qi et al., 2018; Kalia et al., 2011). 

The relative abundance of di- and tri-nucleotide repeats in ESTs sequences has also 

been observed in many legumes including lablab (Chapman, 2015), winged bean  

(Wong et al., 2017),  mung bean (Moe et al., 2011) and  mucuna (Sathyanarayana et 

al., 2017).  

The tri-nucleotide AAG/CTT was the most common followed by ATC/ATG. This is 

similar to many previous reports in legumes such as winged bean  (Wong et al., 2017),  

cow peas (Chen et al., 2017) and common beans (Blair et al., 2014) further suggesting 

a shared origin among the Phaseoleae tribe.  

Primer pairs were designed for all the SSR motifs detected. Among the 446 SSR motifs, 

only small percentage (7.6%) of the motifs were successfully used for primer design.  

In the process of molecular marker development, not all SSR motifs can be designed as 

primer pairs mainly due to lack of sufficient long flanking sequences for primer design 

(Moe et al., 2012). Chapman, (2015), also reported that large portion of the lablab SSRs 

(43%) were located too close to either end of the sequences and therefore not suitable 

for primer design.  Our results suggest that to develop a large number of genic SSRs, 

there is need to equally sequence a large number of cDNA fragments.  

During the SSR marker development not all the identified sequences with repeats 

become informative markers. Only the SSR loci which can be amplified in lablab 

genome and which reveal different alleles are useful for molecular breeding. In this 

study most (93.3%) of the designed primer pairs successfully amplified lablab genome. 

This high success rate could be attributed to the use of high quality sequence 

information for primer development and absence of large in-dels in the sample genome 
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DNA (Chen et al., 2016). Success rate of 14–90% amplification for both genomic and 

EST-SSRs has been reported in different studies (Chen et al., 2016; Choudhary et al., 

2009; Chen et al., 2017; Blair et al., 2014; Wei et al., 2011 & Ma et al., 2019).  

In this study, majority of the primers (60%) did not produce secondary products 

indicating that primers were carefully designed. This was achieved by selecting only 

those primers with the lowest self-3’-complementarity score at the primer design stage 

using Primer 3 software.  Primer secondary products are produced due to intermolecular 

interactions between the two (forward and reverse) primers to form intermolecular 

dimers instead of hybridizing to the target DNA. Presence of primer dimers can cause 

reduction of PCR product yield.  

To determine the polymorphism levels of the developed genic SSR markers, we 

evaluated 18 genic SSR loci where 16 (88%) primer pairs were polymorphic. This level 

of polymorphism reported here compares well with those from previous reports in 

different plant species, including lablab (68.75%), (Zhang et al., 2013), lablab (94.55%) 

(Keerthi et al., 2018), sesame (88%) (Wei et al., 2011), common beans (77.5%) (Hanai 

et al., 2007), black gram (58.2%) (Souframanien & Reddy, 2015), rice bean (53.5%) 

(Chen et al., 2016) and Actinidia chinensis (93.5%) as reviewed in (Varshney et al., 

2005).  

In estimating Polymorphic information content (PIC), we need to take into account both 

the number of alleles expressed and the relative frequency of those alleles. The PIC 

provides a better estimator of the informativeness of the SSR loci. In this study, the PIC 

values were moderate at an average of 0.34.  The PIC values in this study compares 

well with that reported in another study in lablab (0.28) (Zhang et al., 2013), but lower 

that the one reported on lablab (0.34-0.68) by (Keerthi et al., 2018).  Polymorphic 

information content values range from zero to one and the higher the PIC value, the 
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more informative is the SSR marker. In this study primers LabRRT90 (0.54), 

LabRRT49 (0.47), LabRRT50 (0.41), LabRRT61 (0.41) and LabRRT83 (0.41) were 

found to have moderate PIC values. This indicate that some of the SSR loci identified 

in this study had several and relatively frequent alleles and therefore might be suitable 

for germplasm characterization, variety identification and for selection of materials for 

breeding purposes.  

In summary, 3140 high-quality unigene sequences were assembled and some 446 genic 

SSRs were identified. The overall SSR density in the coding region of lablab was 0.20 

SSR in every one Kbp. About 80.4% of the isotigs in this study showed significant hits 

in the NCBI non rendundant protein databases. A total of 145 SSR primer pairs were 

designed. About 93.3% of the genic SSR markers were amplifiable on lablab genome. 

Sixteen of the 18 markers (88.8%) tested showed a moderate average polymorphism 

(PIC=0.34) among 10 lablab accessions.  
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CHAPTER FOUR 

Genetic Diversity and Population Structure of Local and Exotic Lablab 

Accessions in Kenya as Revealed by Microsatellites 

4.1 Abstract 

A comprehensive understanding of genetic diversity of any crop is important for its 

prudent exploitation in crop improvement. Molecular markers like simple sequence 

repeats are effective tools used in discrimination of plant genotypes. Kenya has a wide 

collection of lablab accessions preserved at gene bank of Kenya and by the lablab 

growers in their field. Previous effort to characterize the germplasm had limited 

coverage of the available local germplasm, did not include exotic materials and wild 

accessions. The study was therefore undertaken to determine genetic diversity and 

population structure of local and exotic lablab accessions and constitute a core 

collection for the local breeding program. Characterization was carried out at a 

molecular laboratory in KALRO’s Biotechnology Research Centre, Nairobi. Eight SSR 

primer pairs were used to genotype the 189 lablab accessions originating from eight 

populations. A total of 39 alleles were revealed by the eight SSR loci with an average 

of 4.88 alleles per polymorphic loci. The average PIC of the eight loci was 0.419. The 

gene diversity among the accessions ranged from 0.257 to 0.518 with an average of 

0.38.The highest gene diversity was recorded on Ethiopia (He=0.518) and South Africa 

(He=0.508) populations. The average Neis unbiased genetic distance was highest 

between Uganda population and the other populations (0.19 -0.317). A cluster analysis 

based on unweighted neighbour joining method classified the 189 accessions into four 

groups, while the Bayesian model-based Structure method clustered the accessions into 

three groups. In both cluster methods, accessions from Kenya fell in all the groups 

suggesting that local germplasm is of wide diversity and is a significant representation 

of diversity available globally. The wild accessions clustered with those from Southern 

and Eastern Africa confirming that lablab is of African origin. A core collection 

consisting of 45 accessions mainly from Africa and India and belonging to all the three 

sub species of lablab was suggested. The core represent a set of diverse materials of 

priority for future crop breeding attempts.  
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4.2 Introduction 

The existence of genetic diversity within a crop species or population is a major 

resource for improvement of performance of plant traits. The genetic variability of of 

genotypes within crop species is important because it is the reservoir of genes of many 

unique traits. With genetic diversity, breeders can select new varieties directly or 

identify parents for hybridization to obtain plant recombinants of superior performance 

(Bhanu et al., 2017). With the current changing climatic conditions, genetic diversity 

is essential for adaptability of crops to impacts of climate change such as pest and 

disease (Govindaraj et al., 2015). A thorough understanding of genetic diversity of any 

crop is therefore important in order to exploit them prudently. 

Various techniques have been used in discrimination of plant genotypes. This include 

the use of morphological markers, biochemical evaluation and DNA marker analysis 

(Arunga et al., 2015; Bhanu et al., 2017; Govindaraj et al., 2015). In morphological 

characterization, different genotypes are grown in the field and the discrimination of 

the entries is done based on the visually observable traits.  Morphological markers are 

direct, easy to score and less expensive than other markers. However, they are limited 

in number, dependent on the growth stage and often masked by factors in the 

environment hence limiting their application in genetic diversity assessment (Nadeem 

et al., 2018; Cholastova et al., 2012). The advent of molecular markers more than three 

decades ago provided an alternative and more reliable approach of discriminating even 

closely related genotypes. Molecular markers are heritable DNA sequences found at 

specific locations within the genome and have the advantage of being independent of 

environmental influence (Li et al., 2002). Diversity among individuals in a population 

is caused by the differences in DNA sequences and the environmental effect. However, 
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it’s only the variation at the DNA sequences that is transferrable from the parents to 

their off springs.  

Various types of molecular markers have been used in assessing the level of genetic 

variations of plant populations. These include Random Amplified Polymorphic DNA 

(RAPD), Amplified Fragment Length Polymorphism (AFLP), Simple Sequence 

Repeats (SSR), Sequence Characterized Amplified Region (SCAR), Sequence Tagged 

Site (STS) and Single Nucleotide Polymorphism (SNP) (Idrees & Irshad, 2015). 

Previously, few studies have reported on genetic diversity in lablab using RAPD (Liu, 

1996) and AFLP (Venkatesha et al., 2007; Kimani et al., 2012).  

Simple sequence repeats (SSR) or microsatellites are short tandem repeats motifs 

usually with varying number of repeats at a given locus. This variation in the number 

of repeats is as a result of the high mutation rate at SSR loci caused by DNA slippage 

during the DNA replication process (Li et al., 2002).  Recently, SSRs have been used 

widely in genetic analysis of crops due to their wide distribution in genome, they are 

single locus and can reveal multiple allelles, are co-dominant and are highly 

reproducible (Jun et al., 2011; Arunga et al., 2015; Ali et al., 2015; Lucia et al., 2016). 

Few studies have been reported on genetic diversity analysis in lablab using SSRs ( 

Wang et al., 2007; Shivachi et al., 2012;  Robotham & Chapman, 2015, Kamotho et 

al., 2016). Wang et al., (2007) used SSR markers developed for Soybean (Glycine max), 

barrel medic (Medicago truncatula Gaertn and cowpea (Vigna unguiculata (L) Walp.) 

while Shivachi et al., (2012) employed SSRs developed from common beans 

(Phaseolus vulgaris).  Only Robotham and Chapman, (2015) and Kamotho et al., 

(2016) who have employed SSRs designed from lablab transcriptome in genetic 

diversity analysis of this leguminous crop.  The low number of SSR markers available 

for this crop has contributed to their limited application in molecular studies. To address 
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this challenge of limited number of SSRs, efforts have been made to design more SSRs 

and has resulted in identification of tens of new SSRs as reported in chapter three above. 

There is need to utilize the new SSR loci to discriminate the lablab germplasm in Kenya 

in order to get more information.  

Kenya has a wide collection of more than 330 lablab accessions preserved at gene bank 

of Kenya (GBK) (Kinyua and Kiplagat, 2012).  Few of these collections have been 

characterized morpho-agronomically or with molecular markers. For instance, Kimani 

et al. (2012) evaluated 55 lablab accessions using AFLP, Kamotho et al, (2016) 96 

accessions using both morpho-agronomy and SSRs, while Shivachi et al., (2012) 

assessed 13 accessions using SSRs. Whereas the studies provided valuable information 

for our germplasm conservation and plant breeding programs, they only had limited 

coverage of the available local germplasm in Kenya. In addition, the studies reported 

existence of low genetic diversity among the Kenyan lablab germplasm assessed and 

recommended introduction of exotic germplasm from other countries to diversify the 

genetic base of Kenyan accessions (Kimani et al., 2012). Therefore, further 

investigations of lablab accessions representing a wider coverage of the local landraces 

is essential. This is because landraces/local cultivars constitute of a genepool of 

unexplored alleles which if introgressed into breeding programs could contribute to the 

broadening of the genetic base and to the development of improved varieties (Kyratzis 

et al., 2019). In addition, assessment of other exotic materials such as those at 

International Livestock Research Institute (ILRI) would establish the extent at which 

the local lablab breeding program will benefit from the genetic resources from other 

countries and regions.  
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4.2.1 Objectives  

The objectives of this study are: 

1. To determine the diversity and population structure of worldwide cultivated 

and wild lablab collection; 

2. To identify a core collection appropriate for future lablab breeding program in 

Kenya  

 

4.3 Materials and methods 

4.3.1 Plant materials 

The materials used included accessions previously collected from farmers’ fields and 

markets in various lablab growing regions of Kenya (40 accessions), some advanced 

determinate early maturing lines from Kenya Agriculture and Livestock Research 

Organization (KALRO) lablab breeding program (8 lines), released variety (1 variety) 

and accessions preserved at the GBK (43 accessions). The advanced breeding lines 

were pedigrees of crosses between accession KDD, Njoro and GBK 028663. KDD is 

an accession collected from a local market in Nairobi, has white flowers, determinate 

growth habit, early maturing and with cream seed coat colour. Njoro and GBK 028663 

have indeterminate growth habit, purple flowers, medium maturing and with black seed 

coat. Also included was a collection from the International Livestock Research Institute 

Forage Germplasm (ILRI-FG) which comprised of cultivars from other parts of Africa, 

USA, Asia, Australia and accessions of unknown origin (Figure 4.1). The ILRI-FG was 

established and has been maintained since 1982.  In total, 189 accessions were 

evaluated in this study (Appendix II). 
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Figure 4. 1: Map showing regions from where the lablab accessions used in the study 

were collected. Red: Kenya, Yellow: Uganda, Purple: Southern Africa, Green: 

Western Africa, Sky blue: Australia, Dark blue: Ethiopia region Orange: India, 

Black: USA. 

4.3.2 DNA isolation 

The activity was undertaken at Kenya Agricultural and Livestock Research 

Organization (KALRO) Biotechnology Research Centre, Nairobi. Seeds of the 189 

accessions were planted in a greenhouse. At two leaves stage, approximately one 

gramme of leaf tissue of each genotype was harvested, placed on labelled zip lock 

papers and immediately placed on ice box. DNA was isolated using modified 

cetriamonium bromide method (CTAB) (Doyle 1987). Approximately 0.3g of the leaf 

tissues were placed in self-standing tubes each containing a ceramic bead. Nine hundred 

micro-liters (900µl) of extraction buffer was added to the leaf tissue containing the 

ceramic bead. The samples were crushed by geno-grinder machine (Benchtop 

homogenizer) set at revolution speed of 4 meter per second for one minute. The samples 

were then incubated in a water bath with constant shaking at 650C for 15 minutes. The 
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tubes were then centrifuged at 14000 rpm for five minutes. Six hundred microliters 

(600µl) of the supernatant were transferred into a fresh eppendorf tube and an equal 

volume of chloroform: isoamyl alcohol (24:1) added. The above step was repeated. 

Four hundred microliters (400µl) of the aqueous phase was transferred to a fresh 

tube and an equal volume of ice-cold isopropanol added and mixed by inverting several 

times and incubated at -20oC for 2 hours to precipitate the DNA. The tubes were 

centrifuged at 14000rpm for 5 minutes. The supernatant was decanted leaving the DNA 

pellet at the bottom of the tube. The pellets were washed using 500µl of 70% ethanol 

and centrifuged for one minute at 14000rpm before they were air dried for one hour. 

The dried pellets were re-suspended in 50µl of sterile distilled water. RNA was 

removed by adding two microliters (2µl) of pancreatic ribonuclease A (RNase A) 

(10mg/ml) and incubating the samples for 30 minutes at 37oC. The samples were stored 

at -20oC.    

4.3.3 DNA quantification and quality determination                                                                                                                           

The extracted genomic DNA was quantified by comparing with a DNA ladder 

(gene ruler) of one kilo base (1 kb) in a 1% agarose gel using 1x TBE buffer. The 

bands were then viewed in a gel box (G: Box, Syngene).  The concentration of the 

sample DNA was further determined at optical density (OD) readings of 260 nm and 

280 nm using a Nanodrop spectrophotometer (Thermo Scientific NanoDrop 2000C). 

The samples were then diluted with molecular water to a final concentration of 20 ng/ 

µL for use in the PCR. 

4.3.4 Polymerase chain reaction and Polyacrylamide gel electrophoresis  

In this study, eight SSR markers were used to discriminate the 189 lablab accessions. 

The eight markers were part of the new Lablab specific SSR markers reported in chapter 

three. These markers were selected based on their ability to reveal many clear 
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polymorphic bands on a panel of 19 diverse lablab accessions. The eight markers are 

listed in Table 4.1 below. 

Table 4. 1: List of 8 lablab specific SSR markers used to evaluate 189 accessions 

Primer  

designed 

name 

Forward primer Reverse primer type motif Exp. 

prod 

size 

(bp) 

Observe

d 

product 

size (bp) 

Primer 

melting 

temp. 

(Tm) in 0C 

Lab T2 GTGCGCGTCA

CTTATTAGTT

CTTA 

CAATATCTT

CACGTAACC

ACGGTA 

p6 (TATAT

C)7 

224 180-240 59.3- 61.0 

Lab 

RRT23 

GGGAGTGTG

AAATAGAGA

ATCAGTT 

CAGCACTAT

CCACACCTG

CAATAC 

p2 (AG)12 136 120-150 59- 62.7  

Lab 

RRT28 

AATCGAACA

AAGTGAAGT

GCCTTG 

AAATAGCCT

CCAACTTCT

CCCACT 

p2 (AG)8 96  90-110 59.3- 61.0 

Lab 

RRT44 

AAGCTTCGTT

GTTTCTGCGA

TTAG 

CGAGCTTTA

AACCAATCA

GGACAC 

p3 (ATT)6 92  90-110 59.3- 61.0 

Lab 

RRT90 

ATAACTCTGG

CTCGCTCTGT

GG 

GTGCATTTG

ATTTGGTGG

GAAA 

p4 (GAGT)5 234 220-250 56.5– 62.1 

Lab 

RRT53 

ACACCACATC

ACACACTTAT

TC 

CTTGCTGAC

TGTTCTCCA

TT 

p3 (CAT)7 176 140-180 58.4– 59.0 

Lab 

RRT77 

CTTTCTCCTT

CTCTTTCTCA

CTC 

GAAGACGG

GTAGTTCCT

AGTTAT 

p3 (CTT)9 181  160-190 59.3– 61.3 

Lab T12 CACCACCTCC

AACTTCTACG

GTTA 

TGACCTCCA

TTATGGGAT

TCAGAT 

p2 (TA)11 193 180-220 59.3– 62.7 

 

The following were used in the 25ul PCR; Lyophilised master mix bead (easy to use 

beads) containing (dNTPs, MgCl2, Tris-HCl (pH 9.0), KCl and Taq), 19µL of sterile 

distilled water, 2µL of 2 pmoles/ul forward primer, 2µL of 2 pmoles/ul reverse primer 

and 2µL of template of 20ng/ul DNA. Amplification was carried out in a Thermocyler 

machine (Techne-TC 412, Applied Biosystems Veriti systems) programmed with the 

following regime and 35 cycles: 94°C for 3 minutes, 35 cycles of 94°C for 1 minute, 

annealing temperature of 57oC for 1 minute, 72°C for 1 minute and final extension at 

72°C for 10 minutes and final hold at 40C.  
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4.3.5 Data collection 

The PCR products were size separated using 6% PolyAcrylamide gel (PAGE). The 

PCR products were size separated using 6% PolyAcrylamide gel (PAGE). The 6% gel 

was prepared as follows; 53.8 ml of distilled water was put in a clean 500 glass beaker, 

18.8 ml of 40% acrylamide/ bis-acrylamide 19:1 was added to the beaker, 2.5ml of 50x 

TAE (Tris acetate EDTA) was then added and mixed by stirring, one tablet containing 

ammonium persulfate (APS) and TEMED was dissolved in 50ml distilled water in a 50 

ml falcon tube, the APS/TEMED solution was then added to the glass beaker and gently 

stirred without introducing any air bubble, the solution was immediately poured into 

the gel tray with in-built combs and was covered with glass plate treated with silane 

solution and allowed to gel for 1 hour. The glass plate with the attached PAGE was 

then transferred to the horizontal PAGE (hPAGE) (Cleaver Scientific) electrophoresis 

tank containing 1X TAE solution. Two micro liters (2uL) of samples were loaded into 

the wells alongside 3.0µL 1kb DNA ladder and run at 140V for 3hrs.  The glass plate 

was removed from the gel tank and placed in another glass tray for post staining of the 

gel. To stain the PAGE, 6uL of ethidium bromide was dissolved in 200 ml of water and 

poured into the glass tray to cover the glass plate containing the PAGE. The tray was 

kept in a dark room for 1 hour. The staining solution was then drained off and the gel 

de-stained using clean water for 30-45 minutes. 

 The amplified products were then viewed under UV light in a gel box. The images 

were captured using a camera connected to the gel box and saved in the computer 

(Appendix 4.2). To score the bands, the images were pasted in MS power point 

program. On the gel image, a straight line was drawn across the bands that had migrated 

the longest distance. The accessions that had bands at that position were scored as 1 
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while those that didn’t have were scored 0. The straight line was moved to another allele 

and scoring was done. The process continued until all the bands were scored.  

4.3.6 Data analysis 

The number of alleles per locus, major allele frequency per marker, gene diversity, 

heterozygosity and the polymorphic information content (PIC) for each locus was 

computed using PowerMarker version 3.25. GenAlEx version 6.501 (Peakall and 

Smouse, 2012) was used to estimate, the number of different alleles per locus, number 

of effective alleles per locus, expected heterozygosity, Shannons Information Index, 

percentage of polymorphic loci and analysis of molecular variance (AMOVA). 

Dissimilarity matrix was generated using simple matching coefficient of DARwin 

software version 6.0.17. The dissimilarity matrix was used to construct Principal 

Coordinate Analysis (PCoA) scatter plot. A core collection representing a subsample 

of the 189 accessions was created using the maximum length sub tree function of 

DARwin software. A neighbour joining tree threshold value of 0.5% was used to 

remove the synonymous accessions. 

The Bayesian based STRUCTURE software version 2.3.3 was used to investigate 

population structure of the 189 lablab accessions. The number of clusters (K) in 

STRUCTURE were set from 2 to 8. Each run consisted of a burn-in period of 5000 

steps followed by 50000 Monte Carlo Markov Chain (MCMC) replicates. We assumed 

an admixture model and uncorrelated allele frequencies. To determine the most likely 

number of clusters we used delta value (ΔK) method proposed by Elvanno et al., (2005) 

using the STRUCTURE Harvester available online at 

http://taylor0.biology.ucla.edu/struct_harvest/. To assign accessions to various groups, 

the accessions with estimated memberships above 0.8 were allocated to the matching 

group while those with below 0.8 were assigned to a mixed group. 

http://taylor0.biology.ucla.edu/struct_harvest/
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4.4 Results 

4.4.1 SSR Polymorphism  

A total of 39 alleles were revealed by the eight SSR loci with an average of 4.88 alleles 

per polymorphic loci (Table 4.2). The number of alleles per locus ranged from 3 for 

locus Lab RRT77 to 7 for Locus Lab T12.  The PIC ranged from 0.148 (Lab RRT77) 

to 0.772 (Lab T12) with an average of 0.49. Half of the markers were highly 

polymorphic with PIC values of over 0.5.  The gene diversity varied among the loci 

with an average of 0.45 recorded. Most of the markers revealed moderately high gene 

diversity of more than 0.4. In this study, all the markers had lower observed 

heterozygosity (Ho) compared to expected heterozygosity (He).  
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Table 4. 2: Summary of PowerMarker data analysis of 189 lablab accessions with 8 

SSR markers 

Marke

r 

MAF SS No.  AN Avai. GD Obs. 

Heter 

PIC f 

Lab 

T12 

0.2971 189 170 7 0.8995 0.8008 0.0176 0.7722 0.9781 

Lab 

T2 

0.5772 189 162 6 0.8571 0.6146 0.0062 0.5783 0.9900 

Lab 

RRT2

3 

0.6872 189 187 4 0.9894 0.4712 0.0588 0.4174 0.8758 

Lab 

RRT 

44 

0.9181 189 177 5 0.9365 0.1550 0.0621 0.1514 0.6009 

Lab 

RRT5

3 

0.6044 189 182 5 0.9630 0.5843 0.0000 0.5461 1.0000 

Lab 

RRT7

7 

0.9144 189 187 3 0.9894 0.1581 0.0107 0.1485 0.9327 

Lab 

RRT2

8 

0.5027 189 186 5 0.9841 0.6360 0.0054 0.5763 0.9916 

Lab 

RRT9

0 

0.9091 189 187 4 0.9894 0.1696 0.0267 0.1630 0.8431 

Mean 0.6763 189 179 4.88 0.9511 0.4487 0.0234 0.4191 0.9480 

MAF: Major allele frequency; SS: Sample size; No.: Number of observations; AN: Allele 

number; Avai: Availability; GD: gene diversity; PIC: Polymorphic information content; 

f: Inbreeding coefficient. 

The average observed heterozygosity was low with an average of 0.02. The locus Lab 

RRT53 did not display any observed heterozygosity. The inbreeding coefficient (f) of 

the SSR loci was high with an average of 0.94. Both Hardy-Weinberg Chi square and 

exact test for all populations revealed that all the eight loci exhibited significant 

deviation from HWE as revealed by the p-value (Table 4.3). Therefore all the eight 

markers were used in diversity analysis of the 189 accessions. 
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Table 4. 3: The 8 SSR markers used in the diversity analysis of 189 lablab subjected 

to Chi square and HWE exact test  

Marker X2 value X2 d.f X2 p-value Exact p-value 

Lab T12 830.94 21 0.0000 0.0000 

Lab T2 794.56 15 0.0000 0.0000 

Lab RRT23 359.76 6 0.0000 0.0000 

Lab RRT44 423.60 10 0.0000 0.0000 

Lab RRT53 728.00 10 0.0000 0.0000 

Lab RRT77 232.66 3 0.0000 0.0000 

Lab RRT28 730.27 10 0.0000 0.0000 

Lab RRT90 330.77 6 0.0000 0.0000 

 

4.4.2 Genetic diversity within and among 189 lablab accessions. 

The summary of genetic diversity indices of the nine lablab populations are shown in 

Table 4.4. The average number of different alleles (Na) were highest for Kenyan 

population (4.375), South Africa population (3.875) and Ethiopia population (3.750) 

but lowest for Uganda population at 1.625. The number of effective loci (Ne) ranged 

from 2.452 to 1.570 with an overall mean of 1.930. Private allelic richness was only 

detected in Kenya population (0.25), advanced lines (0.125) and South Africa (0.125) 

lablab populations.  The remaining lablab populations did not reveal any private allele 

in the loci studied. High gene diversity of > 0.5 was recorded only in Ethiopia and South 

Africa populations. However, moderate gene diversity of 0.3-0.4 was observed for 

advanced lines, Australia, India, Kenya and West Africa populations of lablab. The 

average expected heterozygosity was moderate at 0.38. The proportion of polymorphic 

loci ranged from 50 % (Uganda) to 100% (Kenya and South Africa), with an average 

of 80.56%. The highest Shannon's Index (I) was observed on Ethiopia (0.964) and 

South Africa (0.929) populations while the least was in Uganda population (0.661). The 

observed heterozygosity (Ho) values were very low for all the populations studied 

indicating the inbreeding nature of the lablab crop. However, the highest observed 
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heterozygosity of 0.09 was recorded on advanced lines suggesting that these lines could 

still be segregating at some loci.  

 

Table 4. 4: Mean number of different loci (Na), number of effective loci (Ne) 

Shannon index (I), Expected heterozygosity (He), Private alleles richness (PAR), and 

percentage of polymorphic Loci (% poly) among 189 lablab accessions studied. 

Pop  Na Ne I Ho He F 
% 

poly 
PAR 

Adv line Mean 2.875 1.950 0.666 0.096 0.362 0.569 87.5 0.125 

 SE 0.549 0.381 0.191 0.021 0.099 0.157 - 0.125 

Australia Mean 2.000 1.731 0.521 0.000 0.328 1.000 62.5 0.000 

 SE 0.327 0.241 0.162 0.000 0.100 0.000 - 0.000 

Ethiopia Mean 3.750 2.452 0.964 0.031 0.518 0.914 100 0.000 

 SE 0.491 0.392 0.151 0.021 0.071 0.071 - 0.000 

India Mean 2.750 1.880 0.685 0.022 0.396 0.822 87.5 0.000 

 SE 0.313 0.245 0.143 0.015 0.084 0.140 - 0.000 

Kenya Mean 4.375 1.940 0.735 0.018 0.363 0.872 100 0.250 

 SE 0.324 0.421 0.178 0.008 0.090 0.062 - 0.164 

South 

Afr 
Mean 3.875 2.372 0.929 0.015 0.508 0.942 100 0.125 

 SE 0.350 0.322 0.139 0.007 0.076 0.032 - 0.125 

Uganda Mean 1.625 1.575 0.383 0.000 0.257 1.000 50 0.000 

 SE 0.263 0.255 0.154 0.000 0.100 0.000 - 0.000 

USA Mean 1.750 1.570 0.429 0.083 0.285 0.651 62.5 0.000 

 SE 0.250 0.203 0.137 0.055 0.089 0.188 - 0.000 

West 

Afri 
Mean 2.250 1.897 0.639 0.036 0.402 0.905 75 0.000 

 SE 0.313 0.224 0.147 0.036 0.090 0.082 - 0.000 

Total Mean 2.806 1.930 0.661 0.033 0.380 0.849 80.56 0.056 

 SE 0.160 0.103 0.054 0.009 0.030 0.035 6.29 0.046 

 

4.4.3 Population differentiation. 

In this study, the 189 lablab accessions were divided into nine subpopulations based on 

their origin of collection. The populations included Kenya (95), Ethiopia (27), Uganda 

(3), USA (3), South Africa (27), West Africa (7), India (11), Australia (8) and advanced 

lines (8). Wrights F statistics and AMOVA were used to partition the genetic diversity 

to within and among the nine populations. In this study, AMOVA revealed 94% of the 
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allele diversity was attributed to individuals within populations (94%) while only 6% 

was distributed among the populations (Table 4.5). A low value of ΦPT of 0.061 was 

observed confirming that there was only a small differentiation among the populations. 

Table 4. 5: Analysis of molecular variance (AMOVA) for 9 populations of Lablab 

purpureus and partitioning of the total diversity into population components   

Source df SS MS Est. 

Var. 

% 

molecular 

variation 

P 

value 

PhiPT 

Among Pops 8 121.280 15.160 0.477 6 0.01 0.061 

Within Pops 180 1313.339 7.296 7.296 94   

Total 188 1434.619  7.773 100   

 

The F statistics of Wright, (1951) indicated that the genetic differentiation among 

populations (FST) ranged from 0.088 to 0.284 with an overall mean of 0.164 (Table 4.6) 

suggesting low differentiation between the populations studied. Among the SSR loci 

studied, only Lab RRT53, Lab T2, Lab RRT28 and Lab 12 had FST values of above 

0.18, while the rest had low Fst values of less than 0.16. Majority of the SSR loci had 

high inbreeding coefficient (FIS) close to one with exception of Lab RRT44 which had 

FIS of 0.326. The average FIS value was 0.851 suggesting high genetic inbreeding within 

the populations. Notably, Lab RRT53 had FIS value of 1 indicating that for this locus, 

no observed heterozygous allele was detected within the subpopulations. The 

coefficient of gene flow was moderately high at an average of 1.514 indicating 

substantial movement of alleles into and out of the populations.  
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Table 4. 6: F-statistics and estimates of differentiation of Lablab purpureus 

populations for each locus 

 

 

 

 

 

 

The Fst values among pairs of populations were found to range from 0.028 to 0.278 

(Table 4.7). Population differentiation was highest between Uganda and USA 

populations (Fst=0.278).  

Table 4. 7: Pairwise unbiased Nei’s genetic distance (GD) and population 

differentiation (Fst) between lablab accessions of origin in Africa Asia Australia and 

USA  

 
    GD     

Al. Aus. Eth India Kenya SA Uganda USA WA 

Al. - 0.081 0.064 0.094 0.025 0.108 0.317 0.156 0.120 

Aus. 0.075 - 0.050 0.042 0.031 0.059 0.243 0.062 0.011 

Eth. 0.058 0.064 - 0.110 0.050 0.062 0.209 0.123 0.091 

India 0.068 0.051 0.068 - 0.099 0.078 0.319 0.097 0.079 

Locus Fis Fit Fst Nm 

Lab T12 0.969 0.975 0.183 1.118 

Lab T2 0.968 0.975 0.197 1.018 

Lab RRT23 0.831 0.848 0.098 2.306 

Lab RRT44 0.326 0.398 0.107 2.076 

Lab RRT53 1.000 1.000 0.284 0.631 

Lab RRT77 0.985 0.988 0.159 1.321 

Lab RRT28 0.976 0.980 0.194 1.039 

Lab RRT90 0.751 0.772 0.088 2.599 

Mean 0.851 0.867 0.164 1.514 

SE 0.081 0.073 0.023 0.252 
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Kenya 0.028 0.034 0.043 0.060 - 0.110 0.246 0.084 0.078 

SA 0.076 0.064 0.031 0.054 0.066 - 0.190 0.199 0.119 

Uganda 0.214 0.228 0.151 0.217 0.164 0.133 - 0.316 0.315 

USA 0.134 0.123 0.111 0.119 0.083 0.134 0.278 - 0.021 

WA 0.092 0.057 0.072 0.079 0.067 0.082 0.256 0.095 - 

 Fst 

Unbiased Neis genetic distance (GD) in upper diagonals and genetic differentiation 

(Fst) in the lower diagonals. 

The Uganda and USA populations were more highly differentiated from the other 

populations. The average Neis unbiased genetic distance was highest between Uganda 

and the other populations (0.19 -0.317). The highest genetic distance between Kenya 

population and others was recorded with Uganda (0.246) and South Africa (0.110). The 

least genetic distance was recorded between accessions collected from Kenya and the 

advanced lines (0.025).  

High level of gene flow was observed between Kenya and advanced lines (8.67), Kenya 

and Australia (7.81), Kenya and neighboring Ethiopia (5.56) and Ethiopia and South 

Africa (7.81).  Some moderate level of gene flow was also observed between Kenya 

and South Africa (3.54), Kenya and West Africa (3.48), Kenya and India (3.92), 

Ethiopia and Australia (3.66) and Ethiopia and India (3.43) (Table 4.8). Least gene flow 

was between Uganda and the other countries.  

Table 4. 8: Pairwise gene flow (Nm) between lablab populations of origin in Africa 

Asia Australia and USA 

 Al. Aus. Eth India Kenya SA Uganda USA WA 

Al. -         

Aus. 3.08 -        

Eth. 4.06 3.66 -       

India 3.42 4.65 3.43 -      

Kenya 8.67 7.10 5.56 3.92 -     
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SA 3.03 3.66 7.81 4.38 3.54 -    

Uganda 0.91 0.85 1.41 0.90 1.27 1.63 -   

USA 1.61 1.78 2.00 1.85 2.76 1.62 0.65 -  

WA 2.46 4.14 3.22 2.91 3.48 2.80 0.73 2.38 - 

 

4.4.4 Genetic associations among accessions  

The genetic distances among 189 lablab accessions were subjected to clustering using 

unweighted neighbour joining method of DARwin software version 6.0.17.  The 

neighbour joining tree (NJ) separated the lablab accessions into four main clusters of 

(Figure 4.2). The four clusters however did not reflect on the geographic origin of the 

189 lablab accessions indicating possibility of gene flow between regions.  

The number of accessions allocated to each of the four (I, II, III and IV) NJ tree clusters 

varied. Cluster I comprised of materials from Africa, India and Australia. Majority of 

the accessions allocated to this group were from Kenya and Ethiopia. Notably, three 

early flowering accessions (ILRI 6930, ILRI 14411, ILRI 14437) placed in group 1, 

were previously clustered together in RB2/Zwai2 group of Pengelly and Maass (2001) 

core collection. A popular released variety in Kenya, DL1002 and two accessions 

(Njoro and GBK 028663) used as parents to develop some advanced lines included in 

the present study were also clustered in group 1. The NJ cluster II consisted of eight 

accessions originating from African countries (Kenya, South Africa and Ethiopia).  
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Figure 4. 2: Unweighted Neigbour joining tree of 189 lablab accessions constructed 

from dissimilarity matrix obtained from genotyping accessions using 8 polymorphic 

SSR markers.  Different colours have been used to differentiate the sources of the 

accessions. Black (Kenya), dark red (South Africa), Light green (Ethiopia), dark 

green (India), light blue (West Africa), Blue (Australia), grey (Uganda), light red 

(advanced lines) and yellow (USA).  

The NJ cluster III was allocated the highest number of accessions. The cluster was 

subdivided into 4 distinct sub clusters IIIa, IIIb, IIIc and IIId. Sub-cluster IIIa consisted 

of 50 accessions originating from six countries, but majority were from Kenya and 

South Africa. Sub cluster IIIb was fully dominated by accessions originating from 

Africa (South Africa, Kenya, Ethiopia and Uganda). Notable, all the accessions 

belonging to subspecies unicinatus were allocated to sub cluster IIIb with exception of 

I 

III a 

II 
III b 

III c 

III d 

IV 
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accession ILRI 24778. Three late maturing accessions (ILRI 13701, ILRI 6533 and 

ILRI 13700) in Pengelly and Maass (2001) core collection were also included in this 

group. Cluster IIIc consisted of 18 accessions with majority from Kenya (72%) while 

the rest were from West Africa, India and Ethiopia. The fourth sub cluster IIId had 11 

accessions from all the countries except South Africa. Two large seeded accessions 

(ILRI 13702 and ILRI 11615) in Pengelly and Maass (2001) core collection were 

included in this group. Cluster IV was allocated only six accessions of which three 

originated from Kenya, two from Ethiopia and one from West Africa.  

 

Figure 4. 3: Unweighted Neigbour joining tree showing clustering of 189 lablab 

accessions. Different colours have been used to differentiate the sources of the 

accessions and type of subspecies. (a) Red represents 41 Kenya accessions conserved 

at GBK, blue represents 49 Kenyan accessions collected from farmers’ fields and 

markets; black represents accessions from the rest of the world and conserved at ILRI 

Ethiopia. (b) Blue represents subspecies bengalensis, purple represents unicinatus 

while black represents purpureus. 

Seven out of the eight advanced early maturing breeding lines (with prefix NH) from 

Kenya were grouped in cluster III while the other line (NH13) grouped together with 

the released variety DL1002 in cluster I. The accessions from Kenya were mainly 
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obtained from farmers’ fields/local markets (the accessions with local names) and from 

gene bank of Kenya (the accessions with GBK prefix). These Kenyan accessions were 

split across all the four clusters of NJ tree (Figure. 4.3a). Similarly, the accessions 

obtained from International Livestock Research Institute (ILRI) (the accessions with 

ILRI prefix) were also divided in all the four clusters. The eight accessions belonging 

to sub species bengalensis did not clustered together and were split in three of the four 

clusters of NJ tree (Figure 4.3b). 

4.4.5 Population structure analysis using Bayesian-model Structure. 

We explored population structure in the 189 Lablab purpureus germplasm using the 

Bayesian model-based Structure method. According to Evano et al (2005), the real 

number of population is detected at the modal value or the upper most value of Delta 

K.  

  

Figure 4. 4: Plot of Delta K against the likely sub populations (K) generated 

according to Evanno et al. (2005).  

In this study, the highest value of delta K was observed at K=3 (Figure 4.4) suggesting 

that the 189 lablab accessions are assigned to three sub-groups.   
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The 3 subpopulations detected using STRUCTURE are shown in Figure 4.5. Each 

lablab accession is represented by a vertical bar. The bars are segmented into different 

coloured fragments which represented the estimated membership of a certain 

subpopulation.  

 

Figure 4. 5: Population structure of 189 accessions of Lablab purpureus as 

determined by STRUCTURE analysis based on SSR allelic data at 8 loci. The 

subpopulations 1, 2 & 3 are denoted by red, green and blue colours respectively. The 

values on the x axis represents the accessions code, y axis value represent the 

estimated group membership of accessions and the small black arrow separates the 

groups. 

The STRUCTURE cluster 1 comprised of 68 accessions while clusters 2 and 3 had 77 

and 22 accessions respectively. The STRUCTURE cluster 1 contained accessions from 
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Kenya, Ethiopia, SA, Australia, India, USA and West Africa. The accessions from 

Kenya included those collected from gene bank of Kenya (GBK 12219, 012215, 

011723, 011719, 013096), from central Kenya (Kagio, Muranga), coastal Kenya 

(Lamu, Kibwezi), western Kenya (Kakamega, Kitale) and those preserved at ILRI 

(ILRI 14901, ILRI 14445). The eleven accessions from SA included in STRUCTURE 

cluster 1 were mainly from sub species purpureus. Materials from Ethiopia allocated to 

cluster 1 included ILRI 13686, ILRI 13688, ILRI 13700, ILRI 13701, ILRI 6528, ILRI 

6533, ILRI 6537 and ILRI 6930, those from Australia included ILRI 21071, ILRI 

21059, ILRI 14414, ILRI 21087 and ILRI 11617. All accessions from India with 

exception of one bengalensis (ILRI 21032) were also grouped in STRUCTURE cluster 

1. Similarly, included in cluster 1 were all the accessions from USA and five accessions 

from West Africa which consisted of two accessions (ILRI 11615 and ILRI 24810) 

belonging to sub species bengalensis.  

STRUCTURE cluster 2 was assigned accessions from Kenya, Ethiopia, SA, Australia, 

West Africa and India. The Kenyan materials  in this cluster originated from all major 

lablab growing areas and markets such as central region (Kahuro), Rift valley region 

(Nakuru, Njoro, Bahati, Namanga, Eldoret), western region (Kisumu and Bungoma) 

and eastern region (Kitui and Meru). Majority (79%) of the Kenyan accessions from 

the gene bank of Kenya were included in this cluster. Cluster 2 also included 11 

accessions from Ethiopia such as ILRI 6535, ILRI 6536, ILRI 7278, ILRI 13685, ILRI 

13688, ILRI 13687, five from South Africa ( ILRI 14437, ILRI 14435, ILRI 14419, 

ILRI 24777, CPI 666243), from Australia (ILRI 21061, ILRI 21076, ILRI 11617), from 

West Africa (ILRI 11630, ILRI 10953) and India (ILRI 21032).  
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All the accessions allocated to cluster 3 were of African (South Africa, Ethiopia, Kenya, 

Uganda) origin. The accessions from South Africa included the two seeded wild 

accessions (ILRI 21045, ILRI 24800 and ILRI 21083), four seeded wild accessions 

(ILRI 21048, ILRI 24749) and cultivated sub species purpureus (ILRI 14437, ILRI 

21084, ILRI 21085). The accessions from Kenya consisted of a two seeded wild 

germplasm (ILRI 14440) and five local collection. The accessions included in cluster 3 

from Ethiopia consisted of a bengalensis (ILRI 13692) and other three sub species 

purpureus (ILRI 13694, ILRI 13695, and ILRI 13704). This group also included 

accession ILRI 21081 and a four seeded wild germplasm (ILRI 24756) from Uganda. 

A total of 22 accessions showed some mixed ancestry (the membership value of less 

than 80% of any sub population). The 15 accessions in Pengelly and Maass (2001) core 

collection included in this study were distributed in all the three STRUCTURE clusters. 

For instance, accessions ILRI 13700, ILRI 13701, ILRI 6533, ILRI 11615, ILRI 13702, 

ILRI 6930 and ILRI 20134 were grouped in STRUCTURE cluster 1. Included in cluster 

2 were ILRI 11630, ILRI 13687, ILRI 14411 and ILRI 14437. The third cluster 

consisted of accessions ILRI 14440, ILRI 13692, ILRI 13694 and ILRI 13695. All the 

accessions from sub species unicinatus with exception of accession ILRI 24778 were 

grouped in the STRUCTURE cluster 3 which was dominated by accessions from 

Africa. The accessions belonging to sub species bengalensis were split into all the three 

STRUCTURE clusters. All the seven advanced lines (AL lines) from a breeding 

program in Kenya were grouped in clusters 1 and 2 together with their parental lines 

(Njoro, GBK 028663B, KDD).  

PCoA analysis was done using DARwin 6.0.17 software to further understand the 

population structure of the 189 lablab accessions. The PCoA analysis separated the 

accessions into three clusters thereby confirming the results obtained with 
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STRUCTURE. The degree of distribution of the accessions in the PCoA scatter plot 

varied across the clusters (Figure 4.6). 

 

Figure 4. 6: Principal coordinates analysis (PCoA) of 189 lablab accessions using 8 

selected SSR. The cluster 1identified in STRUCTURE is shown in green, cluster II 

in black, cluster III in red and the admixed cluster in blue. 

For instance, accessions in cluster 1 (green) and cluster 3 (red) were widely dispersed 

in their distribution, while those in cluster 2 (black) were concentrated on the left hand 

side of the plot. This suggest that the accessions within cluster 1 and 3 are more diverse 

than those in cluster 2. The accessions in blue colour represents mixed group which 

could not match the three groups according to STRUCTURE classification. In PCoA 

scatter plot, these accessions (admixed group) did not form any definite grouping and 

were widely distributed in all the four quadrants of the plot.   
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4.4.6 Establishment of lablab Core collection 

A neighbour joining sub tree representing the core collection was developed from the 

dissimilarity matrix between the 189 lablab accessions using the ‘maximum length sub 

tree’ function of DARwin 6.0.17 (Figure 4.7). Some advanced breeding lines, 

accessions with known valuable morphological traits or those popular in some lablab 

growing regions in Kenya were included in the core collection using DARwin ‘forced’ 

option.  

 

Figure 4. 7: Neighbour joining tree of the 45 lablab accessions identified for 

inclusion in germplasm core collection. The green coloured accessions are those 

which were ‘forced’ into the collection. 

In this study, 45 accessions were selected to be included in the core collection. Among 

these, 14 were forced into the selection and these included seven advanced early 
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maturing lines (NH1, NH4, NH7, NH8, NH13, NH17, OH12 and OH2), Meru, Lamu, 

Kagio, Njoro, GBK 028663 and variety DL1002. The latter six were retained because 

they represent accessions popularly grown in the major lablab growing areas in Kenya. 

Using the group membership from the original DARwin clustering of the 189 

accessions, the core collection comprised of nine accessions from cluster I, three 

accessions from cluster II, 31 accessions from cluster III and two accessions from 

cluster IV. The selected core collection originated from six countries. However, 

majority of them originated from Kenya (56%), Ethiopia (16%) and South Africa 

(16%). Among those selected from Kenya, five were from gene bank of Kenya (GBK 

011803, GBK 005380, GBK 010822, GBK 013983, and GBK 010439). Majority of 

these accessions were collected from the eastern and coastal regions and they represent 

some of the most diverse accessions of the collection at gene bank of Kenya. Seven 

accessions (ILRI 13700, ILRI 14437, ILRI 11630, ILRI 11615, ILRI 6930, ILRI 13695 

and ILRI 13694) comprised in the Pengelly and Maass (2001) core collection were also 

included in the current core collection. These seven accessions were also split in all the 

3 clusters of this core collection. All the three subspecies were represented in the core 

collection with majority (78%) being from subspecies purpureus and subspecies 

unicinatus (13%) (Figure 4.8).  
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Figure 4. 8: The distribution of the accessions selected to represent core collection 

by (a) country of origin (b) the subspecies. 

4.5 Discussion 

The understanding of genetic diversity available in germplasm is important for any 

plant breeding program. It enables the breeders to select from large sets of genotypes 

the suitable parents for crossing to create new superior genetic variability. Genetic 

markers are preferred to morphological markers in germplasm characterization because 

they provide variability at genetic level thereby providing better estimate of genetic 

diversity (Shivashi et al., 2012). This study utilized lablab derived SSRs to understand 

the genetic diversity of lablab.  

In the present study, 8 SSR markers were used for genetic diversity study in 189 lablab 

germplasm accessions. The microsatellite marker analysis found some moderate level 

of polymorphism in the worldwide lablab collection. The number of alleles per locus 

detected by the microsatellites were moderate ranging from three to seven with mean 

4.88 respectively. The number of alleles suggests the richness of the population 

(Aljumaili et al., 2018). The higher the allelic richness at a locus, the higher the degree 

of diversity. The intensity of the alleles per locus identified in this study compares well 

with those reported in lablab by Wang et al., (2007), Shivachi et al., (2012) and 

Kamotho et al., (2016). However, allelic richness in this study is lower than 7.4 alleles 
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per locus reported in lablab by Robotham and Chapman (2015). The lower number of 

alleles per locus observed here could have been attributed to the difference in genetic 

population tested. In addition, the fragment analysis method used was not the same, 

manual acrylamide gels were run in this study while Robotham and Chapman (2015) 

used automatic capillary sequencing which could explain the differences. 

Polymorphic information content (PIC) is a good estimator of the informativeness of 

molecular marker loci because it takes into account both the number alleles and the 

relative frequencies of the alleles.  The higher the PIC value, the more informative is 

the SSR marker (Kamotho et al., 2016). According to Luo et al., (2019) molecular 

markers with PIC > 0.5 were considered to be highly informative; those with a PIC 

value of 0.25 to 0.5 were moderately informative while those with PIC value less than 

0.25 were slightly informative.  This study revealed polymorphisms of moderate 

informativeness (mean PIC value 0.419) suggesting their suitability for diversity 

analysis. Microsatellites are more informative than other markers due to their high 

mutations that evade correction during DNA mismatch repair system thereby allowing 

formation of new alleles in those loci (Vieira et al., 2016). The average PIC value in 

this study compares with 0.492 by Robotham and Chapman (2015) in lablab and 0.56 

in Ali et al., (2015) but lower than 0.63 by Kamotho et al., (2016) in lablab.  

The total gene diversity (GD) or average expected heterozygosity (H), is a good 

descriptor of the diversity of the alleles revealed in germplasm by the molecular 

markers (Bhandari et al., 2017). The GD value ranges from 0 to one with values close 

to one indicating very high allelic diversity. In this study, majority of the markers 

recorded moderate to high expected heterozygosity of more than 0.4 suggesting that the 

markers were able to reveal fairly high number of equally frequent alleles.  
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It is a common practice in genetic studies to test molecular markers for Hardy-Weinberg 

equilibrium (HWE). A population is said to be in HWE when the genotype and allele 

frequencies remain unchanged from one generation to the other (Graffelman & Weir, 

2016).  In this study, significant deviation from HWE was observed for all the SSRs. 

The Hardy Weinberg disequilibrium is expected considering the inbreeding nature of 

lablab. Self-fertilization create deviation from HWE through the reduction of genotypic 

frequencies of heterozygotes (Laird and Lange, 2011). Given the foregoing, it’s clear 

that the SSRs markers used in this study were very efficient in revealing allelic diversity 

and could be useful for future investigations into genetic diversity in breeding and 

germplasm conservation programs.  

Previous genetic studies of Kenyan accessions have reported low to moderate genetic 

diversity and have suggested the need to diversify the genetic base of the local 

accessions by introducing the wild cultivars and exotic germplasm (Kimani et al., 2012; 

Shivachi et al., 2012). The diversity of Kenyan germplasm in relation to those from the 

region and other continents remain unknown. This study considered diversity of a wide 

range of accessions collected from Kenya, other parts of Africa and beyond the 

continent. The present study showed that the heterozygosity expected under Hardy 

Weinberg Equilibrium (He) was moderate (mean He=0.38) for the 189 lablab 

accessions studied across eight SSR loci. In addition, the low number of different allele 

(Na=2.8) and average effective locus (Ne=1.93) further reflected the low to moderate 

genetic diversity of these accessions. The expected heterozygosity, number of different 

allele and effective number of locus are important indicators of population diversity 

and its potential for adaptability (Greenbaum et al., 2014). The higher the value of these 

parameters the higher the degree of diversity present in the germplasm under study. 
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The highest gene diversity of > 0.5 was detected for Ethiopia and South Africa 

populations. This is not unexpected because the origin of lablab has been suggested to 

be Southern and Eastern Africa while Ethiopia is considered as a Centre of diversity 

(Maass et al., 2016). Regions of origin and diversification are expected to contain larger 

genetic diversity (Bernard, et al., 2018). Another reason for high genetic diversity in 

the South Africa population could be due to the high number of wild accessions 

included in the population. Among the 27 accessions originating from South Africa, 

nine accessions belonged to sub species unicinatus. Pengelly & Maass, (2001) reported 

that the wild accessions from eastern and southern Africa represented a far wider 

diversity than the cultivated accessions. Maass et al., (2005) further classified the wild 

accessions belonging to sub species unicinatus into two type’s namely 4-seeded pod 

and 2-seeded pod and noted that the 2-seeded pod types were distinct from the other 

crop germplasm. In this study, out of the nine accessions of sub species unicinatus 

included in the South Africa population, four belonged to the 2-seeded pod type further 

explaining the high gene diversity in this Southern Africa population. The moderate 

gene diversity (He=0.363) for Kenya population observed in this study compares well 

with that of Kamotho et al., (2016) in lablab. Whereas there are substantial amount of 

genetic diversity in Kenyan lablab accessions, the country breeding programs can 

benefit more from introducing germplasm from other countries especially those from 

South Africa and Ethiopia because they contain many different loci.  

Fst is an important measure in understanding the extent of population differentiation 

due to genetic structure. Frankham et al., (2002) suggested that an Fst value greater 

than 0.15 is significant for differentiating populations. In this study, the Fst values 

among majority of the populations with exception of that from Uganda was lower than 

0.15 indicating low genetic differentiation between these populations. The small Fst 
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values observed between the populations in this study suggest presence of high 

similarity of allele frequencies within the sub populations. Fst is highly related to the 

variation of allele frequency among populations (Holsinger et al., 2009). Relatively 

high Fst (>0.15) values were obtained between Uganda population and others implying 

that Uganda population was more dissimilar than the others. However, the high estimate 

of Fst for this population could also be attributed to the small number of individuals 

(three) included in this population. In population structure analysis, reliable estimation 

of population differentiation depends on the presence of either large population sample 

size (> 20) or large number of markers (Willing et al., 2012). More accessions from 

Uganda should be further studied before concluding that the population has different 

allele frequencies from those in other regions. 

In the present study, the low genetic differentiation among the populations as indicated 

by the Fst values was further confirmed by the AMOVA results which showed that 

variation within sub populations accounted for the majority (94%) of the total variation. 

The gene flow between populations was also significant and with values ranging from 

0.73 to 8.67 and majority of the populations having values of > 2. The significant gene 

flow reported here could have contributed to the transfer of alleles among the 

populations thereby resulting in low genetic differentiation between the populations. 

There is a long history of exchange of lablab germplasm within Africa and other regions 

of the world as reviewed by Maass et al., (2016). For instance, before 2000 B.C lablab 

was transferred from Africa to India through Sabaean lane. During the slave trade lablab 

was transferred from West Africa to Brazil and Caribbean region where it was 

cultivated. After the abolishment of slave trade, the Indians carried lablab from the 

Caribbean region back to India sub-continent. In the present era, gene flow between 

populations could also be attributed to sharing of germplasm conserved in the gene 
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banks. Currently, a huge collection of more than 3000 lablab accessions collected from 

various regions of the world are conserved in over 13 gene banks worldwide (Maass et 

al., 2010). These materials are available for the research and development projects 

across different countries thereby contributing to gene transfer across regions. The cross 

boarder grain trade between countries could also have contributed to the high gene flow 

between populations. For instance, in 2014, Kenya imported lablab grain worth 124,000 

Mt from the region (AFFA, 2014). Some of these grains could have been used as seeds 

by small holder farmers who purchase grain in the market for planting (Kamotho, 

2015).  

To further understand the population structure in the 189 world wide lablab accessions, 

Neigbour Joining phylogenetic trees, STRUCTURE and Principal Coordinate Analysis 

(PCoA) were used to identify genetically similar individuals based on the SSR allele 

frequencies. In Neighbour joining method, the phylogenetic trees are constructed by 

finding pairs of neighbours with minimized branch length and clustering them at each 

stage (Saitou & Nei, 1987). It would be expected that accessions originating from 

geographical areas that are distantly located to each other for instance South Africa and 

India to be clustered separately from each other due to the wide spatial range separating 

them. However, the results in this study indicated that the NJ tree clustered the 

accessions into four groups which did not fit well to their geographical origin. Similarly, 

the Bayesian model-based STRUCTURE analysis method clustered the accessions into 

three groups not related to their location of origin. The overlay in clustering between 

individuals from different regions and countries observed in this study suggest 

widespread genetic exchange among the regions (Luo et al., 2019). The results were 

consistent with that of Maass et al., (2005) and Zhang et al., (2013). The study of Maass 

et al., (2005) showed that using AFLP markers, 103 lablab accessions from Africa and 
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Asia were clustered into 12 groups that represented plant types and not the geographical 

origin. The study of Zhang et al., (2013) used 22 SSRs to screen 24 lablab accessions 

from China and Africa and showed that some materials from the two regions were 

clustered together in one group. Notably, in both the NJ tree and STRUCTURE analysis 

clusters, only accessions from African origin were present in all the groupings 

suggesting huge genetic variation from this continent.  

The proportion of the accessions allocated to the STRUCTURE admixture cluster in 

this study was small (22 accessions out of 189). This suggest that even though some 

evidence of widespread genetic exchange in the region exist, there is low intraspecific 

hybridization occurring among the populations. This would support the argument by 

Maass et al., (2010) that lablab as an underutilized species has undergone limited crop 

improvement and that the few available improvement programs are based on limited 

genetic diversity. Lablab is predominantly self-fertilizing crop (Kamotho et al., 2015), 

and therefore any population admixture can significantly occur through the organized 

crossing of parents in breeding programs. 

The present study showed that in all the three population structure analysis approaches 

(NJ tree dendogram, STRUCTURE analysis and PCoA) the accessions belonging to 

sub species unicinatus were clustered together and shared the clusters only with 

individuals originating from Africa. The accessions which clustered closely to sub 

species unicinatus were all from Southern and Eastern Africa (Ethiopia, Uganda and 

Kenya) regions suggesting the origin of lablab to these areas. Previous studies have 

indicated Africa as origin for lablab (Maass et al., 2005; Verdcourt, 1970; Robotham 

and Chapman, 2015).  

The accessions collected from gene bank of Kenya and those obtained from ILRI gene 

bank were split across all the four clusters of NJ tree and the three clusters of 
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STRUCTURE indicating their wide diversity. This suggests that these gene banks are 

important reserviours of lablab allelic diversity that is much needed for the genetic 

improvement of this underutilized legume.  Gene banks are centres of ex-situ 

conservation of wide range of plant genetic diversity necessary for improvement of 

crops. Lablab improvement programs should therefore introduce and integrate into their 

breeding programs the unique germplasm collection held at various gene banks (Maass 

et al., 2010). 

Previous molecular diversity studies of lablab accessions from Kenya reported narrow 

genetic diversity and suggested the need to introduce exotic germplasm from other 

countries to broaden the genetic base (Kimani et al., 2012; Kamotho et al., 2016). The 

Kenyan accessions evaluated in this study were distributed in all clusters of both NJ 

tree and STRUCTURE but some clusters had more membership than others. The 

overlap of the Kenyan genotypes with other accessions from the rest of Africa and 

beyond the continent in the population structure indicate that the local germplasm is a 

significant representation of the genetic diversity available globally. An important 

consideration in plant breeding is in the selection of very divergent parents for use in 

artificial crosses to generate superior recombinant genotypes (Bertan et al., 2007). The 

SSR loci used in this study was successful classifying the Kenyan accessions into 

different clusters which can be useful for plant breeders in selection of parents for their 

crossing program. For instance, selection of parents to improve the local popular variety 

DL1002 would be made from either cluster II, III or IV of the NJ tree or group 1 or 3 

of STRUCTURE.  

Plant breeders are faced with a problem of choosing which accessions to use for their 

breeding program among the large germplasm collections usually containing duplicate 

accessions.  The precise understanding of the genetic diversity in germplasm is 
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important for its utilization in crop improvement programs (Campoy et al., 2016). A 

small sample representing the highest genetic diversity of the large collection can be 

identified and could become a source of promising parents for cross breeding. In the 

present study, a core collection was constructed from a worldwide collection of 

accessions from Africa, India, Australia and USA. A good core collection should 

contain few accessions representing a sub sample of the other accessions, with 

maximum genetic variation and representative of all geographical regions (Bernard et 

al., 2018). The representative sample of the wider germplasm can be developed using 

either morphological, biochemical or genetic data (Ndjiondjop et al., 2017). The current 

study used SSR allelic data to develop a core collection consisting of 45 accessions 

mainly from Africa and India and represented all the three sub species of lablab.  

Whereas these accessions don’t replace the existing germplasm, they represent a set of 

diverse materials that are of priority to the local breeding program.  Lablab is an 

important source of grain in the semi-arid areas of Kenya where it’s grown. However, 

with the increasing effects of drought especially in semi-arid areas where lablab is 

grown under rain fed and with the dwindling land sizes has led to interest in developing 

cultivars that are early maturing and more drought tolerant. The core collection 

developed in this study provide an improved understanding of the diversity existing 

within germplasm collection that has potential to impact on the local lablab breeding 

program. For instance, the current core collection consist of a drought tolerant wild 

accession ILRI 24796 (Robotham and Chapman, 2015) and early maturing materials 

ILRI 11615, ILRI 6930 and ILRI 14437 (Pengely and Maass, 2001) which if 

incorporated in the local breeding program may provide improved cultivars. Our study 

divided the core collection into three clusters with majority of the accessions from 

Kenya clustered in group 1 and 2 suggesting that successful improvement of local 
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materials should target the exotic materials in cluster 3 as parents for cross breeding. 

Cluster 3 of this core collection contain five accessions (ILRI 21048, ILRI 21045, ILRI 

24800, ILRI 24749 and ILRI 24796) belonging to subspecies unicinatus implying its 

importance as a source of high genetic diversity. This agrees with previous studies that 

have suggested that the two forms of sub species unicinatus require to be integrated in 

the lablab breeding program because they carry valuable gene resources (Maass et al., 

2005). The wild accessions can be crossed with local cultivars to produce superior 

recombinants. Successful introgression of traits in a wild accession into a commercial 

cultivar to produce a high yielding variety has been done in other countries (Maass et 

al., 2010). 

Evidently, some materials selected for the present core collection were also included in 

previous core collections. A case in point are the seven accessions (ILRI 13700, ILRI 

14437, ILRI 11630, ILRI 11615, ILRI 6930, ILRI 13695 and ILRI 13694) selected for 

the current core collection and had previously included in the Pengely and Maass, 

(2001) core collection developed using agro-morphological traits. This confirm that the 

SSR markers used in this study were efficient in clearly discrimination of genotypes. 

The three large seeded Ethiopian accessions (ILRI 13694, ILRI 13695 and ILRI 13704), 

4-seeded wild accession (ILRI 24796) and two 2-seeded wild accessions (ILRI 21045 

and ILRI 24800) from South Africa were present grouped together. In addition, the 

moderate flowering accession ILRI 13700 was presently classified with accession ILRI 

13686 in another group. This is in accordance with previous results based on different 

EST SSRs data (Robotham and Chapman, 2015). However, the grouping of accessions 

in the current study was different from that of Pengely and Maass, (2001) who allocated 

the early flowering accessions with long pods (ILRI 6930 and ILRI 14437) in ‘Zwai 2’ 

group while the two accessions (ILRI 13700 and ILRI 11630) with vigorous climbing 
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stem and moderate maturity period were placed in different group (‘Zwai 3’). The big 

seeded and early maturing accessions (ILRI 11615, ILRI 13694 and ILRI 13695) were 

allocated into different groups ‘Zwai 5’, ‘Zwai 7’ and ‘Zwai 8’ respectively. In current 

study, however, the early flowering and large seeded accessions (ILRI 13694 and 

13695) were placed together (group 3) with the long podded accession ILRI 6930, while 

accessions ILRI 14437, ILRI 11615 and ILRI 13700 were clustered together in group 

1. This inconsistencies suggests that the two studies picked and estimated different 

variations present in the accessions probably due to the different markers applied in 

both studies. Molecular markers and morphological traits complement each other in 

providing reliable insight into the genetic diversity of species (Kumar et al., 2009). 

 While breeding legumes for human consumption, seed colour and grain quality are 

important selection criteria (Pengelly and Maass, 2001). Farmers can use seed colour 

to select for varieties that are preferred in the market and with acceptance in the local 

culture (Ishikawa et al., 2019). In Kenya, the most preferred lablab in the market 

include black, brown, cream and tan seeded types although the seed colour preferences 

varies from region to region (Kamotho, 2015). The core collection developed here 

consist of accessions with varying seed colour and seed sizes and therefore offer new 

potential for improving traits required at different market segments.   

In this study, SSR allelic data was used to assess genetic diversity and population 

structure among a worldwide lablab collection and possibility of developing a core 

collection for crop improvement program.  Based on our data, the SSRs markers were 

efficient in revealing allelic diversity in lablab germplasm. Moderate genetic diversity 

was established in the panel of accessions studied. The highest gene diversity was 

detected for Ethiopia and South Africa populations. Kenyan accessions were of 

moderate genetic diversity with mean expected heterozygosity of 0.36.  A core 



114 

 

 

 

collection consisting of 45 accessions mainly from Africa and India and including all 

the three sub species of lablab was suggested. This set of diverse materials is of priority 

to the local breeding program.  
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CHAPTER FIVE 

Genetic Relationships and Population Structure of Worldwide Dolichos (Lablab 

purpureus) based on DArTseq Technology 

5.1 Abstract 

Lablab purpureus (L) sweet is a legume species that has been cultivated for many 

decades but has remained underutilized in many regions. Vast collection of lablab 

germplasm is maintained in various international and local gene banks and by farmers. 

However, there is lack of comprehensive understanding of the genetic diversity of this 

genetic resource.   Diversity Array Technology (DArT) is a high-throughput molecular 

marker system developed for genome-wide marker discovery. This study was 

undertaken to determine the genetic diversity and population structure of 240 lablab 

accessions collected from various regions of the globe using DArTSeq derived 

molecular markers. A total of 15,601 polymorphic DArT markers were identified in a 

set of 240 lablab accessions. The average reproducibility and call rate of the markers 

was high at 99% and 95.5% respectively. The PIC values of the DArT markers ranged 

from 0.49 to 0.008 and an average of 0.06. In addition, 11,431 SNP markers were 

identified in this study with an average reproducibility and call rate of 99% and 91.9% 

respectively. The PIC of SNP markers ranged from 0 to 0.5 with an average of 0.06 

with only 149 (0.13%) markers being monomorphic. Nei & Li (Dice) genetic 

dissimilarity matrices generated based on DArT markers ranged from 0.00 to 0.940. 

Wild accessions from South Africa and Uganda displayed exceptionally highest genetic 

dissimilarity (> 0.8) from the other accessions suggesting they are distantly related to 

the cultivated subspecies. Based on both DArT and SNP markers the germplasm 

evaluated had a narrow genetic diversity with the expected mean heterozygosity for 

DArT 0.030 and SNP at 0.039. Cluster analysis based on unweighted neighbour joining 

method using DArT and SNP markers separately, classified the accessions into seven 

groups each while six clusters were inferred by STRUCTURE method. The grouping 

showed that lablab genetic differentiation was most pronounced between the cultivated 

and the wild accessions. Based on STRUCTURE clustering, accessions collected from 

the farmers’ fields and local markets fell in only two out the six populations suggesting 

that farmers in Kenya are cultivating lablab of narrow genetic diversity. The two 

markers have successfully classified lablab accessions into clusters which forms basis 

for selecting the most suited parents for improving the local cultivars and for 

conservation efforts.  

 

5.2 Introduction 

Lablab purpureus (L) sweet commonly known as dolichos is a legume species that has 

been cultivated for many decades. Lablab is a staple food for some communities in 

Africa and Asia providing a cheap source of protein in their diets (Kilonzi et al., 2017). 
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The young and immature pods and leaves are consumed as vegetables. The foliage is 

used as animal feed while the crop residues after harvest are used as manure (Pengelly 

& Maass, 2001).  

Lablab purpureus belongs to the family fabaceae and is acknowledged as monotypic 

genus (Maass, 2016). According to Maass et al., (2016), the origin of lablab is eastern 

and southern Africa because, these are the only regions where the wild accessions 

naturally occur. Lablab is  one of the most agro-morphologically diverse legume (Maass 

et al., 2010).  Based on agro-morphological traits, Verdcourt, (1970) recognised three 

subspecies of L.purpureus namely; cultivated subspecies, subsp. purpureus and subsp. 

bengalensis (Jacq.) Verdc and wild subspecies uncinatus Verdc. Pengelly & Maass, 

(2001) and Verdcourt, (1970) observed that though subsp. purpureus and subsp. 

bengalensis were morphologically different, the two subspecies were closely related 

and freely interbreed. The subspecies unicinatus has two distinctive morphotypes 

namely two seeded or four seeded types. 

Success of any crop improvement program depends on the availability of diverse 

germplasm of the crop. This is because crop germplasm contain important genes which 

enable the species to respond to changes in climate, pathogen populations and 

agricultural practices (Manifesto et al., 2001). The genebanks and landraces maintained 

by farmers are the major sources of genetic resources for crop improvement (Kyratzis 

et al., 2019).  In lablab, there is a huge collection of germplasm maintained in various 

international and local genebanks. For instance,  Maass et al., (2010), reported that 

more than 3000 lablab accessions were maintained in Africa, Asia, Oceania, America 

and Europe. In Kenya, about 300 accessions are maintained at the Gene Bank of Kenya 

(Kinyua and Kiplagat, 2012). The understanding of the genetic diversity of such a huge 
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collection of lablab accession is crucial for their effective management and utilization 

in breeding programs.  

Lablab germplasm have been characterized based on morphological markers (Pengelly 

& Maass, 2001; Maass & Usongo, 2007; Kamotho, 2016; Vaijayanthi et al., 2016), 

molecular markers such as random amplified polymorphic DNA (RAPD) ( Liu, 1996), 

amplified fragment length polymorphism (AFLP) ( Maass et al., 2005; Venkatesha et 

al., 2007; Kimani et al., 2012), simple sequence repeats (SSR) (Wang et al., 2007; 

Shivachi et al., 2013; Robotham & Chapman, 2015; Kamotho et al., 2016). The number 

of primer/ primer pairs used in most of these studies were few because of the limited 

number of molecular markers available for this leguminous crop.  The introduction of 

new sequencing technologies has enhanced the development of high marker density 

with better genome coverage at a less cost (Desalegne et al.,  2017). Currently, 

sequence-based single nucleotide polymorphism (SNP) markers are fast becoming 

marker of choice in crop improvement programs because of their abundance, stability, 

efficiency and cost effectiveness. The other high throughput genotyping system 

becoming popular recently is the diversity array technology (DArT). 

DArT is a high-throughput marker system first developed in 2001 by Diversity Array 

Technology Pty Ltd (DArT, Canberra, ACT, Australia (Jaccoud et al., 2001). The 

DArT technology applies microarray hybridization approach and solid-state surfaces to 

produce numerous polymorphic markers in a single assay  (Alam et al., 2018). 

Recently, DArTseq platform has been developed for genome-wide marker discovery. 

The platform uses restriction enzyme to reduce the genome complexity followed by 

sequencing of the restriction fragments (Edet et al., 2018). DArTseq produces two types 

of markers namely silico DArT and SNP markers. SilicoDArT markers are microarray 

markers that are dominant while SNPs are co-dominant markers (Alam et al., 2018).  



118 

 

 

 

DArTseq markers have been applied in genomic studies of   several crops such as, 

common beans (Nemlı et al., 2017) macadamia (Alam et al., 2018), wheat (Edet et al., 

2018) strawberry (SaÂnchez-Sevilla et al, 2015) and pinneaple (Kilian et al., 2016). 

However, this useful technology has not been used in understanding of genetic diversity 

and population structure of lablab germplasm. A better understanding of genetic 

diversity among genotypes is crucial for breeding programs because it enables 

exploitation of germplasm resources and in selection of parental materials useful for 

development of populations.  

5.2.1 Objectives  

The objectives of this study were: 

1. To determine the genetic diversity and population structure of worldwide lablab 

collection using silicoDArT markers;  

2. To determine the genetic diversity and population structure of worldwide lablab 

collection using DArTSeq derived SNP markers.  

5.3 Materials and Methods 

5.3.1 Plant materials 

The plant materials used in this study included accessions previously collected from 

farmers’ fields and markets in various lablab growing regions in Kenya, some advanced 

determinate early maturing lines from KALRO lablab breeding program and accessions 

preserved at the GBK. The regions from where the accessions were collected included 

rift valley, coast, western and central Kenya. The advanced breeding lines were 

pedigrees of crosses between accession KDD, Njoro and GBK 028663. KDD is an 

accession collected from a local market at Nairobi, has white flowers, determinate 

growth habit, early maturing and with cream seed coat colour. Njoro and GBK 028663 

have indeterminate growth habit, purple flowers, medium maturing and with black seed 
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coat. Also included was a collection from the International Livestock Research Institute 

Forage Germplasm (ILRI-FG) which comprised of cultivars from other parts of Africa, 

USA, Asia, Australia and accessions of unknown origin (Fig 4.1). The ILRI-FG was 

established and has been maintained since 1982. In total, 240 accessions were evaluated 

in this study (Appendix 5.1).  

5.3.2 DNA isolation 

The seeds of the 240 lablab accessions were sowed in a field at KALRO Thika Centre 

to raise seedlings to obtain leaves samples for DNA extraction. Leaves samples were 

harvested from the emerging plants at first trifoliate growth stage. The samples were 

put in labelled zip lock papers and immediately placed on ice box transported to the 

laboratory for DNA extraction. The DNA isolation was undertaken at world 

agroforestry (ICRAF) molecular laboratory in Nairobi. About one gram of the fresh 

sample was grind in pestle and mortal in liquid nitrogen and immediately transferred 

the ground sample into a falcon tube placed on ice. 20ml of high concentration 

extraction buffer was added to the fresh ground sample. The high extraction CTAB 

buffer contained 100mM Tris-HCL (pH 8.0), 20mM EDTA (pH 8.0), 3M Nacl, 3% 

PVP, 1% B-Mecaptol-ethanol and 3% CTAB.  The samples were kept in water bath at 

650C for one hour with intermittent shaking. The samples were then cooled in ice and 

4ml of 5M Nacl was added, mixed thoroughly and centrifuged for 15 minutes at 3500 

rpm. The supernatant were transferred into a new falcon tube and equal volume of 

chloroform: iso amyl alcohol (24:1) was added and thoroughly mixed and centrifuged 

for 15 minutes at 3500 rpm. The supernatant was transferred to a new 50 ml falcon tube 

and equal volume of chilled isopropanol was added and allowed to precipitate for one 

hour. The tubes were then centrifuged for 15 minutes at 3500 rpm and the supernatant 

was carefully discarded leaving behind the DNA pellet. The DNA pellet was washed 
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with 70% alcohol and air dried until all the alcohol had evaporated. The DNA pellet 

was dissolved in 50ul double distilled water. 10ul of Rnase-A (10mg/ml) was added 

and incubated at 500C with intermittent shaking. The DNA was then stored at -200 C.  

5.3.3 DNA quantification and quality determination                                                                                                                            

The extracted genomic DNA was quantified by comparing with a DNA ladder 

(gene ruler) of one kilo base (1 kb) in a 0.8% agarose gel using 1x TBE buffer. 

The bands were then viewed in a gel box.  The concentration of the sample DNA was 

further determined using Qubit florometry. The DNA samples were then normalized to 

100ng/ul. 50ul of each sample was then sent for DArTseq analysis.  

5.3.4 DArTseq analysis 

The DNA samples were sent to Diversity Array Technology (Canberra Australia) for 

DArTSeq analysis. DArTseq analysis involves genome complexity reduction through 

use of a combination of restriction enzymes and sequencing of resulting representations 

on next generation sequencing platforms (Nadeem et al., 2018). The restriction 

enzymes used in DArTSeq analysis facilitates the selection of genome fractions 

corresponding to various active genes and avoids the repetitive fraction of the genome. 

DArTseq generated two types of data including SilicoDArT and SNPS. The 

SilicoDArT data are score for presence or absence of sequences obtained from genomic 

representations. The SNP data represent the SNPs in the fragments present in the 

genomic representations. For each data set, different parameters were included such as 

call rate, polymorphic information content (PIC), reproducibility and one ratio. The 

SNPs and DArTs from the DArTseq approach were assigned a value of 1 if present in 

the genomic representation of the sample and 0 if absent. 
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5.3.6 Data analysis. 

5.3.6.1 Genetic diversity analysis 

To determine the genetic relationships of the lablab accessions, DARwin software 

version 6.0.17 was used to generate Dice (Nei & Li) dissimilarity matrices based on 

silicoDArT markers data.  The Dice dissimilarity coefficient was chosen mainly 

because of absence of information on ancestry of accessions studied (Kosman & 

Leonard, 2005). Dendograms were generated using Unweighted Neighbour-joining 

method of cluster analysis based on both the SNP and DArT markers data. The trees 

were bootstrapped with 2000 replicates. 

5.3.6.2 Population structure analysis 

The germplasm was divided into 10 different groups based on mainly geographical 

origin namely Kenya, Uganda, West Africa, South Africa, Australia, USA, India and 

Ethiopia. Included also were a group of accessions of unknown origin and advanced 

determinate bush breeding lines from a Kenyan breeding program. AMOVA was 

conducted on the DArT markers to assess the level of variation among the groups of 

accessions. This was implemented in GenAlEx 6.5 software. To reveal the population 

differentiation, the PhiPT values among the populations were computed. In addition, 

the gene flow among the populations was also estimated through the number of 

migrants per generation using the same software. Principal Coordinate Analysis 

(PCoA) of the DArT data matrix for the presence or absence of each allele was 

performed to reveal gentic relationships among the 240 accessions using GenAlEx 6.5.  

The genetic structure of the accessions based on SNP markers was determined using 

the Bayesian based STRUCTURE software version 2.3.3 (Pritichard et al., 2001). The 
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number of clusters (K) in STRUCTURE were set from 2 to 10. Each run consisted of a 

burn-in period of 50,000 steps followed by 100,000 Monte Carlo Markov Chain 

(MCMC) replicates. We assumed an admixture model and uncorrelated allele 

frequencies. To determine the most likely number of clusters we used delta value (ΔK) 

method proposed by Elvanno et al., (2005) using the STRUCTURE Harvester (Earl 

and Vonholdt, 2012).  

5.4 Results 

5.4.1 Quality of molecular markers generated 

 A total of 15,601 polymorphic DArT markers were identified in a set of 240 lines of 

lablab originating from different parts of the globe (Appendix 5.1). Most of the markers 

(15,461) showed high reproducibility of 99% (Figure 5.1). The average call rate of the 

DArT markers was 95.5% with all the identified markers having a call rate value of 

more than 80% (Figure 5.1). The average one ratio value of the silico DArT markers 

was 0.37 with 6565 markers having values more than 0.05. The PIC values of the 

markers ranged from 0.49 to 0.008 and an average of 0.06. Among the 15601 

informative markers, only 3.6% had PIC values of more than 0.3 while 83.2% had 

values of less than 0.1. A threshold values of >96% for reproducibility, >95% for call 

rate, >0.004 for one ratio and >0.008 for PIC were used to select the markers for the 

study. In total, 9,672 silicoDArT markers with an average PIC 0.04 were picked using 

the above criteria. The distribution of PIC values of these DArT markers are shown in 

Figure 5.2. 
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Figure 5. 1: Distribution of silicoDArT marker data for call rate and reproducibility 

parameters 

 

Figure 5. 2: Distribution of PIC values of DArT markers used for genomic studies in 

lablab 

A total of 11,431 SNP markers were identified in this study. The average reproducibility of 

these markers was >99% with 94% of the markers having 100% reproducibility (Figure 5.3). 

The average call rate of the SNP markers was high at 91.9%. About 9288 of the markers 

displayed call rate values of more than 90%. The average one ratio ranged from 1 to 0.004 with 

an average value of 0.27. However, only 4221 (36.9%) of the SNP markers displayed a one 

ratio of more than 0.05. The average call rate value in this study was high at 0.93.  The PIC 

values for the SNP markers ranged from 0 to 0.5 with an average of 0.06. Only 149 (0.13%) 
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SNP markers were monomorphic. About 3.5% of the total SNP markers had PIC values of more 

than 0.3 while > 86% displayed PIC values of less than 0.1 (Figure 5.4). Based on the high PIC 

and one ratio values, 5075 SNP markers were selected for genotyping lablab germplasm. The 

distribution of PIC values of these 5075 SNP markers are shown in Figure 5.5. It was noted that 

in many cases SNPs could not be called for wild lablab accessions. Due to the high number of 

missing SNP data for wild accessions, the genotyping of wild accessions was only done using 

DArT markers.  

 

Figure 5. 3: Distribution of SNP marker data for call rate and reproducibility 

parameters 

 

Figure 5. 4: Distribution of PIC values of silicoDArT and SNP markers developed 
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Figure 5. 5: Distribution of PIC values of DArTSeq SNP markers used for genomic 

studies in lablab 

5.4.2 Genetic relationships among cultivars based on silicoDArT markers 

DArT markers were used to understand the diversity of lablab accessions. Nei & Li 

(Dice) genetic dissimilarity matrices was generated to establish the level of relatedness 

of the lablab accessions. The genetic dissimilarity indices ranged from 0.00 to 0.940 

with the 5 percentile at 0.46 and 95 percentile at 0.6023 (Appendix 5.2). This served as 

an indicator of diversity in the accessions studied.  As expected, the replicate accessions 

were among those which revealed the least amount of genetic dissimilarity. For 

instance, accessions ILRI 11630 and ILRI 11630_1, ILRI 14441 and ILRI 14441_1, 

ILRI 21076 and ILRI 21076_1, ILRI 15436 and ILRI 15436_1 revealed genetic 

distance of 0.00. However, there are some accessions with different names and/ or 

origin but with very small genetic distance. For instance, the two accessions originating 

from West Africa, ILRI 14441 and ILRI 11630 revealed a genetic distance of 0.00 

suggesting that the two could be duplicate accessions. Others with 0.00 genetic distance 

include two Kenyan accessions ILRI 14478 and ILRI 14443; GBK 10392 and GBK 

10396. The study also revealed zero genetic distance between the Kenyan accession 

GBK 012033 and West African accession ILRI 14441. The local accessions collected 

from Meru Mukinduri and from Muranga market had 0.00 genetic distance with the 



126 

 

 

 

local variety DL1002. Other Kenyan accessions with close genetic distance with 

DL1002 include Fc Bahati (0.158), Fc Bungoma (0.153), Fc Kagio market (0.150), Fc 

Meru (0.156), GBK 010822 (0.156), GBK 12000 (0.163), GBK 013083 (0.162) GBK 

045372 (0.120), ILRI 14443 (0.150), ILRI 14471 (0.158) and ILRI 24777 (0.144). The 

accessions belonging to sub species unicinatus from South Africa (ILRI 21048, ILRI 

21083, ILRI 24749, ILRI 24800) and Uganda (ILRI 24756) displayed exceptionally 

highest genetic dissimilarity (> 0.8) from the other accessions suggesting they are 

distantly related to the cultivated subspecies. Notably, the accessions ILRI 21081 from 

Uganda and ILRI 21076 from unknown origin belonging to sub species purpureus also 

displayed high genetic dissimilarity (> 0.8) from the other accessions. Two Kenyan 

breeding lines (NH13 and NH4) developed through hybridization of determinate 

accession KDD and local cultivar Njoro exhibited very narrow genetic distance (0.084) 

between themselves indicating they are from the same gene pool.  

The dendogram obtained with silioDArT markers revealed 9 clusters of related 

accessions (Figure 5.6). The clades of this sub group 1 were of almost the same height 

suggesting the tight closeness of the accessions in this group. This subgroup consisted 

of only accessions from gene bank of Kenya and from ILRI gene bank. Sub group 2 

consisted of accessions obtained from ILRI gene bank but originating from outside 

Kenya with exception of ILRI 14901. Four South African accessions (ILRI 24781, 

24780, 21085 and 21049) belonging to sub species purpureus were placed closely in 

this sub group 2. Similarly, three accessions from India (ILRI 18619, ILRI 21029 and 

ILRI 21033) were clustered together in this group suggesting they are from close gene 

pool. The neighbour-joining tree identified a cluster (Sub group 3) which consisted of 

the wild accessions belonging to sub species unicinatus. The tree clades of this sub 
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group had the longest height suggesting that these wild accessions are distantly related 

to the rest of accessions.  

 

Figure 5. 6: Unweighted neighbour-joining dendrogram of 174 lablab accessions 

based on 9672 silicoDArT markers. The accessions in red font are of Kenyan origin 

while those in black font are from outside Kenya 
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The three big seeded accessions from Ethiopia (ILRI 13694, ILRI 13692 and ILRI 

13697) and one accession from the gene bank of Kenya (GBK 012215) were placed 

together in this subgroup. This suggest that this Kenyan accession (GBK 012215) could 

be having some unique alleles that are different from the other local accessions. 

Sub group 5 mainly included those accessions collected from ILRI gene bank but 

originating from Australia, Kenya, Ethiopia and South Africa. Notably, six accessions 

(ILRI 21059, ILRI 21071, ILRI 21067, ILRI 11617, ILRI 11612 and ILRI 14414) from 

Australia were included in this cluster indicating that these accessions are closely 

related. Sub group 6 consisted mainly accessions collected from farmer’s field, markets 

and gene bank of Kenya. Four advanced lines (NH13, NH4, NH8, and NH7) which 

shared the same parents were also placed together in this sub group. The sub group 7 

included accessions from India, Australia, Ethiopia and USA. The other two groups (8 

&9) consisted of accessions from Kenya. 

5.4.3 Population structure analysis based on SilicoDArT markers 

In this study, the lablab accessions were divided into 10 subpopulations based on their 

origin of collection. The genetic diversity within each population was estimated through 

the expected heterozygosity. The overall mean expected heterozygosity estimate (He) 

derived from the 9672 DArT markers for the 10 populations was 0.03 while the 

Shannon index was 0.049. The expected heterozygosity and Shannon index were 

highest for the population of accessions of unkwown origin (0.13 and 0.212) and lowest 

for the advanced lines (0.005 and 0.007) (Table 5.1).  
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Table 5. 1: Mean expected heterozygosity (He) and Shannon Index (I) over DArT 

Loci for 10 populations of L. purpureus. 

Population  Expected 

heterozygosity (He)a 

Shannon Index (I)a 

Advanced lines (AL) 0.005 ± 0.001 0.007 ± 0.001 

Australia 0.006 ± 0.001 0.010 ± 0.001 

Ethiopia 0.044 ± 0.010 0.092 ± 0.001 

India 0.006 ± 0.010 0.010 ± 0.001 

Kenya 0.009 ± 0.001 0.018 ± 0.001 

Southern Africa 0.038  ± 0.001 0.071 ± 0.001 

Uganda 0.043 ± 0.001 0.049 ± 0.002 

Unknown 0.130 ± 0.001 0.212 ± 0.002 

USA 0.008 ± 0.01 0.011 ± 0.001 

West Africa 0.006 ± 0.001 0.009 ± 0.001 

Mean overall loci and populations 0.03 ± 0.001 0.049 ± 0.001 

aMeans followed by the standard errors. 

AMOVA was undertaken to partition the genetic diversity to within and among the 10 

populations. The AMOVA revealed high and significant differences among the 10 

populations of lablab, which accounted for 15% (probability of 0.023) of the total 

silicoDArT loci variance (Table 5.2). 

Table 5. 2: Analysis of molecular variance (AMOVA) for 10 populations of Lablab 

purpureus and partitioning of the total diversity into population components   

Source df SS MS Estimated 

Variance 

Percentage 

of variance 

PHIPT 

Stats 

Pa 

Among Pops 9 6950.118 772.235 38.567 15   

Within Pops 164 35438.152 216.086 216.086 85   

Total 173 42388.270  254.654 100 0.151 0.023 

 Pa - Probability values based on 999 permutations 

The PHiPT values among pairs of populations were found to range from 0.00 to 0.831 

(Table 5.3). Population differentiation was highest between Uganda and Kenya 

populations (PHiPT=0.831). The Uganda population was more highly differentiated 

from the other populations. The highest genetic distance between Kenya population and 
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others was recorded with Uganda (0.831), population from unknown origin (0.461) and 

South Africa (0.136). The least genetic distance was recorded between accessions 

collected from Ethiopia and those from India, USA and Australia. High level of gene 

flow was observed between Ethiopia and Australia (49.75), Ethiopia and South Africa 

(22.30) and Ethiopia and India (15.38).  Notably, there was low gene flow between 

Kenya and Uganda (0.05), Kenya and Unknown population (0.29) and Kenya and South 

Africa (1.59). Generally, the least gene flow (< 1) was between Uganda and the other 

countries.  

Table 5. 3: Pairwise population differentiation (PhiPT) values (below diagonal) and 

Nm values (above diagonal) between lablab accessions of origin in Africa Asia 

Australia and USA 

 

A PCoA analysis based on the PhiPT values clearly identified the lablab accessions into 

seven groups (Fig. 5.7). One group included three large seeded accessions from 

Ethiopia (ILRI 13692, ILRI 13694 and ILRI 13697). The second group contained three 

accessions belonging to subspecies unicinatus. The two seeded wild accessions in this 

group originated from Kenya (ILRI 14440) and South Africa (ILRI 24800 & ILRI 

21083). The third group consisted of two South African accessions (ILRI 24749 & ILRI 

 AL AUS ETH IND KEN SA UGA UNK USA WA 

AL 0.000 1.49 13.64 1.63 6.04 10.66 0.08 2.48 1.23 1.00 

AUS 0.143 0.000 49.75 9.68 3.67 9.03 0.07 1.52 14.46 4.30 

ETH 0.000 0.000 0.000 15.38 3.27 22.30 0.32 1.79 3.08 1.31 

IND 0.133 0.025 0.000 0.000 3.85 10.09 0.07 1.72 2.25 3.94 

KEN 0.040 0.064 0.071 0.061 0.000 1.59 0.05 0.29 3.53 5.68 

SA 0.023 0.027 0.011 0.024 0.136 0.000 0.32 1.24 4.65 9.45 

UGA 0.757 0.771 0.437 0.775 0.831 0.435 0.000 0.83 0.14 0.07 

UNK 0.092 0.141 0.122 0.127 0.461 0.168 0.233 0.000 24.75 1.65 

USA 0.169 0.000 0.000 0.100 0.066 0.000 0.646 0.000 0.000 3.57 

WA 0.199 0.055 0.000 0.060 0.042 0.026 0.777 0.131 0.065 0.000 
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21048) with four seeds per pod and belonging to subspecies unicinatus. Also included 

in this group was a Ugandan accession ILRI 21081. A wild accession from Uganda 

(ILRI 24756) was grouped together with a Kenyan accession GBK 12215. Two 

accessions (ILRI 21076 and ILRI 6537) were placed together in the 5th group. The five 

accessions originating from West Africa were all placed together in group six 

suggesting that they are closely related. All the other accessions were clustered together 

in one major group. The first and the second principal coordinates explained 53.76% of 

the total variation for the SilicoDArT markers.  

 

Figure 5. 7: Principal coordinates analysis based on PhiPT values for 10 lablab 

populations. Percentages in parentheses indicate the proportion of the total variation 

explained by each principal coordinate. 
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5.4.4 Genetic relationships among lablab germplasm based on SNP markers 

The dendogram obtained with SNP markers revealed 7 clusters of related accessions 

(Figure 5.8). The subgroup 1 consisted of accessions originating from Kenya with 

exception of accessions ILRI 6536 (Ethiopia), ILRI 13696 (Ethiopia), ILRI 24777 

(South Africa) and ILRI . 
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Figure 5. 8: Unweighted neighbour-joining dendrogram of lablab accessions based on 5075 

SNP markers. The accessions in red font are of Kenyan origin while those in black font are 

from outside Kenya 

11617 (Australia). Among the accessions included in this subgroup 1 from Kenya were 

collected from farmers’ fields and markets at coast region (FC Lamu), Rift valley  

region (Namanga, Bahati, Njoro and Eldoret) and western region (FC Kisumu and FC 
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Bungoma).  The other local farmers/market accessions (Meru Market, Kagio market, 

Muranga market, Kahuro and Kirinyaga Mwema) collected from central and eastern 

region of Kenya clustered together in a separate subgroup (subgroup 6). Two advanced 

breeding lines (OH 2 and OH12) clustered closely with one of their parent GBK 028663 

in this sub group.  The other dwarf advanced breeding lines (NH8, NH7, NH4, NH13 

and NH17) clustered in the same group (subgroup 4) as their common parent (KDD). 

Sub group 2 consisted mainly of accessions originating from Ethiopia. Most of the 

accessions originating outside Kenya were clustered in subgroup 3. It was observed that 

in subgroup 3, accessions originating from the same country tended to cluster together 

suggesting their close similarity. For instance, four South African accessions (ILRI 

24781, 24780, 21085 and 21049) were placed closely in this sub group 3 while 

accessions ILRI 13687, ILRI 13700, ILRI 13686 and ILRI 13685 from Ethiopia also 

clustered closely. Similarly, Australian accessions (ILRI 11612, ILRI 21071 and 

21059) and Indian accessions (ILRI 21029 and ILRI 18619) formed two separate 

clusters in subgroup 3. Accessions ILRI 21081 originating from Uganda and Kenyan  

accessions (GBK 012215, GBK 011733, GBK 010439, GBK 012026 and ILRI 21089) 

formed a separate cluster (subgroup 7).  

5.4.5 Population structure based on SNP markers 

We explored population structure in the Lablab purpureus germplasm using the model-

based Bayesian Structure method. According to Evano et al (2005), the real number of 

population is detected at the modal value or the upper most value of Delta K (Δ K). In 

this study, the value of Δ K was highest at K=6 (Figure 5.9) suggesting 228 lablab 

accessions could be assigned to six distinct groups.  The six sub populations are denoted 

by Pop1, Pop2, Pop3, Pop4, Pop5 and Pop6. Pop1 and Pop6 contained the highest 

percentage of the total accessions at 28.7% and 23.4% respectively while the least 
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number (1.4%) was in Pop5 (Table 5.4). The genetic diversity of the populations as 

revealed by average expected heterozygosity was low at 0.0349 and ranged from 0.0022 

(Pop1) to 0.1550 (Pop5). 

 

Figure 5. 9: Estimation of number of populations (K) of 228 Lablab accessions using SNP 

marker data, as estimated using the model-based Bayesian algorithm implemented in the 

STRUCTURE program. 

 

Table 5. 4: The proportion of membership and expected heterozygosity of the 6 lablab 

populations based on SNP markers 

Population Proportion of membership Expected heterozygosity (He) 

Pop1 0.287 0.0022 

Pop2 0.186 0.0236 

Pop3 0.099 0.0038 

Pop4 0.180 0.0149 

Pop5 0.014 0.1550 

Pop6 0.234 0.0104 

Average - 0.0349 
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The genetic divergence among the populations as revealed by Nei’s net nucleotide 

distance (D) showed that Pop5 was the most distantly related to the rest of the 

populations (Table 5.5).  The least genetic distance (D=0.0081) was observed between 

Pop4 and Pop6. 

Table 5. 5: The genetic divergence among 6 lablab populations revealed by Nei’s net 

nucleotide distance (D) 

 Pop1 Pop2 Pop3 Pop4 Pop5 

Pop1 -     

Pop2 0.0276 -    

Pop3 0.0248 0.0272 -   

Pop4 0.0252 0.0166 0.0258 -  

Pop5 0.1737 0.1662 0.1696 0.1677 - 

Pop6 0.0246 0.0158 0.0276 0.0081 0.1699 

 

The six populations detected through STRUCTURE analysis are shown in Figure 5.10. 

Each lablab accession is represented by a vertical bar. The full list of the names and 

codes of the accessions analysed using STRUCTURE are given in appendix 5.7. The 

bars are segmented into different coloured fragments which represent the estimated 

membership of a certain population. Majority of the accessions consisted in Pop1 

originate from Kenya (maintained at either ILRI gene bank or at the Gene Bank of 

Kenya). Accessions ILRI 6528, ILRI 13694, ILRI 13688 and ILRI 13702 from Ethiopia 

were also included in this group. There are some accessions included in this Pop1 such 

as GBK 012187, GBK 012000, GBK 013096, GBK 011803, GBK 010837 and ILRI 

18611 which showed intermediate to high mixed genetic composition. Pop 2 consisted 

of accessions originating from outside Kenya (Ethiopia, India, Australia, USA and 

South Africa). A determinate early maturing accession (KDD) collected from a market 

in Nairobi, Kenya was also included in this group. Two accessions (ILRI 13692 and 

ILRI 11615) belonging to the subspecies bengalensis were among the 11 accessions 
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entirely assigned to Pop2 (Figure 5.9). The rest of the accessions in Pop2 had mixed 

genetic composition of varying degree. The accessions with the highest genetic 

admixture in this group included ILRI 24780 (SA), KDD (Kenya), ILRI 10979 (USA), 

ILRI 13685 (Ethiopia), ILRI 14437 (SA), ILRI 14415 (SA) and NH8 (AL). The 

advanced line NH8 was clustered in Pop2 with together one of its parent, KDD. The 

Kenyan accessions collected from Muranga, Meru, Kirinyaga, Katumani regions 

together with GBK 012227, GBK 011804 and GBK 012215 were grouped in Pop3.The 

South African accession CPI 666245 and Australian collection ILRI 144414 were also 

clustered with the Kenyan accessions in Pop3. Pop4 consisted of mainly Kenyan and 

Ethiopian accessions. Two determinate early maturing lines (OH2, and OH12) from 

Kenya breeding program were placed together with a common parent, GBK 028663. 
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Figure 5. 10: Population structure of 243 Lablab accessions as determined by 

STRUCTURE analysis based on SNP allelic data at 5075 loci. The numbers on the 

x-axis are the accessions code, the scale on the y axis is the proportion of estimated 

membership. 

Accession ILRI 21081 from Uganda was entirely assigned to Pop5. However, only                                                               

GBK 012215 and FC Namanga from Kenya which possessed some significant genetic 

information from Pop5. Pop6 was dominated by Kenyan accessions mainly collected 

from the farmers’ fields and local markets. The variety DL1002 released by Kenyan 
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breeding program was assigned to Pop6 together with the other local cultivars 

maintained by farmers. The advanced breeding lines (NH7, NH4, NH17 and NH13) 

which are progenies of Njoro X KDD were assigned together with their parent Njoro 

in this group. 

5.5 Discussion 

The understanding of the available genetic diversity in the germplasm collection is 

crucial for actual conservation and their utilization in crop improvement  (Roorkiwal et 

al., 2014). Efforts have been made to develop large number of different types of 

molecular markers which can be used for understanding the genetic diversity and 

identifying germplasm with important traits for use in plant breeding programs. The 

present study has demonstrated the suitability of DArTseq technology as an effective 

tool in revealing the genetic diversity of lablab. The technology has yielded large 

number of polymorphic markers. A total of 15,601 polymorphic DArT markers were 

identified of which 9,672 markers were used to reveal genetic architecture of lablab 

accessions. In addition, the technology revealed 11,431 DArTSeq SNPs of which 5075 

were informative. To the best of our knowledge, this is the first attempt to develop 

DArT marker system for lablab and to exploit these makers in understanding the genetic 

diversity of worldwide lablab accessions. 

A good range of PIC value (0.04 – 0.49) was found in this study for both the DArT and 

SNP markers, which agrees with previous works on other legumes. Nadeem et al., 

(2018) found PIC values  ranging from 0.10-0.50 , Nemlı et al., (2017) found values of 

0.005 to 0.5 using DArTSeq SNP markers in common beans while Julius et al., (2021) 

reported PIC values of 0.02- 0.5 in lablab.  Using 2763 DArT markers across 94 

chickpea genotypes, Roorkiwal et al., (2014) reported PIC values of 0.02 to 0.37. In 
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pigeon peas, (Mir et al., (2012), found PIC values of 0.02 to 0.5 for both SNP and DArT 

markers. However, the average PIC obtained for DArT (0.06) and SNP (0.06) in this 

study was much lower than 0.4 (Nadeem et al., 2018) and 0.25 (Nemlı et al., 2017) in 

common beans using DArT and SNP markers respectively. This lower than expected 

average PIC reported here could be as a result of germplasm choice. Although the 

accessions selected for this study were picked to signify maximum diversity, majority 

of them were not previously subjected to any molecular analyses. The lower average 

PIC could also be contributed by the fact that in this study, the accessions were all from 

one purpureus species. However, the lower PIC values of DArT markers seem to be 

beneficial in giving defined grouping of accessions from distant genetic origin (Badea 

et al., 2011). For instance, the DArT PCoA was able to separate the sub species 

unicinatus from the rest of the sub species purpureus. The average genotype call rate 

and reproducibility of the markers identified in this study was over 91% suggesting that 

the markers were of high quality. This means that there was only less than 9% of the 

missing data for each marker. This call rate value compares well with 92% reported by 

Valdisser et al., (2017) while using DArTSeq SNPs in common beans. The genotype 

call rate is the proportion of genotypes per marker with no missing data. Notably, large 

number of SNPs could not be called for wild lablab accessions. This is probably because 

majority of the genotypes used to design the DArT and SNP markers in this study were 

from cultivated lablab and only few (less than 4% of the total accession) were from 

wild accessions. This could have resulted in low representation of the wild genome in 

the diversity panel. Similar results of low DArTSeq SNP call rate on wild accessions 

was also reported in chickpea by Roorkiwal et al., (2013). This study revealed the 

significance of DArTSeq platform as a dependable tool for assessing diversity lablab 

germplasm. The DArTSeq platform combines the DArT microarray platform, which 
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achieves the genome complexity reduction using combinations of restriction enzymes 

with next generation sequencing thereby producing large number of markers (Sánchez-

Sevilla et al., 2015). Lack of suitable and numerous molecular markers for lablab has 

in the past been identified as the most limiting factor for breeding studies of this 

underutilized crop (Zhang et al., 2013). Previous studies in lablab using other markers 

used very few molecular markers, for  instance, Shivachi et al.,( 2013) utilised only 21 

microsatellite primer pairs from common beans to investigate genetic diversity in the 

13 lablab genotypes while Kamotho et al., (2016), utilized 10 SSR markers to study 

diversity of 96 lablab accessions. Therefore, the numerous number of both DArT and 

SNP markers produced in this study will be useful for diversity studies in lablab.  The 

DArTSeq markers are not only cost effective but are known to have a wider genome 

coverage (Robbana et al., 2019). This suggest that these new markers are also valuable 

resource for future association mapping studies in lablab.  

Our research showed that based on both the DArT and SNP markers the studied lablab 

material had a narrow genetic diversity. The expected mean heterozygosity (He) was 

low for both DArT (He = 0.030) and SNP (He= 0.035). The expected heterozygosity 

accounts for the frequency of the different types of alleles and their evenness in the 

population (Kimani et al., 2012). Higher mean heterozygosity (He) have been reported 

in lablab other studies. For instance, Kimani et al., (2012) reported mean heterozygosity 

of 0.189 in 50 Kenyan lablab accessions using AFLP. Kamotho et al., (2016) reported 

mean He=0.38 when using 10 SSRs while Zhang et al., (2013) found mean He=0.34 

using 11 SSR markers in lablab. The low expected mean heterozygosity (He) in this 

study could be explained by the fact that the DArTSeq platform targets the genome 

fraction corresponding predominantly to active genes and therefore could be less 

variable in comparison to SSRs that are usually located in non-coding regions (Liu et 
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al., 2016). However, the high density DArT markers in the present study represents 

wider genome coverage  which make these markers more reliable when it comes to 

understanding genome-wide genetic diversity (García et al., 2018). The low average 

gene diversity could also be attributed to the self-pollinating nature of this leguminous 

crop.  

The DArT markers were effective in establishing genetic relationship of the lablab 

accessions, grouping related samples together. Using these markers, as expected, the 

replicate accessions showed the least genetic dissimilarity suggesting the efficiency of 

the markers in classifying the genotypes.  The markers were also able to identify some 

accessions with different names but with very small or zero genetic distances amongst 

themselves suggesting duplicate germplasm. The duplicate accessions were detected 

both within the countries and between countries. For instance, this study found zero 

genetic distance between two accessions GBK 010392 and GBK 010396 both 

preserved at gene bank of Kenya and also between Kenyan material GBK 012033 and 

West African germplasm ILRI 14441.  Germplasm collections regularly comprise 

duplicate accessions both within and between gene banks. This may be due to error 

when registering materials, collection from identical areas, breeding lines originating 

from common background and exchange of materials between gene banks. Plant 

breeders are faced with a problem of choosing which accessions to use for their 

breeding program among germplasm collections containing duplicate accessions.  The 

understanding of the genetic relationship of the lablab germplasm generated in this 

study is therefore crucial for utilization of genetic resources in crop improvement 

programs (Campoy et al., 2016).  
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Wild relatives of many crops remain to be an important genetic resource. In the present 

study, the neighbour joining phylogeny tree and PCoA generated from the DArT 

markers data showed that lablab genetic differentiation was most pronounced between 

the cultivated and the wild accessions. The NJ tree and PCoA based on DArT markers 

were able to separate the two seeded wild accessions (ILRI 14440, ILRI 24800 & ILRI 

21083) from the four seeded (ILRI 24749, ILRI 21048 & ILRI 24756) wild types. These 

two forms of sub species unicinatus need to be integrated in the lablab breeding 

program to maximize the diversity of the cultivated accessions. The wild accessions 

such as ILRI 24796 which has drought tolerance (Robotham and Chapman, 2015) could 

be useful in expanding the tolerance of cultivated lablab accessions to this important 

abiotic stress. Successful introgression of traits from a wild lablab accession into a 

commercial cultivar to produce a high yielding variety has been achieved in Australia 

(Maass et al., 2010). The cultivated accessions which clustered closely to sub species 

unicinatus were all from Eastern Africa including Ethiopia (ILRI 13692, ILRI 13694, 

ILRI 13697, ILRI 6537),  Uganda (ILRI 21081)  and Kenya (GBK 012215) suggesting 

the origin of lablab to these areas. Previous studies have indicated Africa as origin for 

lablab (Maass et al., 2005; Verdcourt, 1970; Robotham and Chapman, 2015). A similar 

distinct clustering pattern based on subspecific taxonomic organization, i.e., subspecies 

purpureus and subspecies uncinatus, as well as to cultivated and wild forms was 

reported by Maass et al., (2005) using AFLP markers.  

The NJ tree based on SNP markers developed clusters of related accessions that were 

consistent with the results given by DArT markers. Although the clustering of 

germplasm was not exactly the same for both markers, accessions with common parents 

were grouped together. For instance, advanced lines with common parents like NH4, 

NH8, NH17 and NH8 were placed closely in both dendogram. Both markers identified 



144 

 

 

 

ILRI 21081 and GBK 012215 as among the most distinct accessions. Ethiopian 

accessions ILRI 13700, ILRI 13687, ILRI 13686, ILRI 139 were all grouped together 

in both studies. The consistency in determining accession relationship indicated that 

both the SNP and DArT markers were highly reliable for genetic diversity of lablab.  

The genetic similarity determined in this study using DArT markers showed little 

geographic differentiation of the lablab accessions. The accessions collected from 

Kenya and other parts of the world were distributed in almost all the subgroups. The 

results were consistent with that of Maass et al., (2005) and Zhang et al., (2013) who 

did not find clustering of lablab genotypes based on geographical origin while using 

AFLP and SSR markers respectively. The level of gene flow between the countries in 

the present study was high supporting the little geographic differentiation observed. 

Notably, there was high gene flow between Ethiopia, Australia and India suggesting 

widespread genetic exchange among the regions (Luo et al., 2019). The high gene flow 

from Ethiopia and India is probably because the two are considered as centres of 

domestication (Maass, 2016) and could have experienced a lot of sharing of germplasm 

between the two regions.  

The SNP markers based NJ phylogeny tree of the lablab accessions suggested seven 

groups while six clusters were inferred by STRUCTURE. The group membership by 

the two clustering method were consistent. For instance, the accessions in Pop1, Pop2, 

Pop3, Pop4 and Pop6 in STRUCTURE were similar to those of sub group 6, group 3, 

group 5, group 2 and group 1 of NJ tree respectively. The populations in STRUCTURE 

were presented by different colours, red (Pop1), green (Pop2), blue (Pop3), yellow 

(Pop4), purple (Pop5) and sky blue (Pop6) and different number of accessions were 

discretely assigned to each (Figure 5.9). Majority of the accessions consisted in Pop1 
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originate from Kenya (maintained at either ILRI gene bank or at the Gene Bank of 

Kenya) and were entirely assigned to blue genome without admixture of genome. The 

fact that the genome of these accessions were not admixed suggest that they have not 

either experienced outcrossing with diverse germplasm or undergone any artificial 

hybridization targeting crop improvement. Gene banks as custodians of various genetic 

resources apply stringent protocols in the field to avoid genetic contamination of the 

germplasm which could explain why most of the materials from gene bank were not 

admixed.  Notably, with exception of few, the accessions with entirely blue genome 

(Pop1) had white flowers and had either brown or cream seed coat thus indicating their 

similarity even at phenotypic level. Pop 2 (green genome) consisted of accessions 

originating from outside Kenya (Ethiopia, India, Australia, USA and South Africa) and 

was among the populations with the highest genetic diversity (He=0.0236). Future 

breeding programs in Kenya should target this population to select parents for 

improvement of their local cultivars since it may contain many different alleles which 

are not available in Kenyan accessions.  

The majority of the lablab accessions collected from the farmers’ fields and local 

markets were distributed in only two populations ( Pop6 and Pop3) indicating the 

narrow genetic diversity of cultivated germplasm by farmers in Kenya. This could be 

attributed by the limited research and development of the crop in Africa (Maass et al., 

2010) thereby leaving the farmers with limited choice of producing narrow genetic 

diverse landraces and a few commercial cultivars. In this study, DArT and SNP markers 

have been successfully used to classify lablab accessions into similar clusters which 

provides good basis for selecting the most suitable germplasm to expand the genetic 

base of the local cultivars.  
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Most of the populations with exceptions of Pop5 (purple) had a certain proportion of 

the accessions with admixture genome. Though lablab is predominantly self-pollinating 

crop some out-crossing has been reported (Kimani et al., 2012) explaining the possible 

reason for admixture. All improved varieties and advanced lines (DL1002, NH8, NH4, 

NH13, NH7, OH12 and OH2) had admixed genome from the parents populations 

indicating that artificial crossing could have also contributed to the admixture of 

genome. The Pop5 consisted of a single accession (ILRI 21081) which originated from 

Uganda. The STRUCTURE analysis based on SNP allelic data identified this 

population as the most diverse and had some similarity with the clustering pattern of 

“Darwin” which had grouped it together with the wild accessions. This suggest that this 

unique accession ILRI 21081 could be included in the breeding programs to expand the 

genetic base of this multipurpose crop. 

The present study was one of the earliest diversity analysis in lablab using thousands 

of silicoDArT and SNP markers. The average genotype call rate and reproducibility of 

the markers identified in this study was over 91% indicating that the markers were of 

high quality. Both the silicoDArT and SNP markers were successful in identifying 

genetic diversity within the worldwide lablab collection. Narrow genetic diversity was 

observed among the studied germplasm using both markers. However, greater genetic 

differentiation was observed between the cultivated and wild accessions suggesting the 

need to integrate the sub species unicinatus in the breeding programs. Majority of the 

accessions currently cultivated by the farmers in Kenya and included in this study were 

found to have narrow genetic diversity.  
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CHAPTER SIX 

Inheritance of growth habit and other qualitative traits and their linkage in local 

Kenyan Lablab (Lablab purpureus) populations 

6.1 Abstract 

An understanding of inheritance of qualitative and quantitative traits of crops and their 

relationship is important for developing effective breeding strategy.  In lablab, 

flowering time and growth habit are traits of economic importance as they determine 

the adaptability of the plant to its growing environment.  The information on inheritance 

pattern of these traits under the Kenyan environment and using local genetic 

populations is still lacking. Investigation was carried out with an aim of identifying the 

inheritance pattern of four lablab qualitative traits and establish the possible linkage 

relationship of the genes controlling these traits. The genetics of growth habit and the 

other qualitative traits were studied in three generations (F1, F2 F3) of eight lablab 

populations. Six F2 populations segregating for growth habit were also investigated for 

their segregation ratios under two different environments at KALRO Thika and 

KALRO Kiboko. Goodness of fit of the observed ratio of the traits to the expected ratio 

of one, two and three gene model was tested. A chi square test was done to determine 

the possibility of linkage of genes for the various traits while the frequency of 

recombination of the linked genes were determined using product-ratio method. All the 

F1 plants had indeterminate growth habit suggesting that indeterminate is dominant to 

determinate. The segregation of growth habit under Thika environment fitted to the 

expected ratio of 3:1 but was 57:7 under Kiboko environment suggesting that growth 

habit in lablab is under control of three genes, one basic and two complementary genes 

which could be temperature dependent. A single dominant gene was associated with 

the presence of purple flowers while segregation ratio of 9:7 for stem anthocyanin 

suggested di-genic control with complementary epistasis. The segregation of the F2 

progenies revealed a monogenic inheritance control for days to flower initiation under 

Thika environment with the early flowering being recessive to late flowering. Distorted 

segregation from the expected ratio of 9:3:3:1 was observed between stem growth habit 

and time to flowering of F2 populations of two crosses KDD x GBK 028663 and KDD 

x DL1002. The recombination fraction for the two traits was small at 0.05 and 0.14, 

while the mapping distance between the traits was short at 7.24cM and 14.07cM for the 

crosses KDD x GBK 028663 and KDD x DL1002 respectively which suggest possible 

linkage of the two trait pairs. The implications of the study findings on the breeding of 

lablab and seed production in Kenya are discussed. 

 

6.2 Introduction 

Lablab bean (Lablab purpureus (L) sweet) is a leguminous species that belongs to the 

family fabaceae. Lablab is grown in many regions of the world including Africa, Asia, 

Australia and USA (Maass et al., 2005; Kimani et al., 2012; Sennhenn, 2015). The crop 

is multipurpose; mainly grown for its young immature pods and leaves which are 
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consumed as vegetables, the dry seeds are used for various food preparations, leaves 

and stems for fodder, hay, silage and cover crop for soil conservation management 

(Kamotho et al., 2015).  

The legume can grow in different agro-ecological zones ranging from the lowlands of 

the coastal region to the highlands of Mt. Kenya (Kamotho et al., 2015). However, due 

to its drought tolerance, (Kimani et al., 2012) production is mainly done in the semi-

arid environments where other legume crops cannot perform well (Kinyua and 

Kiplagat, 2012). 

 In Kenya, lablab is predominantly grown by smallholder farmers usually in less than 

two acres of land. Due to their small land sizes, most of the farmers prefer to intercrop 

lablab with other crops mainly cereals.  

Lablab improvement in Kenya is constrained by lack of appropriate genetic sources of 

early maturity and less spreading growth habit which is suitable for short season semi-

arid environments and intercropping systems.  Due to the effect of climate change, the 

early maturing lablab varieties like DL1002 which were developed for semi-arid areas 

of Kenya are now taking longer to mature than the length of the growing season in the 

area. The crops are therefore subjected to end of season moisture stress which leads to 

yield loss (Sennhenn, 2015). Even in drought tolerant crops like lablab, excess moisture 

stress especially during  pods and seed development results  in formation of few pods , 

shriveled grains and ultimately low grain yield (Fredrick et al., 2001).  

Intercropping maize/ sorghum/ millet with lablab is very common to lablab small holder 

farmers in Kenya (Kamotho et al., 2010; Kimani et al., 2012). The most common 

practise is where the farmers grow a row of lablab between every row of maize or 

sorghum crop (Kamotho et al., 2015). In intercropping system proper selection of 

cereal/legume varieties is key as it increases yields of the intercrops and minimizes 
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intercrop competition ( (Makgoga, 2014).  In intercrop system, the indeterminate and 

vigorous climbing lablab varieties are not desirable because they climb on, pull down 

and lodge the intercrop cereal resulting in yield reduction of the cereal crop (Kamotho, 

2015; Sullivan, 2003).  

A plant displaying indeterminate growth habit has a terminal shoot meristem that 

remains in a vegetative state even after the initiation of production of reproductive 

structures. However, the determinate types are characterized by the main axis 

terminating into an inflorescence (Repinski et al., 2012; Keerthi, 2014) usually in the 

early stages of development. This results in reduced number of nodes, leaves and 

shorter plant height which is especially desirable for cereals intercrop system. 

Determinate growth habit allows more synchronous flowering, more uniform pod 

maturity and thereby enabling cost-effective harvesting. Plants with determinate growth 

habit are associated with earliness to flowering and maturity. 

Development of early maturing lablab varieties in Kenya could be achieved through 

selection of simple traits like earliness to flowering and determinate growth habit. This 

is because in legumes, determinate growth habit is associated with earliness to 

flowering and maturity.  In countries like India, selection for these two traits has 

resulted in development of varieties which have become popular among farmers in 

areas with short season environments (Keerthi, 2014). In pigeon peas, ICRISAT 

developed some super early varieties through selection for early flowering (< 49 days) 

and determinate lines (Vales et al., 2012). In several other legume crops, varieties with 

decreased plant biomass and with enhanced photosynthesates partitioning to the pods 

have been developed through selection for determinate growth habit (Kwak et al., 

2012).  
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The understanding of the genetics of traits with economic importance like flowering 

time and growth habit is important for formulation of efficient breeding strategy for 

developing early maturing genotypes. On the other hand, there are other traits like 

flower colour and presence or absence of anthocyanin on the stem which are of no 

economic importance to lablab but are useful markers in germplasm characterization, 

maintenance and in identifying true hybrid in crossing program. The information on the 

genetics of such traits is therefore equally important for development of suitable 

strategies for combining these traits into improved cultivars.  

The information on genetics of growth habit in lablab is limited and conflicting. For 

instance, Keerthi et al., (2014) reported that growth habit is controlled by three genes, 

GH1, GH2 and GH3 of which, one (GH1) is independent and the other two (GH2 and 

GH3) are complementary. However, in Bengalulu India, Keerthi et al., (2016) reported 

that growth habit is controlled by two genes which exhibit classical complementary 

epistasis. Peeta et al., (2017) reported that determinate bush growth habit in lablab is 

controlled by single recessive gene. Keerthi et al., (2016) reported photoperiod induced 

sensitivity to flowering time in lablab was under the control of a single gene.  Notably, 

all these studies were conducted in Southern Asia and used their local genetic 

populations. In Kenya, the information of genetics of these traits under the local 

environment and using local genetic populations is lacking.  

6.2.1 Objectives 

The objectives of the present study were to: 

1. Identify the inheritance pattern of four lablab qualitative characters (growth 

habit, flower colour, time to flower initiation and stem anthocyanin), 
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2. Identify linkage relationship of the genes controlling the four qualitative traits 

and their implication in breeding lablab varieties. 

6.3 Materials and methods 

6.3.1 Experimental materials.  

The materials used in this experiment included farmer’s accessions (Kahuro, Kagio, 

Eldoret), germplasm from the Gene bank of Kenya (GBK 011719, GBK 028663), 

accessions from International forage, ILRI (ILRI 18611, ILRI 14440), a released 

variety (DL 1002) and an accession collected from a Nairobi market (KDD). Kahuro 

and Kagio are black seeded, moderately early maturing accessions collected from 

central region of Kenya (Table 6.1).  

Table 6. 1 : Morphological Descriptors of the Parents Used in Making Crosses in 

Lablab 

 Genotype Source Growth 

habit 

Flowering 

time 

Flower 

colour 

Stem 

pigmentation 

1 GBK 028663 Gene bank ID Late Purple Present 

2 DL 1002 Variety ID Late Purple Present 

3 Kahuro Farmers collection  ID Late Purple Present 

4 Kagio Farmers collection  ID Late Purple Present 

5 Eldoret Farmers collection  ID Late Purple Present 

6 GBK 011719 Gene bank ID Late Purple Present 

7 ILRI 18611 ILRI ID Late Purple Present 

8 ILRI 14440 ILRI ID Late Purple Present 

9 KDD Local market D Early White  Absent 

ID- indeterminate growth habit, D- determinate growth habit 

The genotype Eldoret is a late maturing high yielding accession from western Kenya. 

Accessions GBK 028663 was collected from eastern Kenya, has variegated seed colour 

and is a high yielder. Accession ILRI 18611 is an aggressive climber with purple 

coloured stem and originated from USA. The accession ILRI 14440 is an aggressive 

climber belonging to the sub species unicinatus. The genotype KDD has a determinate 



152 

 

 

 

growth habit, white flowers, cream seed coat colour and the origin is a Nairobi city 

market.  

6.3.2 Generation of population 

Eight genotypes DL1002, GBK 028663, Kahuro, Eldoret, GBK 011719, ILRI 18611, 

ILRI 14440 and KDD were planted in a screen house at KALRO Thika in October 

2015. These parents were contrasting for growth habit (Indeterminate and determinate), 

flower colour (purple and white), stem anthocyanin (with or without anthocyanin), days 

to flower initiation (early or late). Planting of the seeds was done at different dates to 

synchronize the flowering time of the parental genotypes. Mature flower buds of the 

female parent (which were likely to open within the next 24hrs) were carefully selected. 

Using a forceps, a cut was made on the ventral side of the bud. The undehiscent anthers 

of the male parent were carefully removed. Freshly opened flowers of the male parent 

were harvested and anthers gently rubbed on the stigma of the female parent.  

To start with, two genotypes (DL1002 and GBK 028663) were used as male parents 

while accession KDD as female parent to make the following crosses, KDD x DL1002 

and KDD x GBK 028663. The F1 seeds of the two crosses were harvested separately 

and planted in a screen house during the long rain season of 2016. The plants were 

allowed to self-pollinate to generate F2 seeds which were then harvested separately.  

6.3.3 Field evaluation of the F2 populations 

Two F2 populations (KDD x DL1002 and KDD x GBK 028663) were evaluated at 

KALRO Thika during the short rain season of 2016.    About, 500 F2 seeds of each of 

the two populations were planted on 20m by 10m plots at a spacing of 100cm between 

the rows and 30cm between the plants.  The standard crop production and pest control 

practices were used to raise the plants. Data collection was done on the growth habit at 
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50% flowering stage, flower colour, presence of anthocyanin colour on the stem at 50% 

flowering stage and number of days to flower initiation. The data was collected on all 

the plants. The plants were allowed to grow to maturity to produce F3 seeds.  

6.3.4 Field evaluation of F3 families 

To confirm the inheritance of the qualitative traits, 200 F3 families of KDD x DL1002 

and KDD x GBK 028663 each consisting of 20 plants were grown at KALRO Thika 

field during the long rain season of 2017. Data on the growth habit, flower colour and 

stem anthocyanin were recorded. The data was recorded on the number of plants with 

a particular trait (for instance purple flower colour) per family row.  

6.3.5 Inheritance of growth habit at different growing altitude 

In the course of seed multiplication of our lablab breeding lines at KALRO Kiboko, we 

observed that some lines that had consistently expressed determinate growth habit at 

KALRO Thika were showing indeterminate growth habit at this site. KALRO Thika 

and Kiboko are located in more 200Km away from each other. KALRO Thika is 

situated at an attitude of 1586 M.a.s.l, the soils are nitosols, mean annual rainfall of 

1000mm and temperature of 140 C to 250 C. KALRO Kiboko is situated at Makueni 

County, at an attitude of 900 M.a.s.l, latitude of 2° 20' South, longitude of 37° 40' East, 

mean annual rainfall of 464mm and temperature of 23.50 C to 29.40 C.  To further 

understand the inheritance pattern of growth habit in lablab under different altitudes, 

we developed six (KDD x Kahuro, KDD x Kagio, KDD x Eldoret, KDD x GBK 

011719, KDD x ILRI 18611 and KDD x ILRI 14440) populations segregating for 

growth habit.  In all the crosses, the determinate genotype KDD was used as the female 

parent.  The F1 seeds were harvested separately and planted in a screen house at 

KALRO Thika during the long rain season of 2017. The plants were allowed to self-
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pollinate to generate F2 seeds. The F2 seeds were harvested separately and subdivided 

into two portions.  One portion was planted at KALRO Thika while the other was 

planted at KALRO Kiboko on 29th November 2018. About 180 F2 seeds of each 

population was planted at a spacing of 100cm by 30cm in each location. The crop at 

Kiboko was given supplemental irrigation at third and fourth week after planting. Data 

was collected on the growth habit of each individual F2 plants at 50% flowering and at 

physiological maturity growth stages. The temperature and rainfall recorded in the two 

sites during the experiment are presented in Table 6.2 below. 

Table 6. 2: Rainfall, humidity and temperature recorded at KALRO Kiboko and 

Thika during the short rain season of 2018 

Site  Environment 

attribute 

Nov. 

 2018 

Dec. 

2018 

Jan.  

2019 

Feb.  

2019 

Mean 

Kiboko Rainfall total 

(mm) 

171 323 44 0.5  

Humidity 82.5 85.5 89.2 82.8  

Temperature  

Maximum (0C) 

Minimum (0C) 

 

31.5 

18.0 

 

29.9 

18.0 

 

31.4 

17.4 

 

33.1 

17.1 

31.4 

17.6 

Thika Rainfall total 

(mm) 

63.2 247.6 19.3 0.6 
 

Humidity mean 

(%) 

64.7 71.6 62.4 58.1  

Temperature  

Maximum (0C) 

Minimum (0C) 

 

26.5 

14 

 

26.1 

14 

 

26.6 

14 

 

26.9 

14 

26.5 

14.0 

6.3.6 Data collection  

For the crop planted during the short rain season of 2016, data was collected on growth 

habit (determinate or indeterminate) at flowering stage, flower colour (purple or white), 

stem anthocyanin colour (present or absent) on the stem at flowering stage and 

flowering time (Days from planting to when flowers start to open). The genotypes 

which formed flowers by 55 days of planting at KALRO Thika field were considered 

to be early while the others were considered late flowering. The duration of 55 days 
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was set because it was the maximum time that the early maturing parent KDD took to 

attain flowering under this environment.The above data was recorded for every 

individual F2 plants derived from both KDD x DL1002 and KDD x GBK 028663 

populations. Data on the number F3 families breeding true and those segregating for 

flower colour, growth habit, presence of anthocyanin on the stem and flowering time 

were recorded. This was done by counting the number of plants for instance with purple 

flowers and white flowers in each F3 family. Those families whose plants were 

exhibiting both forms of the two traits were considered segregating while those with 

only one form of the trait were considered to be breeding true. For the F2 populations 

planted at Thika and Kiboko sites in 2018, data was collected on the number of 

determinate plants (those plants whose main stem axis terminated into a flower raceme) 

and indeterminate plants (those plants whose main stem axis remained vegetative even 

after the onset of flowering). 

6.3.7 Statistical data analysis 

A chi square analysis to determine the goodness of fit of the observed ratio of the 

indeterminate vs determinate growth habit, white vs purple flowers, stem anthocyanin 

vs without anthocyanin and early vs late flowering plants in the F2 populations with the 

expected ratio of one, two and three gene model was  tested.  The expected ratios for 

one gene model tested for F2 generation was 1:3. The ratio tested for the two genes 

model were 1:15, 3:13 and 9:7. Genetic ratio of 57:7   and 1:63 were also tested to 

determine whether the traits were under the control of three genes. The genetic ratio 

tested on the F3 families, were 1:2:1 for one gene model, 1:8:7 and 7:6:3 for two gene 

model.  
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A chi square test was done according to Mather, (1951) to determine the possibility of 

linkage of genes for growth habit, flower colour, stem anthocyanin and flowering time. 

The frequency of recombination (r)  of the linked genes were determined using product-

ratio method as described by Kuspira & Bhambhani, (1984).  

6.4 Results 

6.4.1 Genetics of growth habit 

Genetics of growth habit in lablab was studied in eight crosses in three separate 

experiments. The first experiment involved two crosses, KDD x GBK 028663 and KDD 

x DL1002. All the F1 plants in both crosses were indeterminate (Table 6.3). The F2 

plants of KDD x GBK 028663 segregated into 338 indeterminate: 113 determinate and 

those of KDD x DL1002 segregated into 267 indeterminate: 95 determinate. The 

segregation of the F2 plants in both KDD x GBK 028663 and KDD x DL1002 were in 

good fit with the ratio of 3 indeterminate: 1 determinate stem habits (χ2  = 0, P = 1 and 

χ2  = 0.22, P = 0.639) respectively. The F3 families derived from F2 plants in both KDD 

x GBK 028663 and KDD x DL1002 segregated into ratio of 1 family homozygous for 

indeterminate: 2 families segregating for both indeterminate and determinate: 1 family 

segregating for determinate growth habit.  
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Table 6.3: Segregation for growth habit in F2 and F3 of lablab crosses involving 

indeterminate and determinate parents at KALRO Thika during short rain season of 

2016 

Cross  Observed number of F2 plants/F3 fam. Expected number of F2 plants/F3 fam. 

Parental 

/Gen 

Total ID SEG D Exp. 

ratio 

ID SEG D Χ2 stats P value  

KDD x 

GBK 

028663 

KDD 15 0 - 15 - - - - - - 

GBK 

028663 

15 15 - 0 - - - - - - 

F1 15 15 - 0 - - - - - - 

F2 451 338 - 113 3:1 338 - 113 0 1.000 

F2 451 338 - 113 9:7 254 - 197 65.58 0.0001 

F2 451 338 - 113 15:1 423 - 28 275.11 0.0001 

F2 451 338 - 113 13:3 366 - 85 11.36 0.0007 

F2 451 338 - 113 57:7 402 - 49 54.97 0.0001 

F3 108 33 54 21 1:2:1 27 54 27 2.66 0.2644 

KDD x 

DL1002 

KDD 15 0 - 15 - - - - - - 

DL1002 15 15 - 0 - - - - - - 

F1 15 15 - 0 - - - - - - 

F2 362 267 - 95 3:1 271 - 91 0.22 0.6390 

F2 362 267 - 95 9:7 204 - 158 44.57 0.0001 

F2 362 267 - 95 15:1 339 - 23 240.68 0.0001 

F2 362 267 - 95 13:3 294 - 68 13.19 0.0002 

F2 362 267 - 95 57:7 322 - 40 85.01 0.0001 

F3 188 48 100 40 1:2:1 47 92 47 0.737 0.6917 

 

The inheritance of growth habit in lablab was further studied in six F2 crosses in two 

environments (Thika and Kiboko) which are located in different altitudes. One of the 

crosses planted (KDD x ILRI 14440) had poor germination at Thika site and was 

therefore not included in the analysis. The F1 plants from all the other five crosses (KDD 

x GBK 011719, KDD x ILRI 18611, KDD x Eldoret, KDD x Kahuro, KDD x Kagio) 

at Thika site were indeterminate (Table 6.4). The F2 plants derived from all the five 

crosses segregated to the expected ratio of 3 indeterminate: 1 determinate.  
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Table 6. 4: Test of significance of segregation for genes controlling GH in F2 

generations in lablab at KALRO Thika during Short rains season of 2018  

Cross  Observed number of F2 plants/F3 fam. Expected number of F2 plants/F3 fam. 

Parental 

/Gen 

Total ID SEG D Exp. 

ratio 

ID SEG D Χ2 stats P value  

KDD x 

GBK 

011719 

KDD 10 0 - 10 - - - - - - 

GBK 

011719 

10 10 - 0 - - - - - - 

F1 10 10 - 0 - - - - - - 

F2 66 51 - 15 3:1 49 - 17 0.31 0.577 

KDD x 

ILRI 

18611 

KDD 10 0 - 10 - - - - - - 

ILRI 

18611 

10 10 - 0 - - - - - - 

F1 10 10 - 0 - - - - - - 

F2 88 70 - 18 3:1 66 - 22 0.96 0.327 

KDD x 

Eldoret 

KDD 10 0 - 10 - - - - - - 

Eldoret 10 10 - 0 - - - - - - 

F1 10 10 - 0       

F2 105 84 - 21 3:1 79 - 26 1.27 0.259 

KDD x 

Kahuro 

KDD 10 0 - 10 - - - - - - 

Kahuro 10 10 - 0 - - - - - - 

F1 10 10 - 0 - - - - - - 

F2 193 149 - 44 3:1 145 - 48 0.44 0.500 

KDD x 

Kagio 

KDD 10 0 - 10 - - - - - - 

Kagio 10 10 - 0 - - - - - - 

F1 10 10 - 0 - - - - - - 

F2 109 84  25 3:1 81 - 28 0.43 0.511 

 

In Kiboko site, all F1 plants from the five crosses (KDD x GBK 011719, KDD x ILRI 

18611, KDD x Eldoret, KDD x Kagio and KDD x ILRI 14440) had indeterminate 

growth habit. All the F2 plants derived from the five crosses showed goodness of fit to 

a ratio of 57 indeterminate: 7 determinate (Table 6.5).  
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Table 6. 5: Segregation ratio for genes controlling growth habit in F2 generations in 

lablab at KALRO Kiboko during Short rains season of 2018  

Cross  Observed number of F2 plants/F3 fam. Expected number of F2 plants/F3 fam. 

Parental 

/Gen 

Total ID SEG D Exp. 

ratio 

ID SEG D Χ2 

statis 

P value  

KDD x 

GBK 

011719 

KDD 10 0 - 10 - - - - - - 

GBK 

011719 

10 10 - 0 - - - - - - 

F1 10 10 - 0       

F2 109 99 - 10 3:1 82 - 27 14.22 0.0001 

F2 109 99 - 10 13:3 89 - 20 6.12 0.013 

F2 109 99 - 10 57:7 97 - 12 0.37 0.543 

KDD x 

ILRI 

18611 

KDD 10 0 - 10 - - - - - - 

ILRI 

18611 

10 10 - 0 - - - - - - 

F1 10 10 - 0       

F2 160 144 - 16 3:1 120 - 40 15.20 0.0001 

F2 160 144 - 16 13:3 111 - 49 32.02 0.0001 

F2 160 144 - 16 57:7 143 - 17 0.065 0.79 

KDD x 

Eldoret 

KDD 10 0 - 10 - - - - - - 

Eldoret 10 10 - 0 - - - - - - 

F1 10 10 - 0       

F2 125 112 - 13 3:1 94 - 31 13.89 0.0001 

F2 125 112 - 13 13:3 102 - 20 8.67 0.003 

F2 125 112 - 13 57:7 111 - 14 0.08 0.77 

KDD x 

Kagio 

KDD 10 0 - 10 - - - - - - 

Kagio 10 10 - 0 - - - - - - 

F1 10 10 - 0 - - - - - - 

F2 132 116 - 16 3:1 99 - 33 11.66 0.0006 

F2 132 116 - 16 13:3 107 - 25 17.81 0.0001 

F2 132 116 - 16 57:7 118 - 14 0.31 0.577 

KD1 x 

ILRI 

14440 

KDD 10 0 - 10 - - - - - - 

ILRI 

14440 

10 10 - 0 - - - - - - 

F1 10 10 - 0 - - - - - - 

F2 96 87 - 9 3:1 72  24 12.5 0.004 

F2 96 87 - 9 13:3 78  18 5.53 0.018 

F2 96 87 - 9 57:7 86  10 0.11 0.74 

 

6.4.2 Flowering time 

The days to flower in F1 plants of both crosses was much later than the early maturing 

parent (KDD) and similar to the late flowering parents (GBK 028663, DL1002). The 

days to flowering for the F2 plants showed some normal distribution in both crosses 

with majority of the plants flowering between 60-67 days after planting (Figure 6.1). 

The F2 were classified into two groups, early maturing (≤ 55 days) and late maturing (≥ 
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56 days). The duration of 55 days was set because it was the maximum time that the 

early maturing parent KDD took to attain flowering under this environment. There were 

many transgressive segregants on the late flowering side of distribution. 

 

 

 

Figure 6. 1: Frequency distribution of days to flower in parents and (a) KDD x 

028663 F2 plants (b) KDD x DL1002 F2 plants at Thika, Kenya 

The F2 plants of KDD x GBK 028663 segregated into 343 late: 108 early and those of 

KDD x DL1002 segregated into 274 late: 88 early (Table 6.7). The segregation of the 

F2 plants in both KDD x GBK 028663 and KDD x DL1002 were in good fit with the 

(a) 

(b) 
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ratio of  3 late flowering: 1 early flowering (χ2  = 0.29, P = 0.59 and χ2  = 0.13, P = 

0.717) respectively.  

Table 6. 6:  Segregation ratio for genes controlling flowering time in F2 generation 

in lablab at KALRO Thika during short rain season of 2016 

Cross  Observed number of F2 plants. Expected number of F2 plants. 

Parental 

/Generatio

n 

Tota

l 

Late SE

G 

early Expecte

d ratio 

late SE

G 

early Χ2 stat P value  

KDD x 

GBK 

028663 

KDD 20 0 - 20 - - - - - - 

GBK 

028663 

20 20 - 0 - - - - - - 

F1 14 14 - 0 - - - - - - 

F2 451 343 - 108 3:1 338 - 113 0.29 0.5900 

F2 451 343 - 108 9:7 254 - 197 71.38 0.0001 

F2 451 343 - 108 15:1 423 - 28 243.7 0.0001 

F2 451 343 - 108 13:3 366 - 85 7.66 0.005 

F2 451 343 - 108 57:7 402 - 49 79.69 0.0001 

           

KDD x 

DL1002 

KDD 15 0 - 15 - - - - - - 

DL1002 15 15 - 0 - - - - - - 

F1 15 15 - 0       

F2 362 274 - 88 3:1 271 - 91 0.13 0.717 

F2 362 274 - 88 9:7 204 - 158 55.02 0.0001 

F2 362 274 - 88 15:1 339 - 23 196.1 0.0001 

F2 362 274 - 88 13:3 294 - 68 7.24 0.007 

F2 362 274 - 88 57:7 322 - 40 64.75 0.0001 

 

6.4.3 Flower colour  

Two crosses involving a white flowered parent (KDD) and purple flowered parents 

(GBK 028663 and DL1002) were used to study the inheritance of flower colour in 

lablab. All the F1 progenies of both crosses produced purple flowers. This indicate the 

dominance of gene (s) controlling purple flowers over the white flowers. In KDD x 

GBK 028663, the F2 plants segregated into 318 purple: 125 white, while those in KDD 

x DL1002 into 261 purple: 98 white (Table 6.7). These numbers are in good fit with the 

ratio of 3 purple: 1 white suggesting that flower colour in lablab could be under control 

of one gene.  
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Table 6. 7: Segregation ratio of genes controlling Flower colour in F2 generation in 

lablab at KALRO Thika during the short rains of 2016 

Cross Observed number of F2 plants Expected number of F2 plants/F3 fam. 

Parental 

/Gen 

Total Purpl

e 

SE

G 

Whit

e 

Expect. 

ratio 

Pur

ple 

SEG Wh

ite 
χ2 stats P value  

KDD x 

GBK 

028663 

KDD 15 0 - 15 - - - - - - 

GBK 

028663 

15 15 - 0 - - - - - - 

F1 15 15 - 0       

F2 443 318 - 125 3:1 332 - 111 1.69 0.193 

F2 443 318 - 125 13:3 360 - 83 26.1 0.0001 

F2 443 318 - 125 57:7 395 - 48 138.5 0.0001 

           

KDD x 

DL1002 

KDD 15 0 - 15 - - - - - - 

DL1002 15 15 - 0 - - - - - - 

F1 15 15 - 0       

F2 359 261 - 98 3:1 269  90 0.94 0.332 

F2 359 261 - 98 13:3 292  67 17.63 0.0001 

F2 359 261 - 98 57:7 320  39 100.12 0.0001 

 

6.4.4 Stem pigmentation 

All the F1 plants from the two crosses (KDD x GBK 028663 and KDD x DL1002) 

produced stems with purple pigmentation. This suggests that presence of purple 

pigmentation on the stem of lablab was dominant to the absence of the pigmentation on 

stem. The F2 population of KDD x GBK 028663 segregated into 236 plants with stem 

anthocyanin: 211 plants without anthocyanin, while that of KDD x DL1002 segregated 

into 205 plants with stem anthocyanin: 156 plants without anthocyanin (Table 6.8).  
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Table 6.8: Segregation ratio of genes controlling stem pigmentation in F2 and F3 

generations in lablab at KALRO Thika during the short rains of 2016 

Cross Observed number of F2 plants/F3 fam. Expected number of F2 plants/F3 fam. 

Parental 

/Gen 

Tot

al 

Presen. 

Anthoc

. 

Seg Absen.

anthoc. 

Expect. 

ratio 

Presen. 

anthoc 

Seg Absen. 

anthoc 

χ2 

stats 

P 

value 

KDD x 

GBK 

028663 

KDD 14 0 - 14 - - - - - - 

GBK 

028663 

15 15 - 0 - - - - - - 

F1 15 15 - 0 - - - - - - 

F2 447 236 - 211 3:1 335 - 112 116.7 0.0001 

F2 447 236 - 211 9:7 251 - 196 2.03 0.154 

F2 447 236 - 211 15:1 419 - 28 1275 0.0001 

F2 447 236 - 211 13:3 363 - 84 236.4 0.0001 

F2 447 236 - 211 57:7 398 - 49 601.5 0.0001 

F3 182 15 96 71 1:8:7 11 91 79 2.53 0.282 

KDD x 

DL1002 

KDD 12 0 - 12 - - - - - - 

DL1002 14 14 - 0 - - - - - - 

F1 15 15 - 0       

F2 361 205 - 156 3:1 271 - 90 64.47 0.0001 

F2 361 205 - 156 9:7 203 - 158 0.44 0.5071 

F2 361 205 - 156 15:1 338 - 23 821.4 0.0001 

F2 361 205 - 156 13:3 293 - 68 140.3 0.0001 

F2 361 205 - 156 57:7 322 - 39 393.5 0.0001 

F3 106 9 54 43 1:8:7 7 53 46 0.78 0.677 

 

The numbers observed in the two crosses were in good fit with the ratio of 9:7 at χ2 = 

2.03, P= 0.15 and χ2 =0.44, P=0.50 respectively.  The results were further confirmed by 

the segregation ratio of the F3 families which were derived from the F2 population. The 

F3 families from KDD x GBK 028663 segregated into; all 15 families with stem 

anthocyanin: 96 families segregating for both stem anthocyanin and absence of 

anthocyanin: 71families without stem anthocyanin. In the cross KDD x DL 1002 the F3 

families segregated into 9 families with stem pigmentation only: 54 families with 

presence and absence of pigmentation: 43 families without stem anthocyanin. Again 

the number observed in the two crosses were in good fit to ratio 1:8:7 with the 

probability of χ2 being more than 0.05 in both crosses. This result suggests that the stem 

anthocyanin in lablab genotypes is under control of two genes with complementary 

epistasis.  
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6.4.5 Joint segregation of four qualitative traits 

The inheritance of growth habit, flower colour and flowering time traits in the lablab 

populations studied above indicated that these traits are under single gene control. 

However, the inheritance of stem anthocyanin was revealed to be under control of two 

complementary gene. Analysis of joint segregation was undertaken to identify the 

possible linkage among these four characters. The segregation ratio of growth habit and 

flower time traits  observed from the two crosses KDD x GBK 028663 and KDD x 

DL1002 showed some significant departure from the expected ratio of 9 indeterminate 

late: 3 indeterminate early: 3 determinate late: 1 determinate early (Table 6.10). This 

suggests that the two traits are linked. The recombination fraction and mapping distance 

for the two traits was 0.05 and 0.14, 7.24cM and 14.07cM for KDDx GBK 028663 and 

KDD x DL1002 respectively. In the cross KDD x GBK 028663, the observed joint 

segregation ratio of growth habit and stem anthocyanin indicated that the two traits are 

linked. However the joint segregation of the two traits in a cross between KDD and 

DL1002 showed that the two traits were unlinked. This study further revealed that the 

characters growth habit and flower colour, flower colour and time to flowering, time to 

flowering and stem anthocyanin were unlinked in both crosses. The mapping distance 

between these traits was more than 27cM in both crosses suggesting that the genes 

controlling the pair of traits were distant apart.  
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Table 6.9: Joint segregation of four qualitative traits in two F2 populations in lablab 

Cross Number of observation/ plants 

Loci +/+ +/- -/+ -/- Ratio 

tested 

χ2 P 

value 

Link. 

status 

r Dist.(cM) 

KDD x 

GBK 

028663 

GG:TT 338 10 6 97 9:3:3:1 339.13 0.000 Linked 0.05±

0.007 

7.24 

GG:FF 245 91 69 38 9:3:3:1 6.76 0.07 unlinked 0.44 ± 

0.02 

49.71 

GG:SS 190 14

8 

46 63 27:21:9

:7 

9.31 0.02 Linked 0.42 ± 

0.02 

24.91 

FF:TT 242 72 96 33 9:3:3:1 3.36 0.33 Unlinked 0.47 ± 

0.022 

45.41 

TT:SS 187 15

3 

49 58 27:21:9

:7 

5.97 0.11 Unlinked 0.19 ± 

0.03 

27.95 

KDD x 

DL1002 

GG:TT 246 22 28 67 9:3:3:1 147.44 0.0001 Linked 0.14 ± 

0.03 

14.07 

GG:FF 195 72 66 26 9:3:3:1 1.34 0.719 Unlinked 0.50 ± 

0.03 

46.17 

GG:SS 158 11

0 

45 48 27:21:9

:7 

3.07 0.381 Unlinked 0.18 ± 

0.01 

27.07 

TT:SS 158 11

5 

45 43 27:21:9

:7 

1.225 0.74 Unlinked 0.21 ± 

0.016 

31.44 

Homologous recessive and homologous dominant are denoted -/- and +/+ are whereas -/+ and 

+/- are heterozygous. GG denotes growth habit, TT- flowering time, SS- stem anthocyanin and 

FF- flower colour. r- denotes the recombination fraction. 

 

6.5 Discussion 

The findings from this study showed that segregation of growth habit in lablab under 

Thika environment fitted to the expected ratio of 3:1 while the segregation fitted to a 

ratio of 57:7 under Kiboko environment. All the F1 plants were indeterminate 

suggesting that indeterminate is dominant to determinate. The segregation ratio of F2 

populations derived from seven crosses and evaluated under Thika environment 

suggested that growth habit was under monogenic control but when the same 

populations were evaluated at Kiboko the segregation ratio suggested that the trait was 

under control of three genes. 
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Figure 6. 2: Genotypes, phenotypes and expected ratio tested for goodness of fit in 

F2 generation segregating for growth habit in lablab at Kiboko and Thika sites 

From this results, we propose that growth habit in lablab is controlled by three epistatic 

genes. We designate the three genes as Dt1/dt1, Dt2/dt2 and Dt3/dt3.  Dt1/dt1 is the 

basic gene while the other two (Dt2/dt2, Dt3/dt3) are complementary to the first one. 

The Dt1 allele either in homozygous or heterozygous state (Dt1- Dt2- Dt3-, Dt1- Dt2- 

dt3dt3, Dt1- dt2dt2 Dt3-, Dt1- dt2dt2 dt3dt3) regardless of the state of the other two 

alleles (Dt2/dt2 and Dt3/dt3) produce indeterminate growth habit (Figure 6.2). 

When the allele dt1 is in homozygous recessive state and at least one of the other alleles 

was also in homozygous recessive state (dt1dt1 Dt2- dt3dt3, dt1dt1 dt2dt2 Dt3-, dt1dt1 

dt2dt2 dt3dt3) determinate growth habit was produced. However, when the allele dt1 

was in homozygous recessive state and both of the other alleles are either in 

homozygous dominant or heterozygous state produce indeterminate growth habit 

(dt1dt1 Dt2- Dt3-) giving a ratio of 57:7. Under Thika environment, the gene Dt2 and 
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Dt3 are inactive thereby reducing the number of indeterminate plants to give a 

segregation ratio of 3 indeterminate: 1 determinate. Under Kiboko environment, the 

two genes Dt2 and Dt3 are activated, thereby increasing the number of indeterminate 

plants and modifying the ratio to 57:7. This suggests that the number of plants 

expressing determinate growth habit are determined by the presence of homozygous 

recessive gene dt1dt1 in first locus but is modified by the presence of homozygous 

dominant or heterozygous gene in the second and third loci. The expression of the 

second and third genes in control of growth habit in lablab is environment dependent. 

In our case, Kiboko and Thika site are located within the latitude of 0-20 south of 

equator and therefore experience similar photoperiod of about 12 hours. Kiboko site 

experienced higher day and night mean temperature (31.40C and 17.60C) compared to 

Thika site (26.50C and 140C) during the time of the experiment. Temperature was 

therefore the main environmental factor distinguishing the two sites. Therefore, we put 

forward that the growth habit in lablab is controlled by three genes, one basic and two 

complementary genes which could be temperature dependent. At high temperature 

(could be above 300C) the two gene are activated while lower temperature deactivate 

the genes. In their study in soyabean, Inouye et al., (1979) also reported that some plants 

shifted from determinate growth habit at 200C to indeterminate habit at 300C - 350C.  

Other studies have reported that growth habit in lablab is under control of three genes. 

For instance, Keerthi et al., (2014) studied two lablab crosses (HA 4 × GL 103 and HA 

4 × GL 37) and reported that growth habit was under control of three genes (GH1, GH2 

and GH3 ) with GH1  being independent while GH2 and GH3 were complementary. 

Using different genetic background, Girish & Gowda, (2009) also reported three genes 

model for control of growth habit in Lablab. Our results differed from those of Keerthi 

et al (2016) who reported that growth habit in lablab was under digenic control. The 
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difference could be due to the different genetic background and environment used in 

these studies. We suggest that the results obtained here for segregation ratio of growth 

habit under Kiboko environment to be confirmed in F3 families. The environmental 

conditions responsible for shifting determinate growth habit to indeterminate should be 

further studied in Kenya.   

Our results indicated that a single dominant gene was associated with the presence of 

purple flowers. We observed similar segregation ratio in the F2 generations of both 

crosses tested which indicate that the two purple flowered parents GBK 028663 and 

DL1002 could be having similar flower colour allele. Our results of a monogenic 

control of flower colour is consistent with that of Keerthi et al, (2016). The segregation 

of stem anthocyanin in F2 population fitted to a ratio of 9:7 suggesting the trait is under 

control of two genes with complementary epistasis. The presence of purple 

pigmentation in all the F1 plants of both crosses indicated that stem anthocyanin is 

dominant to the absence of the pigmentation. A plant could only express stem 

anthocyanin if it had dominant alleles at the two loci. Any other combination of alleles 

in the two loci resulted in inhibition of expression of pigmentation on the stem of the 

lablab plants. Harland (1920) in lablab, Phippen, (2000) in Ocimum basilicum and 

Ghose et al., (1963) in rice also reported digenic control of stem anthocyanin. In lablab, 

anthocyanin was observed on either the entire stem or localized at the stem nodes and 

in the veins under the leaves. The understanding of inheritance of anthocyanin 

colouration on foliage and flower colour generated in this study is important for lablab 

breeding. For instance, when designing crosses, breeders may wish to select genotypes 

without anthocyanin pigmentation on the foliage as the female parent while those with 

anthocyanin as the male parent.  With the understanding that anthocyanin pigmentation 

is completely dominant to absence of the pigmentation, breeders can use the trait as 
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morphological marker to identify the true F1 hybrids and remove the selfed plants even 

at seedling stage.  

In this study, the F2 plants obtained from the crosses between the early flowering 

accession (KDD) and late flowering genotypes (GBK 028663 & DL1002) fitted well 

into two distinct classes (late and early). This is probably because of the large difference 

for days to flowering (> 11 days) between the parents. The segregation of the F2 

progenies in both crosses revealed a monogenic inheritance control for days to 

flowering with the early flowering being recessive to late flowering.  Keerthi et al., 

(2014) and Keerthi et al., (2016) have also reported monogenic control of flowering 

time in lablab. In common beans, recessive allele on locus Ppd which is on linkage 

group one (LG1) has been reported to control photoperiod response and early flowering 

under long days condition (Koinange et al.,1996). Four non-allelic genes (ef-1, ef-2, ef-

3, ef-4) have been identified to control flowering time in chickpea (Gaur et al., 2015). 

A major recessive gene ‘sn’ was identified to be responsible for early flowering in lentil 

variety Precoz (Sarker & Erskine, 2006).  Murfet, (1973) indicated that duration to 

flowering in Pisum was under control of two genes (S2 & E) with the earliness being 

recessive. 

 Our study also revealed a continuous distribution of days to flowering of the F2 

progenies of both crosses suggesting that polygenic system is also in control of days to 

flowering in lablab. This indicate that flowering time could be under both major and 

minor genes. Flowering time loci has been identified in many legumes. In many cases 

the flowering loci have been identified as QTL, but in other cases as major loci (Weller 

& Ortega, 2015). For instance, a major gene for flowering time ef-1 was initially 

identified from the desi kabuli chickpea cultivar ICCV 2. However, using the same 
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parent, one QTL for days to flowering was identified (Cho et al., 2002) suggesting that 

in some cases a QTL may match up to a major loci.  

Our study did not identify transgressive segregants for earliness to flowering. In other 

words, crossing the early flowering parent KDD with late flowering parents GBK 

028663 and DL1002 did not produce recombinant progenies with lesser days to 

flowering than parent KDD. This suggest that the late flowering parents did not 

contribute gene for earliness during recombination to produce transgressive segregants 

for earliness to flowering. Other sources of genes for earliness to flowering in lablab 

need to be identified, crossed with KDD and selection for early flowering transgressive 

segregants done. Induced mutagenesis can also be used to reduce the flowering time in 

the accession KDD. 

This investigation did not evaluate the F3 families to confirm the segregation ratio of 

flowering time to one gene model. In addition, the evaluation of the F2 progenies in this 

study was only done in one site and therefore could not account for the effect of 

interaction of flowering time genes with the environment. This is because transition 

from vegetative to flowering stage in legumes is affected by environmental cues 

especially the photoperiod and temperature (Weller and Ortega, 2015). Therefore, we 

recommend validation of our reported monogenic gene control of flowering time in 

diverse genetic backgrounds and multiple environments. We also recommend that the 

early maturing parent KDD to be used in generating mapping population for tagging 

the gene(s) for time to flowering using molecular markers. This will facilitate the 

application of the environmental invulnerable molecular markers in the selection of 

earliness to flowering in lablab.  

Joint segregation of pairs of qualitative traits (growth habit, time to flowering, stem 

anthocyanin and flower colour) was conducted to test for deviations from various 
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independent assortment ratios. Most of the character pairs did not deviate from the 

tested ratios suggesting that the traits are unlinked.  In both crosses, distorted 

segregation from the expected ratio of 9:3:3:1 was observed between growth habit and 

time to flowering suggesting possible linkage of the trait pairs.  In other words, the gene 

governing growth habit and flowering time in lablab could be residing in the same 

chromosome. The chances of crossing over and recombination to take place between 

two genes is determined by their location on the chromosome.  The genes that are 

closely located will have a smaller chance of crossing over. In this study, the 

recombination fraction which is an indicator of possible number of synapsis between 

the traits was small (0.05 and 0.14) for both crosses indicating possible linkage. The 

short (less than 15cM) mapping distance estimated here between the two characters 

further supports a possible linkage. Linkage of growth habit and flowering time has 

also been reported by Keerthi et al., (2014) and Keerthi et al., (2016) in lablab. 

However, the recombination fraction and mapping distance reported in the two studies 

were different from the one obtained in this study probably because of the different 

genetic background and environment used. In common beans, flowering loci PvTFL1y 

and PvTFL1z were mapped near determinacy loci (Kwak et al., 2008) indicating the 

two characters are linked. Erickson, (1992) also reported linkage between growth habit 

and flowering time in lima bean.  

Through plant breeding, it’s possible to accumulate desirable alleles of important 

morphological characters into one cultivar with enhanced adaptability to environment. 

This strategy can be feasible for improvement of lablab in Kenya where production is 

constrained by lack of acceptable cultivars of determinate growth habit, early maturity 

and high yielding. 



172 

 

 

 

In the present study, we have established that growth habit locus is linked to that of 

flowering time. This implies that lablab breeders can indirectly select for early maturing 

progenies using the more easily observable determinate growth habit trait. The parent 

KDD used in this study could be a good source of gene for earliness to flowering and 

determinate growth habit in Kenya. Integrating this accession into the breeding program 

can improve the local cultivars for earliness to maturity. In the present investigation, 

we observed progenies of early flowering determinate F2 plants with purple flowers 

suggesting that it’s possible to combine determinate growth habit and other important 

traits in lablab. Determinacy is useful both under conditions of excessive vegetative 

growth and severe drought (Hegde, 2011). Integrating genes for determinacy into lablab 

cultivars may increase and stabilize lablab yields under intercrop system environments 

where indeterminate types produces excessive vegetative growth thereby lodging the 

intercrop plant resulting in reduced yield (Kinyua and Kiplagat, 2012).  

Lablab production in Kenya is carried out in wide agro-ecological zones with ranging 

environmental conditions such as temperature, soils and moisture (Kamotho et al., 

2015).  Breeders should therefore target to breed and release cultivars with wide 

adaptability to increase chances of varietal adoption by many farmers. The present 

investigation has observed different segregation ratio for growth habit of F2 progenies 

grown in Kiboko and Thika sites and concluded that the discrepancies was temperature 

dependent. The implication of this is that some varieties selected for determinate growth 

habit in areas with low temperatures like Thika may express indeterminate growth habit 

when produced in high temperature areas like lower eastern and coastal Kenya. This 

can pose a serious challenge especially during multiplication of breeder’s/ 

nuclear/certified seed under KEPHIS inspection and can result to rejection of the crop 

on the basis of non-conformity to the descriptor. We therefore recommend that selection 
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for determinate growth habit to be done in early generations and under high temperature 

conditions (> 300C). Such environment is useful to select against those progenies which 

would express as determinate under low temperature but show indeterminate growth 

habit under high temperature.   

Growth habit in lablab is controlled by three genes, one basic and two complementary 

genes which are temperature dependent. Flower colour and time to flowering characters 

are each under monogenic control while stem anthocyanin pigmentation is under 

control of two complementary genes. Joint segregation of gene controlling growth habit 

and flowering time revealed linkage between the two genes. There was no evidence of 

linkage between genes for growth habit and flower colour, growth habit and stem 

anthocyanin, stem anthocyanin and flowering time and flowering time with flower 

colour. The parent KDD is a good source of gene for earliness to flowering and 

determinate growth habit in Kenya and should be integrated in breeding program for 

development of varieties with better adaptation to growing environments.  
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CHAPTER SEVEN 

Genotypic Variability and Path Analysis of Yield Components of Determinate 

Lablab Genotypes in Kenya 

7.1 Abstract  

Lablab is an important food and cash crop in Kenya. However, productivity is low and 

little research has been done on the crop. Early maturing determinate varieties adapted 

to emerging growing conditions and cropping systems are lacking. This study was 

conducted to obtain phenotypic and genetic variability, heritability estimates, expected 

response to selection and character association of several vegetative and reproductive 

characteristics. Forty lablab F5 lines and an accession with determinate growth habit 

were evaluated at Kenya Agricultural and Livestock Research Organization, Katumani 

Centre in Machakos and Kandara Centre in Thika during 2017 using a randomized 

complete block design with two replications. Significant differences (P< 0.05) were 

observed among the genotypes for all the characters. There was wide trait genotypic 

variation for grain yield and its secondary traits. The phenotypic coefficient of variation 

ranged from 37.33% (seed yield per plant at Thika) to 2.09% (for days to maturity at 

Katumani).  The genotypic coefficient of variation ranged from 27.99% for grain yield 

to 3.02% (for days to flowering). Heritability for the characters differed between the 

two sites and among the 11 traits and were moderate to high. Most of the characters 

recorded broad sense heritability of >0.5 at Thika and >0.6 at Katumani. There was 

higher broad sense heritability estimates at Katumani experiment for days to flowering 

(0.80), days to maturity (0.81), plant height (0.85) and 100SW (0.83) compared to 0.61, 

0.40, 0.49 and 0.51 respectively at Thika. The expected responses to selection was 

highest for seed weight per plant at 48.53% and 37.80% for Thika and Katumani 

respectively whereas the lowest response was recorded for days to maturity (3.37%) at 

Thika and days to flowering (5.55%) at Katumani.  The maturity related traits (days to 

50% flowering and days to maturity) and pod length consistently showed lowest 

response to selection of less than 12% in both sites despite their high heritability. All 

the characters were positively and significantly (P> 0.05) correlated to seed weight per 

plant with exception of 100 seed weight and pod length. Pods number (r = +0.87) and 

raceme number (r = +0.81) had the highest positive significant association with seed 

yield per plant. Low but significantly negative correlations was recorded for 100 seed 

weight and the number of pods per raceme (r= -0.28). Pods per plant, 100 seed weight, 

number of racemes per plant, plant length and plant width, number of flowering nodes, 

plant height and days to maturity had positive direct effect on seed yield per plant. Pods 

per plant (0.68), racemes per plant (0.25), pods per raceme (0.13), plant width (0.12) 

and 100 seed weight (0.11) had the largest direct effect on seed yield. Fairly high 

indirect positive effects on seed yield through pods per plant was observed for raceme 

per plant (0.51), pods per raceme (0.28), number of flowering nodes per raceme (0.33) 

and plant height (0.30). Improvement of determinate lablab varieties through 

phenotypic selection is possible in pods per plant, raceme per plant, plant height, pod 

width, pods per raceme, number of flower nodes and seed yield. 
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7.2 Introduction  

In Kenya, Lablab is mainly grown in the semi-arid areas most of which are 

characterized by decreasing seasonal rainfall ( Bosire et al., 2019) . Breeding for high 

yielding and rapidly maturing varieties will help in cushioning farmers from the impacts 

of climate change such as complete crop failure due to moisture stress. This can be 

achieved by development of varieties with determinate growth habit. In lablab, the 

determinate growth habit is characterized by the main axis terminating into 

inflorescence and has been associated with reduction of flowering and maturity period 

(Keerthi, 2014; Keerthi et al., 2016) which is beneficial in growing conditions with 

moisture stress. However, determinate early maturing varieties are still lacking in 

Kenya despite all their potential benefits to the farmers. Conventional introgression of 

determinate growth habit and earliness to maturity traits into our local cultivars will 

generate population from where selection of improved varieties can be made.  

Subsequent to generating genetic variability, the breeder is required to advance the 

population through selection. Selection, involves discriminating among the diverse 

population to identify and pick a number of individuals to form the next generation. A 

breeder expects to change the population mean of the traits in the next generation 

positively through the selection of those individuals with high genetic potential. The 

response to selection (genetic gain or genetic advance) is the change of population mean 

between generations following selection (Acquaah, 2012). The genetic gain attained 

through selection depends on the available phenotypic variation, heritability of the trait 

being selected and the selection pressure imposed by the breeder. Heritability is the 

proportion of the phenotypic variance that is due to genetic effects. A high heritability 

is likely to contribute to high response to selection and thereby advancing the 

population in the desired direction of change (Acquaah, 2012). As the breeder continue 
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to advance their materials to higher generations the genetic variation and genetic gain 

from one generation to the next declines, but at the same time, the mean value of the 

trait being improved increases. Therefore, the understanding of genetic parameters such 

as heritability and genetic advance estimates are important to predict the gains from 

selection (Holland et al., 2010) . Broad heritability and genetic gain estimates of yield 

contributing attributes in lablab has been reported by several authors  (Venkatesha et 

al., 2016; Parmar et al., 2013; Singh et al., 2015; Salim et al., 2014; Sadak et al., 2018). 

However, the information on heritability and genetic advance of important agronomic 

traits of local lablab populations under Kenyan conditions is lacking. Heritability and 

genetic advance of crop traits are affected by the genetic composition of the population 

and the growing environment (Holland et al., 2010).  

The understanding of the relationships among important agronomic traits in plant 

population is crucial for enhanced progress in crop improvement. Complex traits like 

grain yield are important but difficult to manipulate for crop improvement (Jiaqin et al., 

2009). However identifying other characters that correlate with yield will allow an 

indirect selection of yield based on those characters. Path coefficient analysis (PCA) 

gives more information than simple correlations by partitioning both direct and indirect 

effects, thereby revealing the importance of each component in determining the trait of 

interest (Gelalcha & Hanchinal, 2013).  

The use of correlation coefficients jointly with path coefficient analysis to understand 

trait associations has been widely reported  (Hassan et al., 2013; Machikowa & 

Laosuwan, 2011; Vu et al., 2019;  Sayo et al., 2017 ; Salim et al., 2014). Salim et al., 

(2014) found  that days to flowering,  number of pods/plant, pod yield/plant, pod length, 

number of seeds/pod, number of seeds/plant, 100-seed weight influenced lablab seed 
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yield/plant directly in positive direction. Pramod & Prakash (2011) reported that 

number of pods per plant, pod length, pod width and seed length had positive effect on 

pod yield per plant while days to first flowering had negative effect. However, through 

path coefficient analysis, they found highest indirect effect on pod yield/plant was 

through days to first flower, days to first picking and per cent fruit set/cluster.   

However, there is no literature on association of yield related traits of early maturing 

determinate lablab genotypes in Kenya. Several breeding lines have been generated 

through crossing of local landraces and early maturing determinate accession which if 

evaluated for trait variability and association would generate valuable information for 

lablab breeding in Kenya.  

7.2.1 Objectives  

The objective of this study was  

1. To determine genetic variation, heritability, genetic advance and to estimate 

correlation between yields and yield attributing traits;  

2. To determine the direct and indirect effects of these components in grain yield 

of determinate lablab lines in Kenya. 

7.3 Materials and methods 

7.3.1 Plant materials.  

Five local lablab indeterminate genotypes (Njoro, GBK 028663, DL1002, Kagio and 

Kahuro) and a determinate accession (KDD) were used to generate the population used 

in this study. Njoro, Kagio and Kahuro are landraces with indeterminate growth habit, 

moderate maturity duration and with large black seeds. Genotype GBK 028663 is an 

accession from gene bank of Kenya (GBK) which has indeterminate growth habit, 

moderate maturity and with brown spotted seeds. The cultivars Njoro, GBK 028663, 

Kagio and Kahuro were collected from Nakuru, Embu, Kirinyaga and Muranga 
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counties respectively. DL1002 is a released variety in Kenya and has indeterminate 

growth habit, moderate maturity with black seeds. The accession KDD was collected 

from a market in Nairobi, has determinate growth habit, early maturity and with small 

cream seeds.  

7.3.2 Crossing and selection scheme 

The six parental genotypes were planted in plastic pots in a screen house at KALRO 

Thika in April 2014. The parents were planted three times at one week interval in order 

to synchronise the flowering of the genotypes. Crosses were made between the 

determinate parent and all the other indeterminate parents using the technique described 

by Rangaswami and Nambiar (1935). The F1 seeds from all the crosses were harvested 

and bulked together to form a composite bulk. The F1 seeds were planted in a screen 

house in October of 2014 and allowed to self-pollinate to generate F2. All the F2 seeds 

were then space planted in the field during the long rains of 2015 to raise F2 plants. All 

the F2 plants with determinate growth habit were selected and F3 seeds harvested and 

bulked. A sample of determinate F3 seeds were planted during the short rains of 2015 

to raise F3 plants. About 400 F3 determinate plants were selected and their seeds 

harvested individually. Progeny rows of the F3-4 seeds were raised in the field during 

the long rains of 2016. A spacing of 50cm between rows and 20 cm within rows was 

used. Each progeny row was 2 m long with about 10 plants. At maturity, 39 progeny 

rows were selected based on maturity period, number of pods per plant, plant height 

and seed colour. The selection tried to capture as much variability of these traits as 

possible. The F5 seeds of the selected rows were harvested separately. These seeds were 

used to study the relationship between grain yield and its related traits. 
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7.3.3 Field experiments for yield analysis 

Replicated trials were conducted in two locations, KALRO Katumani in Machakos 

County, and KALRO Thika (formerly KARI Thika) in Muranga County. Different 

characteristics of the two sites is given in the Table 7.1 below.  

Table 7. 1: Different characteristics of test locations 

Testing 

location 

Altitude 

(M.a.s.l) 

Location Annual rainfall 

(mm) 

Annual 

Temperature  

(0C) 

Soil type 

Latitude  Longitude  Min  Max  

Thika 1549 10 09’ S 370 04’E 900 14 25 Nitosols 

Machakos 1600 10 35’ S 370 14’E 1000 12 27 Chromic 

luvisols 

In each site, the 39 F5 lines together with their determinate parent were planted using 

randomized complete block design (RCBD) with two replications. The plot size was 

two rows of 2 m long each. A basal application of Di-ammonium phosphate (DAP) 

fertilizer at a rate of 150 Kgha-1 was done in the planting furrows during planting. One 

seed was planted in the furrow at a spacing of 50 x 25 cm between and within rows 

respectively giving a population of 8 plants per m2. Hand weeding was done two times 

at the first trifoliate and pre-flowering growth stages. The crop was sprayed with 

recommended insecticides to control insect pests.  

7.3.4 Data collection 

For each trial, plant height at physiological maturity stage, number of pods per plant at 

maturity, number of racemes per plant at maturity, pod width and length at pod filling 

stage, number of primary branches per plant, number of pods per raceme (main raceme) 

at maturity, number of flowering nodes at 50 % flowering, days to 50% flowering, days 

to 75% pod maturity, 100 seed weight and grain yield per plant were recorded.  The 

data on days to 50% flowering, days to 75% pod maturity and 100 seed weight was on 
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plot basis while the other traits were taken from six randomly selected plants per plot. 

The grain yield weight was obtained at approximately 13% moisture content. 

7.3.5 Data analysis 

Data for each trait was subjected to analyses of variance (ANOVA) using a GENSTAT 

ed. 15 statistical program to estimate the genetic variability of the selected genotypes 

and to partition the phenotypic variability into components due to genetic and 

environmental factors. Measures of variability such as genotypic coefficient of 

variability (GCV), phenotypic coefficient of variability (PCV), broad sense heritability 

(h2), and genetic advance (GA) based on percentage of the mean were estimated.  

The genetic parameters were estimated using formulas adapted from Allard, (1960), 

Singh and Chadhary, (1985) as follows:  

σ2G  = [Mean Square Genotype-Mean Square Error/r]  

σ2P = [Mean Square Genotype/r]  

Ve = [Mean Square Error/r] 

 r is the number of replications. σ2P is the phenotypic variance while σ2G is the 

genotypic variance. The Mean Square Genotype (MSG) and Mean Square Error (MSE) 

are variance components estimated as functions of the mean square estimates from 

ANOVA table. Mean square genotype (MSG): estimates genotypic variance, this value 

is observed variance among the line means, while mean square error (MSE) measures 

variance from plot residuals. Phenotypic (PCV) and genotypic (GCV) coefficient are 

estimated using the following formulas: 

PCV = (√Vp/X) x 100  

GCV = (√Vg/X) x 100  

Vp represents the phenotypic variance: Vg represents the phenotypic variance, while X 

represents the mean. 
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Heritability (h2B) expressed as the percentage of the ratio of the genotypic variance 

(Vg) to the phenotypic variance (Vp) was estimated based on the genotypic mean. 

 Expected genetic advance (GA) was estimated using a formula of Allard, (1960) as  

GA = K (Sp) h2B,  

GA (as % of mean) = (GA/X) x100  

Where h2B and Sp is the heritability ratio and the phenotypic standard deviation (√Vp) 

and K is a selection differential that varies depending on the selection intensity. In the 

present analysis 2.06 was considered for K, which is 5% selection intensity.  

Correlation coefficient (r) was used in the study to determine inter-relations between 

11 quantitative characters.  Pearson correlation coefficients between traits were 

generated using the IBM SPSS statistics version 20 procedure over the two locations. 

The significance test for correlation coefficient was tested on a two-tailed test on the 

same program.  

Using the same software, a linear regression analysis was carried out to estimate the 

relationship between seed yield per plant (dependent variable) and the other 10 

independent variables. Validity of P values for the t-test was determined by testing the 

normality of residuals. A test on multicollinearity among the various predictors was 

also done. 

Path coefficient analysis for seed yield per plant was carried out as demonstrated by 

Dewey and Lu (1959). Ten characters, 100 seed weight, pod per plant, raceme per plant, 

pod length, pod width, pods per raceme, flowering nodes per plant, plant height, days 

to 50% flowering and days to maturity were included in the path coefficient analysis 

for single plant yield. Simultaneous equations were drawn as per Dabholkar (1992) as 

below: 
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r10 = P10 + P20r12 + P30r13 + P40r14 + P50r15 + P60r16 + P70r17 +P80r18 + P90r19 

+P100r110 

r20 = P10r21 + P20 + P30r23 + P40r24 + P50r25 + P60r26 + P70r27 +P80r28 + P90r29 

+P100r210 

r30 = P10r31 + P20r32 + P30 + P40r34 + P50r35 + P60r36 + P70r37 +P80r38 + P90r39 

+P100r310 

r40 = P10r41 + P20r42 + P30r43 + P40 + P50r35 + P60r46 + P70r47 +P80r48 + P90r49 

+P100r410 

r50 = P10r51 + P20r52 + P30r53 + P40r54 + P50 + P60r56 + P70r57 +P80r58 + P90r59 

+P100r510 

r60 = P10r61 + P20r62 + P30r63 + P40r64 + P50r65 + P60 + P70r67 +P80r68 + P90r69 

+P100r610 

r70 = P10r71 + P20r72 + P30r73 + P40r74 + P50r75 + P60r76 + P70 + P80r78 + P90r79 

+P100r710 

r80 = P10r81 + P20r82 + P30r83 + P40r84 + P50r85 + P60r86 + P70r87 + P80 + P90r89 

+P100r810 

r90 = P10r91 + P20r92 + P30r93 + P40r94 + P50r95 + P60r96 + P70r97 + P80r98 + P90 

+P100r910 

r100 = P10r101 + P20r102 + P30r103 + P40r104 + P50r105 + P60r106 + P70r107 + P80r108 

+ P90r109 +P100 

Where 0 = Dependant variable = Yield; 1 - 10 were independent variables; 

1 = 100 SW, 2 = pods per plant, 3 = raceme per plant, 4 = pod length, 5 = pod width, 6 

= pods per raceme, 7 = flowering nodes number, 8 = plant height, 9 = days to 50% 

flowering, 10 = days to maturity, respectively. 

r = Pearson Correlation Coefficient between traits 

P = Path Coefficient (regression standardized coefficients)  
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7.4 Results  

7.4.1 Genotypic and phenotypic variance of determinate lablab characters 

Significant differences were observed among the genotypes for all the characters 

suggesting presence of high amount of variability for the characters studied. The mean 

sum of squares for 9 characters in 39 genotypes and one check accessin of lablab are 

presented in Table 7.2. 

 

Table 7. 2: Analysis of variance of 9 yield and yield related traits of 40 determinate 

F5 genotypes evaluated at Thika and Katumani sites during the LR 2017 

Mean square 

Site S.O.V

. 

D.F SWPP 100S

w 

PPP RPP PL PW PH DTF DTM 

Thika Rep 1 211.25 0.45 781.2

0 

22.76 0.27 0.003 92.02 1.51 1.80 

 Genot

ype 

39 115.54*

** 

13.15

** 

239.2

0* 

5.60* 0.27*

** 

0.06*

** 

187.6

1* 

20.91

* 

14.33

** 

 Error 39 41.14 6.50 125.7

0 

3.14 0.08 0.009  12.54 5.56 

 Total 79          

Katuma

ni 

Rep 1 337.57 1.80 147.6

0 

13.41 1.61 0.14 18.24 0.05 36.45 

 Genot

ype 

39 105.89*

** 

19.91

*** 

268.8

** 

4.42* 0.32*

** 

0.09*

** 

325.5

2*** 

7.15*

** 

85.5*

** 

 Error 39 36.46 3.44 106.1 2.53 0.12 0.018 50.33 1.43 16.17 

 Total 79          

SWPP= seed weight per plant, 100SW=100 seed weight, PPP=pods per plant, RPP= raceme 

per plant, PL=pod length, PW= pod width, PH=plant height, DTF= days to flowering, DTM= 

days to maturity, 

***, **, * is significant at the 0.001, 0.01, 0.05 level respectively. 

The estimates of genotypic variance (σ2G), phenotypic variance (σ2P), phenotypic 

coefficient of variability (PCV) and genotypic coefficient of variability (GCV), 

heritability (in a broad sense), and genetic advance as a percentage of the mean were 

analysed (Table 7.3) for the Thika site (Table 7.4) for Katumani site. 
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High range of variation in Thika site was recorded for seed weight per plant are 5 g – 

42 g, pods per plant 9-68, plant height 26 cm – 82 cm and for 100 seed weight 14 g – 

30 g, while in the Katumani experiment the ranges for seed weight per plant is 13 g – 

51 g, pods per plant 20 – 88, plant height 46 cm – 143 cm and for 100 seed weight is 

14 g – 30 g. Low range of variation was observed for days to flowering and days to 

maturity in both sites. 

Table 7. 3: Range, mean, variance, broad sense heritability, genotypic and phenotypic 

coefficient of variations and genetic advance as percent of mean for characters of 

lablab genotypes studied at Thika 

Traits σ²G σ²P σ²E Mean Ran

ge 

PC

V 

GC

V 

EC

V 

H2 GA GAM 

(%) 

Seed 

weight 

per plant 

35.1

8 

55.7

5 

20.5

7 

20.00 

± 1.00 

5 - 

42 

37.3

3 

29.6

6 

22.6

8 
0.6

3 

9.71 48.53 

100 SW 3.32 6.57 3.25 20.88 

± 0.35 

14 - 

30 

12.2

8 

8.73 8.63 0.5

1 

2.67 12.78 

Pods per 

plant 

56.7

5 

119.

60 

62.8

5 

32.00 

± 1.62 

9 - 

68 

34.1

8 

23.5

4 

24.7

7 
0.4

7 

10.6

9 

33.41 

Raceme 

per plant 

1.25 2.82 1.57 5.00 ± 

0.24 

1 -

10 

33.5

6 

22.3

2 

25.0

6 
0.4

4 

1.53 30.57 

Pod 

length 

0.10 0.14 0.04 5.10 ± 

0.05 

3.9 – 

6.9 

7.20 6.04 3.92 0.7

0 

0.53 10.44 

Pod 

width 

0.03

0 

0.03

4 

0.00 1.70 ± 

0.02 

1.3 – 

2.0 

10.6

0 

9.84 3.95 0.8

6 

0.32 18.82 

Plant 

height 

45.9

2 

93.8

1 

47.8

9 

51.00 

± 1.32 

26 - 

82 

18.9

9 

13.2

9 

13.5

7 
0.4

9 

9.77 19.15 

Days to 

flowering 

4.19 10.4

6 

6.27 50.54 

± 0.45 

46 -

59 

6.40 4.05 4.95 0.4

0 

2.67 5.28 

Days to 

maturity 

4.38 7.16 2.79 100.0

0± 

0.35 

94 - 

104 

2.68 2.09 1.67 0.6

1 

3.37 3.37 

S.E Mean= Standard error of the mean, σ²G = Genotypic variance, σ²E = Environmental 

variance, σ²P = Phenotypic variance, H2 (%) = Broad sense heritability, GCV (%) = Genotypic 

coefficient of variation, PCV (%) = Phenotypic coefficient of variation, (%) ECV= 

Environmental coefficient of variation, (%) GA= Genetic advance, GAM= Genetic advance as 

percent of mean. 
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In the present investigation, the σ2P was higher than the corresponding σ2G for all the 

characters evaluated at Thika site (Table 7.3). For most of the characters studied, the 

two values differed moderately suggesting that the expression of these characters was 

reasonably influenced by the environment.  However, higher differences between σ2P 

and σ2G was observed for DTF, RPP, PPP and PH at Thika site. The same trend of high 

σ2P compared to their corresponding σ2G with the former being higher than latter was 

observed for all traits at Katumani site (Table 7.4).  

PCV and GCV was high for number of racemes per plant at 33.5% (PCV) compared to 

22.3% (GCV) in Thika and 21.24% (PCV) compared to 14% (GCV) at Katumani.  
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Table 7.4: Range, mean, variance, broad sense heritability, genotypic and phenotypic 

coefficient of variations and genetic advance as percent of mean for characters of 

lablab genotypes studied at Katumani 

Traits σ²G σ²P σ²E Mean Range PCV GCV ECV H2 GA GAM 

(%) 

Seed weight 

per plant 

34.72 52.95 18.23 26 ± 

0.97 

13 - 51 27.99 22.66 16.42 0.66 9.83 37.80 

100 SW 8.23 9.95 1.72 21.30 ±  

0.38 

14 - 30 14.81 13.47 6.16 0.83 5.37 25.23 

Pods per 

plant 

81.35 134.40 53.05 42 ± 

1.53 

20 - 88 27.60 21.47 17.34 0.61 14.46 34.42 

Raceme per 

plant 

0.96 2.21 1.25 7.00 ± 

0.21 

4 - 13 21.24 14.00 15.97 0.43 1.33 19.00 

Pod length 0.10 0.16 0.06 5.1 ± 

0.05 

4 – 6.3 7.84 6.20 4.80 0.63 0.52 10.10 

Pod width 0.04 0.05 0.01 1.7 ± 

0.03 

1.3 – 

2.1 

12.89 11.62 5.58 0.81 0.37 21.57 

Plant height 137.6 162.7 25.17 70.4 ± 

1.52 

46 - 

143 

18.12 16.66 7.13 0.85 22.22 31.56 

Days to 

flowering 

2.85 3.58 0.73 55.8 ± 

0.23 

53 - 62 3.39 3.02 1.53 0.80 3.10 5.55 

Days to 

maturity 

34.6 42.75 8.09 99.08 ± 

0.80 

90 - 

120 

6.60 5.94 2.87 0.81 10.92 11.02 

S.E Mean= Standard error of the mean, σ²G = Genotypic variance, σ²E = Environmental 

variance, σ²P = Phenotypic variance, H2 (%) = Broad sense heritability, GCV (%) = Genotypic 

coefficient of variation, PCV (%) = Phenotypic coefficient of variation, (%) ECV= 

Environmental coefficient of variation, (%) GA= Genetic advance, GAM= Genetic advance as 

percent of mean. 

In this site, the highest difference between σ2P and their corresponding σ2G was 

recorded for PPP (134.4 for σ2P and 81.35 for σ2G) and RPP (2.21 for σ2P and 0.96 for 

σ2G).  The differences between the σ2P and σ2G for most of the characters was lower 

at Katumani than at Thika site.  

The highest PCV at Thika site was observed in the seed weight per plant at 37.33% and 

the lowest was on the days to maturity at 2.68%. In the Katumani experiment, the PCV 

ranged from high for seed weight per plant at 27.99% to low for days to 50% flowering 
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at 3.39%. The PCV was relatively higher at Thika experiment for raceme per plant at 

33.5%, seed weight per plant at 37.3% compared to 21.24% for raceme per plant and 

27.99% for seed weight per plant at Katumani field. The PCV was low for the days to 

flowering and maturity at both Katumani and Thika sites. 

The GCV at Thika experiment ranged from seed weight per plant (29.66%) to 2.09% 

for days to maturity, while at Katumani the same trait (seed weight per plant) showed 

the highest GCV (27.99%) and the lowest GCV of 3.02% was recorded for days to 

flowering. High GCV values (>20%) were recorded on pods per plant, seed weight per 

plant and racemes per plant in both sites indicates that these traits could lead to good 

progress in crop improvement. Similarly, the lower GCV values (<7%) shown by, days 

to flowering, days to maturity and pod length in both sites suggest that these traits will 

be less responsive to improvement through selection. The values of both PCV and GCV 

in Thika and Katumani compared well though the values at Thika site were slightly 

higher than those of Katumani for majority of the traits. Heritability (H2) expressed as 

the percentage of the ratio of the genotypic variance (σ²G) to the phenotypic variance 

(σ²P) was estimated for each character in the two sites (Table 7.3 and Table 7.4). At 

Thika site, broad sense heritability estimates ranged from 0.86 for pod width to 0.4 for 

days to flowering, whereas heritability was highest for plant height at 0.85 and lowest 

for number of racemes per plant at 0.43. Most of the characters recorded broad sense 

heritability of more than 0.5 at Thika while the values were more than 0.6 for most of 

the characters at Katumani site. There was higher broad sense heritability estimates at 

Katumani experiment for days to flowering (0.81), days to flowering (0.80), plant 

height (0.85) and 100SW (0.83)  compared to 0.61, 0.40, 0.49 and 0.51 respectively for 

the same characters at Thika experiment. 
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The genetic advance (GA) shows the extent of gain in a trait which is attained under a 

particular selection pressure. In this study, selection pressure of 5% was considered.  

The genetic advance was expressed as percentage of the mean (GAM) of the trait for 

easier comparison amongst traits with different measurements units. The results 

showed highest GAM for seed weight per plant of 48.53% and 37.80% at Thika and 

Katumani respectively whereas the lowest GAM was recorded for days to maturity 

(3.37%) at Thika and days to flowering (5.55%) at Katumani.  In addition, pods per 

plant and raceme per plant showed relatively high estimates of genetic advance of 

33.4% and 30.57% respectively, at Thika site. The other traits that displayed higher 

estimates GAM at Katumani experiment were pods per plant (34.42%), 100 seed weight 

(25.23%) and plant height (31.56%). The maturity related traits (days to 50% flowering 

and days to maturity) and pod length consistently showed lowest GAM of less than 

12% in both sites.  

7.4.2 Correlation coefficients among traits 

 The Pearson correlations coefficients of 11 traits observed in this study are presented 

in Table 7.5 below. The correlations were based on the calculated means of the 

genotypes for the Thika and Katumani experiments. The study showed that all the 

characters were positively and significantly (P> 0.05) correlated to seed weight per 

plant with exception of 100 seed weight and pod length (Table 7.5).  Pods number (r = 

+0.87)  and raceme number (r = +0.81)  seems to contribute significantly to seed weight 

per plant which suggests that indirect selection for grain weight per plant can be 

effectively realized by selecting for the number of pods and raceme. 
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Table 7.5: Correlation coefficients among 11 characters estimated from 40 genotypes 

of lablab bean. 

 
SW

PP 

100 

sw 
PPP RPP PL PW PPR NFN PH DTF DTM 

Seed 

weight 

per plant 

(SWPP) 

1 
0.0

86 

0.869

** 

0.811

** 
0.025 

0.223

** 

0.203

** 

0.461

** 

0.515

** 

0.254

** 
.182* 

100 sw  1 -0.13 0.056 
-

0.038 
0.102 

-

0.279

** 

-

0.068 
0.128 0.061 0.087 

Pods per 

plant 

(PPP) 
  1 

0.752

** 
0.019 0.059 

.411*

* 

0.487

** 

0.435

** 

0.208

** 
0.079 

Raceme 

per plant 

(RPP) 
   1 

-

0.024 
0.12 0.13 

0.429

** 

0.593

** 

0.386

** 
0.072 

Pod 

length 

(PL) 
    1 0.019 

-

0.085 
0.013 0.021 0.065 0.072 

Pod width 

(PW) 
     1 

-

0.058 

-

0.019 
0.086 0.127 

0.275

** 

Pods per 

raceme 

(PPR) 
      1 

0.584

** 
0.124 -0.06 

-

0.165

* 

No. 

flower 

nodes 

(NFN) 

       1 
0.410

** 
0.086 

-

0.061 

Average 

plant 

height 

(PH) 

        1 
0.500

** 

0.138

* 

Days to 

flowering 

(DTF) 
         1 

0.426

** 

Days to 

maturity 

(DTM) 
          1 

 

***, **, * Correlation is significant at the 0.001, 0.01, 0.05 level respectively 

In addition, moderate significant correlations was observed for seed weight per plant 

and number of nodes per raceme (r=+0.46) and plant height (r=+0.52). The genotypes 

that produced many pods per plant also had many racemes per plant as shown by the 

high positive correlations (r=+0.75) between the two traits. Similarly, tall plants tended 

to produce many racemes as indicated by relatively high positive corrections (r=+0.60) 
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between the two traits. Moderate positive correlations were recorded between pods per 

plant and pods per raceme (r=+0.41), number of nodes per raceme (r=+0.49) and plant 

height (r=+0.44). Genotypes with many racemes per plant, pods per raceme and big 

plant height tended to have many flowering nodes per raceme as indicated by their 

positive moderate correlation of 0.43, 0.58 and 0.41 respectively. The days to flowering 

exhibited some moderate positive correlations of r=+0.50 and r=+0.43 for plant height 

and days to maturity respectively. Low but significantly negative correlations was 

recorded for 100 seed weight and the number of pods per raceme (r= -0.28).  

7.4.3 Path analysis 

The analysis of variance (ANOVA) indicated that the regression model of the 10 

independent variable on seed weight of the lablab genotypes was significant at P< 0.001 

(Table 7.6). The regression coefficients from the model were therefore used for 

undertaking the path analysis. The adjusted R square was high at 0.869. 

Table 7. 6: ANOVA and summary of regression model of 10 independent variables 

on seed weight per plant of 40 determinate lablab genotypes 

ANOVA of Seed weight per plant Regression Model summary 

Model Sum of 

Squares 

DF Mean Square R R 

Square 

Adj. R 

Square 

Std. Error of 

the Estimate 

 Regression 14286.209 10 1428.621*** 0.932 0.869 0.860 3.803 

Residual 2155.485 149 14.466     

Total 16441.694 159       

*** is significant at the 0.001 level  

The regression coefficients and collinearity statistics of the causal factors on seed 

weight per plant of lablab genotypes is presented in Table 7.7 below. The beta 

standardized coefficients ranged from 0.68 for pods per plant to -0.08 for days to 

flowering. The regression coefficients for all the independent variables were significant 

at p< 0.05 except for pod length and plant height. Collinearity implies that two variables 
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are linear combinations of each other. As the collinearity increases, the regression 

coefficient estimates become unstable. Collinearity statistics consists of tolerance and 

variance inflation factors (VIF). The tolerance and VIF statistics for the independent 

variables considered in this study were within the acceptable range of > 0.10 for 

tolerance and < 10 for VIF. 

Table 7.7: Regression coefficients and collinearity statistics of 10 independent 

variables on seed weight per plant of 40 determinate lablab genotypes 

Model Unstandardized 

coefficient 

Standardize

d coefficient 

T 

 

Collinearity statistics 

B Std. 

err 

Beta Tolerance VIF 

Constant -23.494 7.284 - -3.225*** - - 

100 SW .337 0.100 0.108 3.380*** 0.863 1.159 

Pods per plant .442 0.035 0.681 12.745*** 0.309 3.241 

Raceme per plant 1.027 0.234 0.248 4.392*** 0.276 3.626 

Pod length .145 0.674 0.007 .216ns 0.961 1.041 

Pod width 5.561 1.446 0.120 3.846*** 0.903 1.108 

Pod per raceme -.346 0.117 -0.126 -2.948*** 0.482 2.076 

No of flower nodes .395 0.174 0.096 2.272* 0.490 2.041 

Plant height .034 0.026 0.054 1.299ns 0.509 1.963 

Days to flowering -.201 0.096 -0.082 -2.094* 0.574 1.743 

Days to maturity .148 0.065 0.080 2.270* 0.709 1.410 

***, **, * regression coefficients is significant at the 0.001, 0.01, 0.05 level respectively 

A path coefficient analysis which gives indirect effects for each independent variable 

on the dependent variable is presented in Table 7.8. Among the 10 independent traits 

(causal), eight of them had positive direct effect on seed yield per plant (dependent). 

These were 100 seed weight, pods per plant, racemes per plant, pod length and pod 

width, number of flowering nodes, plant height and days to maturity. Pods per raceme 

and days to maturity had negative direct effect on grain yield per plant. Pods per plant, 

racemes per plant, pod width and 100 seed weight had the largest direct effect on seed 

weight yield respectively.  
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Table 7. 8: Path coefficient analysis showing direct effect (bold) and indirect effects 

of 10 characters on seed yield per plant in lablab bean 

Character 100SW PPP RPP PL PW PPR NFN PH DTF DTM 

100 seed weight 

(100SW)  
0.108 -

0.085 

0.014 -

0.001 

0.012 0.035 -

0.007 

0.007 -

0.005 

0.007 

Pods per plant  

(PPP) 

-0.085 0.681 0.187 0.000 0.007 -

0.052 

0.047 0.023 -

0.017 

0.006 

Raceme per plant 

(RPP) 

0.006 0.512 0.248 0.000 0.014 -

0.016 

0.041 0.032 -

0.032 

0.006 

Pod length (PL)  -0.004 0.013 -

0.006 
0.007 0.002 0.011 0.001 0.001 -

0.005 

0.006 

Pod width (PW) 0.011 0.040 0.030 0.000 0.120 0.007 -

0.002 

0.005 -

0.010 

0.022 

Pod per raceme 

(PPR) 

-0.030 0.280 0.032 -

0.001 

-

0.007 
-

0.126 

0.056 0.007 0.005 -

0.013 

No. of flower 

nodes (NFN) 

-0.007 0.331 0.106 0.000 -

0.002 

-

0.074 
0.096 0.022 -

0.007 

-

0.005 

Plant height  (PH) 0.014 0.296 0.147 0.000 0.010 -

0.016 

0.039 0.054 -

0.041 

0.011 

Days to flowering 

(DTF) 

0.007 0.142 0.096 0.000 0.015 0.008 0.008 0.027 -

0.082 

0.034 

Days to maturity 

(DTM) 

0.009 0.054 0.018 0.000 0.033 0.021 -

0.006 

0.007 -

0.035 
0.080 

Note: Bold and diagonal figures indicate direct effect; Residual effect: 0.14 

Raceme per plant, pods per raceme, number of flowering nodes per raceme and plant 

height had fairly high indirect positive effects through pods per plant (0.51, 0.28, 0.33, 

0.30) respectively.  The effects of these four traits on seed weight through pods per 

plant was larger than their respective direct effects.  Even though the direct effect of 

days to flowering is negative, its indirect effects through pods per plant is positive and 

substantial. Pods per plant and number of flowering nodes had small indirect negative 

effect of -0.05 and -0.07 respectively through pods per raceme. Small negative indirect 

negative effect of pods per plant through 100 seed weight (-0.09) was recorded. 

7.5 Discussion 

Genotypic variability is prerequisite for progress of any breeding program. In 

conventional plant breeding, variability is created through crossing (hybridization) of 
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plants which carry the desired genes followed by discrimination among the variability 

(selection) to identify the most desirable recombinant (Acquaah, 2012). Success in 

improvement of the desired traits require presence of many recombinants with wide 

range of targeted character from which selection can be done (Oduori, 2008). In this 

study, the variability of some determinate recombinant lablab lines derived from 

crossing early maturing determinate accession with the local indeterminate landraces 

were evaluated. The highly significant difference in mean squares implied that there is 

distinguishable evidence of inherent genetic variability among the lablab lines with 

respect to seed weight per plant, 100 seed weight, pods per plant, raceme per plant, 

plant height, days to 50% flowering and days to maturity. Wide range of variation was 

shown for most of the traits except for days to 50% flowering and maturity. The 

presence of variability for most traits offers adequate variation upon which to establish 

a breeding program. The narrow range of variation observed on maturity traits could be 

explained by the fact that all the lines evaluated in this study were of determinate growth 

habit. Selection of genotypes with determinate growth habit at early generation 

population could also have resulted in selection of early flowering and maturing 

genotypes. The mean number of days to flowering (50-55) and maturity (99-100) of the 

determinate lines tested in this study are lower than those reported on indeterminate 

local landraces by Kamotho (2015). This indicates that selection of determinate growth 

habit in lablab can result in selection for early flowering and maturing genotypes. 

Earliness to flowering and maturity has been reported to be linked to determinate 

growth habit in some legumes ( Keerthi et al., 2014; Repinski et al., 2012; González et 

al., 2016).  

The study showed that the phenotypic variance was higher than the genotypic variance 

in all the traits studied across the sites. Progress from selection depends on the 
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availability of genetic variability in the population and selection is more effective when 

there is high genetic variation in relation to environmental variation. In this study, the 

magnitude of the genotypic variance for seed weight per plant, 100 seed weight, pod 

length, pod width and days to maturity yield components were consistently higher than 

their respective environmental variance in both sites. This implies that significant 

improvement for these traits can be achieved through phenotypic selection ( Manggoel 

et al., 2012). Variability in quantitative characters of lablab was also reported by Verma 

et al., (2015) and Salim et al., (2014). 

The genotypic and phenotypic variance estimates and the range of mean values of traits 

can give a rough estimate about the magnitude of variation present among different 

genotypes. However, genotypic coefficient of variation is better in revealing the extent 

of variability present within the genetic materials and its estimate gives good 

implication for genetic potential in crop improvement through selection (Burse et al., 

2015). According to Hailu, et al., (2016) PCV and GCV values > 20% are regarded as 

high, while values between 10% and 20% medium and values < 10% are considered 

low. In this study, high PCV and GCV values of > 20% were observed for seed weight 

per plant and pods per plant in all the sites. In addition to this, these characters recorded 

medium to high heritability suggesting the presence of more additive gene effects for 

possible improvement. Singh et al., (2015) and Parmar et al., (2013) in lablab and  

Asante et al., (2009) in mung bean have reported high PCV and GCV and moderate 

heritability for number of pods per plant. However, heritability values reported for pods 

per plant in this study (0.49 for Thika and 0.61 for Katumani) is lower than  those 

reported by Pramod et al., (2011),  Verma et al., (2015) and Salim et al., (2014) in 

lablab but was higher than that of Chaitanya et al., (2014). This discrepancies of 

heritability values could be due to nature of test materials and environment where 
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experiments were conducted. The low PCV and GCV values and moderate to high 

heritability observed in this study agrees with that of Singh et al., (2015) in lablab. 

Generally, the differences between PCV and their corresponding GCV values for all 

characters with exception of racemes per plant was small to moderate indicating that 

these characters were less influenced by the environment. The high difference between 

GCV and PCV for raceme per plant and its corresponding moderate heritability in both 

sites suggest that selection for this trait using observed variation may be less effective 

since the proportion of additive gene effect is low.  

Successful selection based on phenotype is possible in characters with large heritability 

estimates, however use of heritability together with genetic advance estimates is more 

reliable in guiding selection (Ayalew et al., 2011). Genetic advance (GA) is the gain of 

genotypic value of a new population compared with the base population resulting from 

one cycle of selection in a given selection intensity (Hailu et al., 2016). In this study, 

high heritability coupled with relatively high genetic advance as percent of mean was 

observed for seed weight per plant, pods per plant, pod width and plant height. This 

suggest that these traits are under additive gene action and selection based on the 

phenotypes will be effective. Our results were similar with the findings of Chaitanya et 

al., (2014), Veerendra et al., (2014) and Singh et al., (2013) for pods per plant, Pramod 

et al, (2011) and Parmar et al., (2013) for pod width,  Singh et al., (2015) and Verma 

et al., (2015) for plant height, Salim et al., (2014) and Singh et al., (2013) for seed yield 

per plant. Moderate to high heritability coupled by low genetic advance as percentage 

of mean was observed for days to 50% flowering and maturity. The low genetic advance 

of these two maturity related traits could be as a result of the small phenotypic variance 

of the test materials. This is because genetic advance has direct relationship with 

standard deviation of the population and heritability. In this study, all the test materials 
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are of determinate growth habit, a trait that is associated with earliness to maturity 

(Keerthi et al., 2014) and this could have contributed to narrow phenotypic variability 

for these maturity traits and consequently low genetic advance. However, the moderate 

to high heritability and low genetic advance of these two traits could also be as a result 

of influence of non- additive gene action and considerable influence of the environment. 

This suggests that based on the evaluated determinate lablab lines in this study, days to 

flowering and maturity characters can only be partialy improved by selection.  Simmilar 

results of moderate to high heritability coulped by low genetic advance for days to 50% 

flowering and maturity has been reported by Singh et al., (2015) and Verma et al., 

(2015) in lablab and Veerendra et al., (2014) in pigeon peas.  

Plant breeders are rarely interested with one character and therefore there is need to 

study the association between various characters and especially between yield and other 

traits (Tadele et al., 2014). A good understanding of the relationship of plant characters 

and the yield is essential because the final yield is the  sum total of effects of all its 

related traits (Verma et al., 2015). The knowledge of the association of grain yield and 

its related traits of the determinate lablab genotypes will allow an indirect selection of 

yield based on those characters. In the present study, correlation coefficient (r) was 

used to determine associations of yield related traits of the determinate lablab 

genotypes.  Correlation coefficient ranges between -1 and 1 with correlation of 0 

implying that there is no linear relationship between the variables while -1 or 1 suggests 

total linear relationship.  

This study identified that the number of pods and racemes had high significant 

correlation with seed weight per plant. The results are in agreement with those of Salim 

et al., (2014) in lablab, Tadele et al., (2014)  in lentil and Manggoel et al., (2012) in 
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cowpeas. In determinate lablab genotypes, seeds are contained in pods borne on the 

axillary or terminal racemes and therefore genotypes with many pods and racemes are 

likely to contain many seeds and therefore high seed yield. This suggests that in 

breeding programs, selection for high grain yield can be effectively realized through 

the indirect selection for traits that are visually easy to score like high number of pods 

and racemes. Other traits with moderate to low significant positive correlation with 

grain yield per plant include days to 50% flowering, maturity pod width, plant height 

and flowering nodes per raceme. This suggests that those lines which, flowered and 

matured late, with longer stem height, many flowering nodes and many racemes and 

pods produced high grain yield. Generally, in absence of production constraints such as 

moisture stress, late flowering and maturing varieties are likely to have an advantage in 

gaining more plant height and grain productivity since the total amount of 

photosynthesates received from the leaves is greater than for early maturing varieties 

(Yamada et al., 2012).  

  Through path coefficient analysis, the total correlation between traits are partitioned 

into direct and indirect effects which forms a better basis for selection to improve yield. 

(Manggoel et al., 2012). Direct effects measure the sensitivity of the dependent variable 

to changes in the independent variable by one unit while all other factors are held 

constant. In contrast, the indirect effect quantify the changes on dependent variable 

when the independent variable is held constant and the intermediary variable changes 

by the amount it would have changed had the independent variable increased by one 

unit (Pearl, 2001). In this study, the number of pods per plant had the highest direct 

positive effect on seed yield per plant. High direct effects of number of pods per plant 

on seed yield has been reported by other authors Salim et al., (2014), Singh et al., 

(2011), Singh et al., (2015) and Verma et al., (2015) in lablab, Veerendra et al., (2014) 
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in French beans and  Machikowa & Laosuwan (2011) in Soybean. Moderate positive 

indirect effect on seed yield through pods per plant was detected for raceme per plant, 

pods per raceme, flowering nodes per plant and plant height. This suggest that selection 

of high number of units of these characters can be effective in selection of high seed 

yield in determinate lablab genotypes. The negative direct effect of days to flowering 

and 100 seed weight on grain yield per plant observed in the current study is in 

agreement with the findings of  Singh et al., (2011) in lablab. However, the negative 

effect of these two traits is cancelled by positive indirect effects through other traits. 

The overall positive association (sum of direct and indirect effects) of plant height, days 

to flowering and maturity and yield suggests that there will be a problem when 

combining dwarfness, earliness to flowering and maturity with high seed yield. 

Development of early maturing lines is suitable for drought prone areas or where early 

cessation of rainfall is prevalent. Short determinate lablab lines would fit an 

intercropping system.  

The advanced determinate inbred lines used in this study had substantial genetic 

variability. Plant characters such as seed weight per plant, pods per plant, pod width 

and plant height had high heritability coupled with relatively high genetic advance in 

F5 determinate inbred lines. There was significant positive correlations between number 

of pods per plant, raceme per plant, plant height, pod width, pods per raceme and 

number of flower nodes. The same traits also had high direct and indirect effects on 

seed yield. These traits could therefore be used as suitable selection criteria for effective 

improvement in yield of determinate lablab genotypes.  
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CHAPTER EIGHT 

General Discussion Conclusion and Recommendation 

Lablab is a grain legume crop that is commonly grown in Africa and India. In Africa, 

lablab has remained neglected and underutilized despite the crop being well adapted to 

semiarid areas which are characterized by food insecurity. In Kenya, farmers grow 

landraces which are inherently low yielding and have other undesirable attributes like 

long maturity duration and indeterminate growth habit. Comprehensive understanding 

of the genetic diversity and population structure is important to identify genotypes 

suitable to be used as parental materials in breeding programs. The availability of novel 

tools such as molecular markers which are suitable for germplasm characterization and 

marker assisted selection are necessary for successful crop improvement efforts.  The 

study on genetics and association among important traits would assist in identifying the 

best strategies for identifying and selecting lablab for breeding purposes.  

This study was therefore focused on generation of new genetic information and 

molecular marker tools for breeding of early maturing determinate lablab varieties in 

Kenya. 

The following research areas were investigated: 

 To identify new lablab derived simple sequence repeat (SSR) molecular 

markers and their characterization. The markers form additional molecular 

tools for use in the genetic diversity, population structure and genetic 

analysis of the crop.  

 To assess the genetic diversity of some local and introduced lablab 

accessions using the new SSRs markers. This would aid in selecting of 

parental materials for future breeding and conservation efforts. 
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 To determine the genetic diversity and population structure of some 

worldwide lablab accessions based on two ultra-high-throughput diversity 

array technology (DArT) markers (Silico DArT and SNP). This would 

provide some additional variety of molecular markers and generate further 

information on the dissimilarity of local and regional lablab germplasm.  

 To analyze the genetics of earliness to maturity and growth habit in lablab. 

This would help in identifying best selection strategies for developing these 

traits.  

 To determine the genotypic variability for yield and other agronomic traits, 

and the association among traits of determinate lablab. This was done to 

evaluate the level of genotypic variability, estimate the genetic advance 

possible and identify yield related traits with the aim of selecting suitable 

determinate early maturing varieties in Kenya.  

The following studies were undertaken to address the above mentioned objectives. 

To address the problem of inadequate molecular markers in lablab, new simple 

sequence repeat markers were developed (Chapter 3). Total RNA was extracted from 

young leaves and terminal shoots, mRNA isolated and sequenced. The generated 

sequence reads were assembled, screened for microsatellite, primers designed from the 

flanking sequences of SSR and synthesized by Europhin MWG Operon Company.  

To understand the usefulness of the new SSRs in classifying lablab germplasm, eight 

SSRs were used to discriminate 189 lablab accessions (Chapter 4). The accessions 

included both the local Kenyan collections and those originating from other countries. 

DNA was extracted from leaves young leaves and PCR amplification carried out. The 



201 

 

 

 

PCR products were size separated using 6% PolyAcrylamide gel (PAGE) and viewed 

under UV light in a gel box.  

To further understand the genetic diversity of lablab germplasm, DArTseq based 

molecular markers were developed and used to genotype the accessions (Chapter 5). 

The accessions included both the local Kenyan collections and those originating from 

other countries. DNA was extracted from leaves young leaves and samples sent to 

Diversity Array Technology (Canberra Australia) for DArTSeq analysis.  

The fourth part of the study (Chapter 6) was to understand the genetic inheritance of 

growth habit and other qualitative traits and their linkage in Kenyan local lablab 

populations. The inheritance of traits (growth habit, flower colour, stem anthocyanin 

and flower initiation) was studied in six F2 populations and F3 families in two varying 

growing environments (Thika and Kiboko). 

The last part of the study (Chapter 7) was conducted to obtain phenotypic and genetic 

variability, heritability estimates, expected response to selection and character 

association of several vegetative and reproductive characteristics of lablab lines with 

determinate growth habit. Forty lablab F5 lines and variety with determinate growth 

habit were evaluated at Machakos and Thika environments in replicated trials.  

8.1 Molecular markers development  

In the first study (Chapter 3) 145 SSR markers were designed from lablab transcriptome 

and 75 were tested for amplification on lablab genome. A set of 70 (93.3%) SSR 

markers were found to consistently amplifying the lablab genome suggesting that the 

approach used to design and develop the markers was quite effective. In the second 

study (Chapter 5) a total of 15,601 polymorphic DArT markers were identified in a set 
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of 240 lablab accessions. In addition, 11,431 DArTSeq SNP markers were also 

identified. The quality of the DArTSeq markers developed in this study were high based 

on their high average genotype call rate and reproducibility (>91%). This suggest the 

reliability of these markers in genetic analysis. These markers could therefore be useful 

tools for genetic diversity, population structure analysis and marker assisted selection 

of lablab. 

8.2 Genetic diversity and population structure based on SSR, DArT and SNP 

markers  

Eight preselected polymorphic SSR markers were used to study the genetic diversity of 

lablab accessions. Based on the 8 SSR loci, moderate genetic diversity was revealed 

among the 189 worldwide lablab accessions. The average expected heterozygosity was 

moderate at 0.38. However, evaluation of the same genotypes using thousands of both 

the DArT and SNP markers revealed a narrower genetic diversity. The expected mean 

heterozygosity (He) was low for both DArT (He = 0.030) and SNP (He= 0.039). In 

other words, the three molecular markers types had varying capability in estimating the 

genetic distances of the germplasm. This can be attributed to the varying number of 

markers used and due to the fact that different types of molecular markers target 

different regions of the genome. However, although the clustering of germplasm was 

not exactly the same for the three markers, accessions with closely related accessions 

were grouped together. For instance, the accessions belonging to subspecies 

unicinantus were always grouped together while using different markers. This 

consistency of clustering of accessions suggest that the three types of molecular 

markers (SNP, SSR and DArT) developed in this study were highly reliable for genetic 

diversity of lablab.  
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Classification of lablab germplasm based on the three marker types showed that the 

accessions originating from Kenya were diverse and were split across all the clusters of 

the phylogenetic trees. However, majority of the accessions which were collected from 

the farmers’ fields and local markets were not distributed in all the clusters. This 

indicate that though the lablab germplasm in Kenya is a fair representation of the 

diversity existing in other regions of the world, the current cultivars by farmers are of 

narrow genetic diversity. The local breeding program should therefore target to use both 

the accessions at the gene bank of Kenya and the introductions from outside the country 

to improve the farmer’s varieties. The breeding program should in particular target the 

accessions from Ethiopia and South Africa populations which recorded the highest gene 

diversity in this study. Based on the SSR loci, the present study was able to develop a 

core collection that represent a set of diverse materials that are of priority to the local 

breeding program.  The core collection that contained 45 accessions was grouped into 

three clusters with majority of the accessions from Kenya clustered in group 1 and 2. 

This indicate that successful improvement of local materials should target the exotic 

materials in cluster 3 as parents for cross breeding. Majority of the accessions in cluster 

3 belong to subspecies unicinatus implying its importance as a source of high genetic 

diversity for crop improvement. 

8.3 Genetic inheritance of growth habit and other important qualitative traits in 

lablab 

Genetics of growth habit and other qualitative traits were studied in three generations 

(F1, F2 F3) of eight lablab populations. To further understand the inheritance pattern of 

growth habit in lablab under different altitudes, six F2 populations segregating for 

growth habit were studied under Thika and Kiboko environments. Chi square (χ2) 
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statistical procedure was used to determine inheritance pattern of these qualitative traits. 

Chi-square statistic measures the deviations of the observed frequencies from that of 

expected frequencies. Joint segregation of pairs of qualitative traits (growth habit, time 

to flowering, stem anthocyanin and flower colour) was conducted to detect any possible 

linkage of traits.  

The findings from this study suggest that segregation of stem growth habit of F2 lablab 

populations under Thika environment fitted to the expected ratio of 3:1 while the 

segregation fitted to a ratio of 57:7 under Kiboko environment. Stem growth habit in 

lablab is therefore controlled by three genes, one basic and two complementary genes 

which are temperature dependent. At high temperature (could be above 300C) the two 

genes are activated while lower temperature deactivate the genes. Similar reports were 

made by Keerthi et al., (2014) in lablab, who observed that growth habit was under 

control of three genes (GH1, GH2 and GH3 ) with GH1  being independent while GH2 

and GH3 were complementary.  Kim & Okubo, (1995) had previously observed that 

high temperature of above 300C or/and long photoperiod (more than 13 hours) caused 

a shift of lablab stem growth habit from determinate to indeterminate type. We therefore 

suggest that selection for determinate growth habit to be done in early generations and 

under high temperature conditions (> 300C). This is because once identified at early 

generations, the determinate stem growth habit will be fixed and therefore will breed 

true to type in later generations. Selection of determinacy under high temperature 

conditions is useful for picking against those progenies which would express as 

determinate under low temperature but show indeterminate growth habit under high 

temperature. 
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Our results indicated that a single dominant gene was associated with the presence of 

purple flowers which was consistent with that of Keerthi et al, (2016). The segregation 

of stem anthocyanin in F2 population fitted to a ratio of 9:7 suggesting the trait is under 

control of two genes with complementary epistasis. The segregation of the F2 progenies 

revealed a monogenic inheritance control for days to flower initiation with the early 

flowering being recessive to late flowering. Previously, Keerthi et al., (2014) and 

Keerthi et al., (2016) had also reported monogenic control of flowering time in lablab 

while four non-allelic genes (ef-1, ef-2, ef-3, ef-4) were responsible of controlling 

flowering time in chickpea (Gaur et al., 2015). With the understanding that anthocyanin 

pigmentation and purple flower colour are completely dominant to absence of the 

pigmentation and white colour, breeders can use these traits as morphological markers 

to identify the true F1 hybrids and remove the selfed plants even at early growing stage.  

Distorted segregation from the expected ratio of 9:3:3:1 was observed between stem 

growth habit and time to flowering of F2 populations suggesting possible linkage of the 

trait pairs. The recombination fraction which is an indicator of possible number of 

synapsis between the traits was small (0.05 and 0.14) further indicating possible 

linkage. The short (less than 15cM) mapping distance estimated between the two 

characters further supports a possible linkage.  This implies that lablab breeders can 

indirectly select for early maturing progenies using the more easily observable 

determinate growth habit trait. The parent KDD used in this study could be a good 

source of gene for earliness to flowering and determinate growth habit in Kenya. This 

is because besides having determinate growth habit, it flowered earlier that the local 

accessions. Integrating this accession into the breeding program can improve the local 

cultivars for earliness to maturity.  



206 

 

 

 

8.4 Genetic variability, heritability, genetic advance and character association of 

determinate lablab lines 

In the present study, investigation was carried out to obtain phenotypic and genetic 

variability, heritability estimates, expected response to selection and character 

association of several vegetative and reproductive characteristics of lablab genotypes 

with determinate growth habit. Forty lablab F5 lines and an accession with determinate 

growth habit were evaluated at Kenya Agricultural and Livestock Research 

Organization, Katumani Centre in Machakos and Kandara Centre in Thika, Kenya 

during 2017 using a randomized complete block design with two replications. Measures 

of variability such as genotypic coefficient of variability (GCV), phenotypic coefficient 

of variability (PCV), broad sense heritability (h2), and genetic advance (GA) based on 

percentage of the mean were estimated. Heritability (h2B) expressed as the percentage 

of the ratio of the genotypic variance (Vg) to the phenotypic variance (Vp) was 

estimated based on the genotypic mean. Pearson correlation coefficients (r) was used 

to determine inter-relations between the quantitative characters.  The direct and indirect 

relationship of 10 lablab characters, (100 seed weight, pod per plant, raceme per plant, 

pod length, pod width, pods per raceme, flowering nodes per plant, plant height, days 

to 50% flowering and days to maturity) with single plant grain yield was determined 

using path coefficient analysis as demonstrated by Dewey and Lu (1959) and Dabholkar 

(1992). 

Significant differences were observed among the genotypes for grain yield and most of 

its secondary traits. This suggest that introgression of  determinate growth habit into 

the local accessions can produce diverse progenies from which plant breeders can select 

those progenies which combine both the determinate growth habit and other desired 
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traits like high grain yield. Most of the F5 progenies were early to flower and mature 

with the mean number of days to flowering ranging from 50-55 days and maturity 

period ranging from 99-100 days (Table 7.3 and Table 7.4). This indicates that selection 

of determinate growth habit in lablab can result in selection for early flowering and 

maturing genotypes. Earliness to flowering and maturity has been reported to be linked 

to determinate growth habit in some legumes ( Keerthi et al., 2014; Repinski et al., 

2012; González et al., 2016).  

The magnitude of the genotypic variance for seed weight per plant, 100 seed weight, 

pod length, pod width and days to maturity yield components were consistently higher 

than their respective environmental variance in both sites. This implies that significant 

improvement for these traits can be achieved through phenotypic selection ( Manggoel 

et al., 2012). Progress from selection depends on the availability of genetic variability 

in the population and selection is more effective when there is high genetic variation in 

relation to environmental variation.  

Most of the characters recorded moderate broad sense heritability of more than 0.5 at 

both sites. High heritability coupled with relatively high genetic advance as percent of 

mean was observed for seed weight per plant, pods per plant, pod width and plant height 

(Table 7.3 and Table 7.4). This suggest that these traits are under additive gene action 

and selection based on their phenotypes will be effective. Moderate to high heritability 

coupled by low genetic advance as percentage of mean was observed for days to 50% 

flowering and maturity. The low genetic advance of these two maturity related traits 

could be as a result of the small phenotypic variance of the test materials, influence of 

non- additive gene action or considerable influence of the environment. This suggests 

that based on the evaluated determinate lablab lines in this study, days to flowering and 
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maturity characters can only be partialy improved through phenotypic selection. Other 

sources of earliness to maturity should be included in the crossing program to create 

and select transgressive segregants which are earlier maturing than their parents.  

Pearson correlation coefficient analysis is one of the most commonly used measure of 

association between variables. It describes the direction and degree to which one 

variable is linearly related to one another.  Pods number (r = +0.87)  and raceme number 

(r = +0.81)  seems to contribute significantly to seed weight per plant which suggests 

that indirect selection for grain weight per plant can be effectively realized by selecting 

for the number of pods and raceme. Other traits with moderate to low significant 

positive correlation with grain yield per plant include days to 50% flowering, maturity, 

pod width, plant height and flowering nodes per raceme. This suggests that those lines 

which, flowered and/or matured late, with longer stem height, many flowering nodes 

and many racemes and pods produced high grain yield. 

Path coefficient analysis revealed that the number of pods per plant had the highest 

direct positive effect on seed yield per plant. Moderate positive indirect effect on seed 

yield through pods per plant was detected for raceme per plant, pods per raceme, 

flowering nodes per plant and plant height. This suggest that selection of high number 

of units of these characters can be effective in selection of high seed yield in determinate 

lablab genotypes. The overall positive association (sum of direct and indirect effects) 

of plant height, days to flowering and maturity and grain yield suggests that there will 

be a problem when combining dwarfness, earliness to flowering and maturity with high 

seed yield. 
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The study has established that 

 Introgression of determinate growth habit trait in accession KDD into the local 

lablab accessions can produce determinate progenies with wide genetic 

variability.  

 The plant characters; number of pods per plant, raceme per plant, plant height, 

pod width, pods per raceme and number of flowering nodes per plant are useful 

traits for selection of high yielding determinate lablab based on their high 

heritability, high genetic advance, direct and indirect effects on seed yield per 

plant. 

 The overall positive association (sum of direct and indirect effects) of plant 

height, days to flowering and maturity and grain yield suggests that there will 

be a problem when combining dwarfness, earliness to flowering and maturity 

with high seed yield. 

8.5 Conclusion  

 This work has confirmed that it’s possible to develop large number of useful 

molecular markers for underutilized crops such as lablab using the next 

generation technology.  

 It has been confirmed that substantial genetic variability, the foundation of 

breeding exists in the available local and exotic lablab accessions.  

 Majority of the accessions currently cultivated by the farmers in Kenya 

(Farmers collection) are of narrow genetic diversity and therefore will require 

to be improved with the materials at the gene bank of Kenya and exotic 

materials from regions such as Ethiopia and South Africa.  
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 Wild accessions (sub species unicinatus) is a major source of genetic diversity 

in lablab and should be included in the breeding programs.   

 Growth habit in lablab is controlled by three genes, one basic and two 

complementary genes which are possibly dependent on temperature. 

Pyramiding determinate growth habit, early flowering, and other desirable 

characters is possible in development of genotypes with better adaptation to 

growing environments.  

 After hybridisation, identification of high yielding determinate cultivars is 

possible through selection of high units of number of pods per plant, racemes 

per plant, plant height, pod width, pods per raceme and number of flower nodes.  

8.6 Recommendations  

The following recommendations were made: 

1. Development of large number of lablab genic SSRs markers using 454 

pyrosequencing approach will require at least a full Pico Titer plate run in order 

to capture and sequence large number of cDNA fragments from where the 

microsatellites will be mined.  

2. The large number and different types of molecular markers developed here 

could be useful to design a saturated lablab genetic map. To develop diverse 

mapping population, crossing should be done between accessions belonging to 

subspecies unicinatus and purpureus.  

3. Majority of the accessions currently cultivated by the farmers in Kenya are of 

narrow genetic diversity and therefore will require to be improved with the 

materials at the gene bank of Kenya and exotic materials from regions such as 

Ethiopia and South Africa. 
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4. Morphological characterization of the the genotypes identified to form the core 

collection in this study should be done to identify the unique traits in them which 

could be utilized in improvement of the local lablab cultivars.  

5. The subspecies unicinatus is a major source of genetic diversity in lablab and 

should be included in the breeding programs to develop more adapted cultivars.   

6. Further research should be carried out to determine why there was low wild (sub 

species unicinatus) genotype call rate for most of the DArTSeq SNP markers.  

7. The accession KDD is a good source of gene for earliness to flowering and 

determinate growth habit in Kenya and therefore it’s recommended to be 

integrated into the breeding program to improve the local cultivars for earliness 

to maturity and stem determinacy.  

8. The study confirmed that the genes controlling growth habit and flowering time 

in lablab are closely linked. Therefore, indirect selection for early maturing 

progenies using the more easily observable determinate growth habit trait is 

possible. Pyramiding determinate growth habit, early flowering, and other 

desirable characters is also possible.  

9. Growth habit in lablab was found to be controlled by three genes, one basic and 

two complementary genes which are environmental dependent. Further 

investigation on the environmental conditions responsible for shifting 

determinate to indeterminate growth habit in lablab should be studied in Kenya.   

10. Molecular markers linked to growth habit in lablab should be identified to assist 

in selection of plants with determinate growth habit phenotype during the 

breeding process. 
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11. Identification of high grain yielding determinate lablab cultivars is possible 

through indirect selection of high units of number of pods per plant, racemes 

per plant, plant height, pod width, pods per raceme and number of flower nodes. 

12. The promising F5 determinate lines need to be advanced through to F7 and the 

high yielding lines tested in multiple environments with a view to release the 

best adapted lines to the farmers 
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APPENDICES 

Appendix I. The names, sequence, motif and expected product sizes of the developed 

lablab derived SSR primers 

Primer  

name 

Forward primer Reverse primer SSR 

type 

SSR motif Expected 

Product 

size in bp 

LabRRT 1 TGGATTCTACAGTTTC

GATGACGA 

GTCAGACGGTGGTTTC

TGCCTTAT 

p3 (GAC)6 91 

LabRRT 2 GCCATGTTCTGAAAG

ATGTAACAGTG 

GGCAAGCAGTCATATC

CAGAAACT 

p4 (AAAG)5 183 

LabRRT 3 GGCATGGTGAAGATT

GAAGAAGAG 

AGAAGCAGAGGACAG

GTGAATTGT 

p4 (AAAT)5 275 

LabRRT 4 TACTGTTCATCTCCAC

AACCCTCA 

CTCATCGTAGGCAATC

CTTCAGTT 

p4 (AACA)5 272 

LabRRT 5 GACAGCAGCTCTAGC

TCTTCGAGT 

CCTCAGTTTCGACAAC

CTCAACTT 

p3 (AAG)6 136 

labRRT 6 TTCAGCCTGCTCCTG

AAGTT 

CAGCTGCCTTAGCCTT

TGAG 

p3 (AAG)7 243 

LabRRT 8 TCAGAACTCTACTTTC

TGAGCTTGA 

ATCATACAGTCCGTGT

TGTTCG 

p3 (AAG)9 168 

LabRRT 9 TAGCTCTGTGTAAGA

TGTGCTGCT 

AGATTTGGTGAGAACT

GTGCCTA 

p3 (AAT)6 184 

LabRRT 11 CGGCGATATTACGAC

TCTAACTG 

AACACCTCTTGCCAGT

AATTCTCT 

p3 (AAT)7 253 

LabRRT 12 GGGATATCTCCTTGG

TTATACTGG 

GTAAAGAAGCCTCAAT

TCTTCTGC 

p3 (AAT)8 247 

LabRRT 13 GTCCTCCTTTACAGA

AAGGGTAGC 

GGAACAGCAATCAGA

GACAGAATA 

p2 (AC)7 198 

LabRRT 14 CTAAATCCCAAGCAC

ATAAACTCC 

CTACCCATTATTTGCT

TTGAGACC 

p2 (AC)9 152 

LabRRT 18 TGGGGATCATTCAAC

TAACTTCTC 

CTCCACAACTCCAACA

CTAACAAC 

p3 (ACT)8 188 

labRRT 19 AATTGACAAGTGCTC

TACCGAATC 

GAGGAAGCAACAGAT

ATTGGAGTT 

p4 (ACTT)5 320 

LabRRT 20 AACAGCCAAACGAAA

CTAAGTCAG 

CTACCAGAATAATGGC

TAGTGCAG 

p2 (AG)10 336 

LabRRT 21 CGCCAATTAGCAAAG

TGAGAAT 

AAACGTCAAAGAGTC

GGATTGT 

p2 (AG)10 174 

LabRRT 22 CAAGATTTGCGGCAG

AGTAAACAG 

ACGAGAGTCTGAGAC

CTGCCTTC 

p2 (AG)11 302 

LabRRT 23 GGGAGTGTGAAATAG

AGAATCAGTT 

CAGCACTATCCACACC

TGCAATAC 

p2 (AG)12 136 

LabRRT 24 GGAAACAACGAGCAT

CAAGAGAAC 

AGGCAAACTAACAAG

GTGAACAGG 

p2 (AG)7 214 

LabRRT 25 CCACAAATAACCCTC

CATTCATTG 

TCTGCCTCACAGTCTA

TGGGATCT 

p2 (AG)7 301 

LabRRT 26 AGCAAGCACGACGAG

TAGGACTAA 

CAGATGAACTTGATTG

CTTCCAGA 

p2 (AG)7 321 

LabRRT 27 GATAGGATCCTGAAA

TGCGGACT 

ACCAACTCAGCCATCG

TAACAACT 

p2 (AG)7 105 

LabRRT 28 AATCGAACAAAGTGA

AGTGCCTTG 

AAATAGCCTCCAACTT

CTCCCACT 

p2 (AG)8 96 

LabRRT 29 ACAGAGCAGAAACA

GCTGCACTT 

GATTCAAAGGAGGGA

AAGTGTGAA 

p2 (AG)8 187 
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LabRRT 30 GCAGTTGTGAGACAC

AGAAATTAAGC 

CGAAGGAGGCAACAT

TACCTAGAA 

p2 (AG)8 182 

LabRRT 31 CAGAGCTGTTGGAAA

TACGAGGTT 

GCAGAAGAACAAGCA

GAAATGGAT 

p2 (AG)9 271 

LabRRT 32 CCTTCTCCACCCAAG

AAACAAG 

ACGAACACGCGTCTGT

AATCCT 

p3 (AGA)6 311 

LabRRT 33 ATTATGGCTATCCAT

CCAGAAGCA 

AGAGGCTTGTCAACGT

GGTTACTC 

p3 (AGA)6 325 

LabRRT 34 GACCACTACACCAAA

CGCAACTTA 

TTCATCTCTGAGGATT

GGTTTTCC 

p3 (AGA)7 108 

LabRRT 35 GAGGGTCGAGATCTC

ATGATCG 

ATTGGCTAGCAACCCA

TCTTCA 

p4 (AGAT)6 101 

LabRRt 36 CcAcACGTCATCGCTA

TCAG 

tTgGGtTGATTCtgAGTg

GA 

P2 (AG)9 120 

LabRRT 37 CGAAGAATGCAATCG

TTATCGT 

TCCGAACCCAGCAACA

GTAAAT 

p3 (AGT)6 89 

LabRRT 38 CGAAGATTTGCGTCG

TAATTTG 

GACAAGTGCTCTACCG

AATCAGC 

p4 (AGTA)5 125 

LabRRT 39 CCTTTGGAATTCTCCA

TTCCATC 

TAAGGCTGTGAGAAC

AGGCACAG 

p3 (ATC)7 150 

LabRRT 40 GCTCAGCCTCGGAGT

TACTTGTAG 

AGAGGACACCATCACT

CCATCAC 

p3 (ATG)10 148 

LabRRT 41 CGAGAATGTCGGCTT

GAGTTTC 

GCACTATCACTGCTTT

GTTCGTCT 

p3 (ATG)6 180 

LabRRT 42 GTTGCCGTAGAATAA

AGACGTTGC 

GCGATTCAAACCCAGA

TTTACAAC 

p3 (ATG)7 245 

LabRRT 43 GTTCAGCCACCAAAT

TACTCGTTT 

CCATTCAGTATTCTTT

CCATCCACA 

p5 (ATGAC)

6 

117 

LabRRT 44 AAGCTTCGTTGTTTCT

GCGATTAG 

CGAGCTTTAAACCAAT

CAGGACAC 

p3 (ATT)6 92 

LabRRT 45 TTGGTGGTAGAAGTT

AAAGTGGAAG 

TTAGTGTCATCAGAAG

TACCTGCTA 

p3 (ATT)7 145 

LabRRT 46 TGCGTCTTAGCCAGT

GTAATTTTC 

GAACAATTGCTCATCA

CCTAGCAA 

c (CA)7tc(T

A)7 

80 

LabRRT 47 TTTGTACTATTGGGC

ACACTCCAA 

TCAAGCATTCCTCTAT

TACAGCAGA 

p3 (CAC)6 302 

LabRRT 48 GTCTCCTTCAACTGTG

TCCACTGA 

TCAATCGTTGTTGGAA

GAGGGTAT 

p3 (CAC)6 187 

LabRRT 49 CATGCTCTCAAGCTG

TTCATCAAT 

GAGTCCAACGTTGTTA

GCGAGAGT 

p6 (CACCA

A)5 

234 

LabRRT 50 TCACAGAGCCAAAGA

CAAACTCA 

GATGAGGAGCCTCGTT

GAATTG 

p4 (CACG)5 138 

LabRRT 51 GTGGTGACAAACcAG

AGATTGATG 

AATTCCCAGATCACgG

TCAATAAC 

p3 (AAT)6 123 

LabRRT 52 CAGGTTTGTGATTCG

CATGAGTC 

TGGTGACTATTCATGA

TGGGAATG 

p3 (CAG)6 93 

LabRRT 53 GGAAGAACTAAGGTC

ATCATGC 

GATCGCAATGATCTTC

CAAAGG 

p3 (CAT)7 176 

LabRRT 54 GAGTAGTCCAAAGAA

AGGGTGAA 

TTTCAGGAATTGGGAA

CAATGG 

p4 (CATG)5 293 

LabRRT 55 CACGGTCTCTACCAC

CTCCATAAC 

CAGATAAGGGTGGAG

ATCCTGAGA 

p3 (CCT)6 279 

LabRRT 57 CGAAGCAAAATAATG

GGTGTGAGT 

GGCCTTTCAACAGTAC

CAAGTTGT 

p2 (CT)10 335 

LabRRT 58 TGTTTGTTGTGTCGGA

ACTGTTG 

GGTGTTGAGACTGATG

GAGATGG 

p2 (CT)11 275 

LabRRT 59 AAGATGATGAAGCCA

GTGCAGAG 

CATCAATCTCAGTCAT

CATCCTCA 

p2 (CT)12 129 
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LabRRT 60 CTAACCTTGACCGCC

TTGaGAGT 

CCAATCaAGATcCAAA

TCATGC 

p2 (CT)7 106 

LabRRT 61 TGCGAGGCTCTTTTG

ACTCTACTT 

AGTTATTCCACTGCAT

TGCATCCT 

p2 (CT)7 303 

LabRRT 62 TCCGACTCCTACGAT

AGTGCCTAC 

GATCAGGAGAGGGAC

AGAATACGA 

p2 (CT)7 148 

LabRRT 63 GACATGTACAGTCTT

TGAGAAAGC 

TGGCCTTGAACTCAAG

ATACAACC 

c (CT)7(AT

)7 

333 

LabRRT 64 AGGATGGATTTAGAA

ATGGGAAGC 

GCTGAACACAGCTAAC

AATCATGC 

p2 (CT)8 251 

LabRRT 65 ACTGGTTTTCCCTTGG

TTCATGT 

GGCCCGTATGTTATAG

CCAAAAG 

p2 (CT)8 202 

LabRRT 66 ACGCCTAGAGGCTTA

TGATGAACA 

CATGTTCTCCATTTAG

GGTTCCAA 

p2 (CT)9 146 

LabRRT 67 TCGACTCAGCTACTC

AACAACGAC 

ACGAACATGGGTATGT

GCTTTGTA 

p2 (CT)9 164 

LabRRT 68 TTCAGAACCTCGTCA

TCCATGTT 

GGAAGAATTGGGATG

GATTTGAG 

p5 (CTATG)

6 

326 

LabRRT 69 CCGGAACCACTTCCT

AGTCGTAA 

AATGGGATCTCGTCTC

TGGATCT 

p3 (CTC)6 209 

LabRRT 70 TGGAAGTACAAGCAT

TAACCAACG 

ACTGAGAACCAAAAC

CATGAGGAA 

p3 (CTG)6 308 

LabRRT 71 CTTTAACAAAACACG

CGCCAAC 

AACGACAGTAGGAAC

CCTCCTTG 

p3 (CTT)15 162 

LabRRT 72 GGTGGCATAATAGTC

CTCGTCATC 

TTACTGTGAGTTGGAT

TGGGAATG 

p3 (CTT)6 249 

LabRRT 73 TCAGTCTTCTTGTGCC

CTGGTAG 

AGAGAAGCCTCAGGA

AGAGGTGA 

p3 (CTT)6 312 

LabRRT 74 CATTGTTTGTTGTGTC

GGAACTGT 

AGGAAAATACCAATG

CAGAGTCCA 

p3 (CTT)6 117 

LabRRT 75 ACTGAAGTGCAACCC

CTATTTCC 

GTTCTGCTTCACCTTC

CGAAACT 

p3 (CTT)7 307 

LabRRT 76 GGGAGGTAATTTTCA

ACGATTCC 

GGAAAATTCTAGGCCG

AAGATCA 

p3 (CTT)8 217 

LabRRT 77 AGTTTAGCACACCGA

TCAAATGGT 

CACAAACCTCCATTAC

TCTCAGTCA 

p3 (CTT)9 156 

LabRRT 78 TGCTCGTCATTTGAG

CTAAGTTTG 

AATGAGTGAATGCAG

CAGCAGTAG 

p6 (CTTTTC

)5 

228 

LabRRT 79 TAAGCCACTTTCACC

GGAGTGTAT 

TCTAATTGTAATGCTG

CCCTGAGA 

p2 (GA)10 202 

LabRRT 80 GGCGGAGAATCAAAA

TTAGGAGTA 

AGTGCCCAATTCTCTT

CCAAGATT 

p2 (GA)7 167 

LabRRT 81 ACCTTTTCTGGGCAT

AAATCAAGC 

GGAAGGAAGACGAGT

GATTGAAAC 

P2 (GA)8 336 

LabRRT 82 AGGGAGCTGAAACTG

ATGTTTGAC 

TTTACCTTGATCCCAA

CTCATTGC 

p2 (GA)8 139 

LabRRT 83 ATAAGAAGATCGCTT

GTCGCCTTC 

TCTGAGTTTTGGGTCG

TTTAATCC 

p3 (GAA)7 150 

LabRRT 84 CAGTCGAGGGAACGG

TTAATCTG 

GTACATGGGGATCTTC

ACCACAAT 

p5 (GAAGA)

5 

149 

LabRRT 85 ACGAAGAGGATTTTG

ATGACGAAG 

AGCCAAACAACTTCAC

AGGGTAAT 

p3 (GAG)7 287 

LabRRT 86 ATGATGAAGATGATG

AAGCCAGTG 

TGGAGCCAACAAAAG

AAGAGATTC 

p3 (GAG)7 223 

LabRRT 87 TTATCCAGTGCTGAA

AAGCTCCAT 

AGATAATAGCCACCCT

CACCAACA 

p3 (GAG)8 284 

LabRRT 88 TGAACAGAAAGACGA

TACGGATGA 

AGATAGCTCCACCTGC

TTAACACC 

p3 (GAG)8 333 
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LabRRT 89 GTTATCTGGGTTGGTT

GCAGTTG 

AGGCTGGTAGGGAGA

TCTTGTTG 

p5 (GAGAA)

5 

225 

LabRRT 90  

ATAACTCTGGCTCGC

TCTGTGG 

GTGCATTTGATTTGGT

GGGAAA 

p4 (GAGT)5 232 

LabRRT 91 GGTGGCATAATAGTC

CTCGTCATC 

TTACTGTGAGTTGGAT

TGGGAATG 

p3 (TTC)6 255 

LabRRT 92 CTCATTGGCGAAATT

CTCAGGTA 

TCTTCACGTAACCACG

GTAGGATT 

p6 (TATATC

)7 

249 

LabRRT 93 CCGAGTTAACCAGCT

GGACTGTA 

CACTCCAACAAGTTCA

ATCAACCA 

p3 (GAT)6 109 

LabRRT 94 GGTGACACAGCAAAG

ACAACCTAA 

CGTTATAATCAAGTAC

AGGGTCTCACA 

P3 (GAT)7 299 

LabRRT 95 GTTGGTGGCCCAATA

TGAATATGTA 

CTTGGCTTAAGGACAC

TCCATCAC 

p3 (GCA)6 204 

LabRRT 96 TGAAGAGCTCAGAGA

AAGGGCTAA 

GCGTTCAAAACCGTGT

AAGTTCTC 

p5 (GCATA)

6 

251 

LabRRT 97 CTCAGCTCAAAATGA

GGCTACTGATAA 

TTGCAGAAGGGTACAC

ATTAAGACTTC 

p3 (GCT)6 112 

LabRRT 98 AAAGGGAAAAGAGA

GTGGTGGTG 

AATCCAACCAAGTTGT

CCAGTGA 

p3 (GGT)6 167 

LabRRT 99 TAGAAGCAGGGGTTT

TGGGTTT 

CAAGCAAGATTACCCA

CATGGA 

p3 (GGT)7 230 

LabRRT 100 GGATATCTGGCTGAA

CCTAACTGT 

TAGCTTTAGAGGCCAT

ACTCATCA 

p4 (GGTT)7 228 

LabRRT 101 CAGCTCAAGTCTGAC

TAATCCAAA 

ATCAATGGAACGGAG

TACTTCAAC 

p2 (GT)10 251 

LabRRT 102 TGTACTAATGAGAAG

GCATGCAAC 

CCCTACTCATGTGACC

TAATTGCT 

p3 (GTG)6 244 

LabRRT 103 GATGAAAGAACCTCA

AAGCTTGTC 

GTATAAACCCTTCTAC

CATGAACAG 

p2 (TA)10 206 

LabRRT 104 CTCTCACGCTAGAAG

CAGATGTAG 

CCCTTGTCATACATGT

GGAATACT 

p2 (TA)10 352 

LabRRT 105 ACAACACTCGGAAAC

CGTTACATT 

CACCACCTCCAACTTC

TACGGTTA 

p2 (TA)11 168 

LabRRT 106 CACCACCTCCAACTT

CTACGGTTA 

TGACCTCCATTATGGG

ATTCAGAT 

p2 (TA)12 197 

LabRRT 107 TACCACCAATTCATC

TTGAGAGCA 

TAGGGTCAAAGGACA

AACATTTCC 

p3 (TAA)6 193 

LabRRT 108 CTTTCCAATGAAGAT

CACCTTTCC 

CCGGCGATATTACGAC

TCTAACTG 

p3 (TAT)6 300 

LabRRT 109 GTGCAAGAAGATCAA

ATCCCAAAC 

CAGACCAAACTTCCCA

GCTTCTTA 

p3 (TCA)6 258 

LabRRT 110 GTTGAGTCGCAGCTG

AACTTGAT 

GAAGGAGTTGCAAAA

GCAAGAGAG 

p3 (TCT)6 277 

LabRRT 111 GCAGCAGCAGCAACA

AGTAAAAC 

AACTCAAGGAAGGGT

CGTTTCAG 

p3 (TGG)6 288 

LabRRT 112 CATAAGGGAAAGGG

ACTTTGACAG 

TCAAAACTGTCATCAC

TCCAAACC 

p3 (TGG)8 153 

LabRRT 113 TCGTGGTGACGAGTC

AAATTTCT 

AGAACGTATGGATCA

AAGGCAGA 

p4 (TGGT)5 239 

LabRRT 114 TGGTAGGTGAGGAGG

CCATAGTTA 

TCCACGTCTCAACTAG

TGGTCATT 

p4 (TGTA)5 157 

Lab T1 ACCAGAATGGTTTCT

CAAGTTCCT 

GGTGAACCTTCCTACA

CCATGACT 

p2 (TA)7 273 

Lab T2 GTGCGCGTCACTTAT

TAGTTCTTA 

CAATATCTTCACGTAA

CCACGGTA 

p6 (TATATC

)7 

224 
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Lab T3 CAGATCGATTGGTagC

TGGATTtC 

CCTCCTTACAGAAAGG

GTAGCCTAGT 

p2 (TG)7 194 

Lab T4 ATGTTTGGATGTACG

TGATGGTTG 

TCTTGAAATTACATCT

CCTGCTTGC 

p3 (TTC)7 206 

Lab T5 CGGTTGTTTCTAATA

AGCCTGGTC 

GACAACCAAACCACA

CATGTACTGA 

p3 (TAT)8 194 

Lab T6 TCAATCGTTGTTGGA

AGaGGGTAT 

GTCTCCTTCAACTGTG

TCCACTGA 

p3 (TGG)6 187 

Lab T7 CAGCAGTGTTGCCTC

ATACAGAAC 

TGTACTTAGCCAAGAT

CAGGCACA 

p3 (ATG)6 188 

Lab T8 ATGATTCGGGAACTC

TGTTGAGTC 

 

CATCTTTCTATTCCTG

GTCCaACC 

p3 (TCT)6 216 

Lab T9 AACAAGCAGAAATGG

ATTTCCAAG 

ATGGGCAACaACTGGT

ACACCATA 

p2 (TC)9 230 

Lab T10 CAAGCTCTGCAGATG

ATGATGAAT 

AGATAATAGCCACCCT

CACCAACA 

p3 (GAG)8 191 

Lab T11 CCGAGTTAACCAGCT

GGACTGTA 

ACTCCAACAAGTTCAA

TCAAACCA 

p3 (GAT)6 236 

Lab T12 CACCACCTCCAACTT

CTACGGTTA 

TGACCTCCATTATGGG

ATTCAGAT 

p2 (TA)11 193 

Lab T13 ACGTGATTGTCCCAA

TGATCCTAT 

TGCAATCCCTACTCAT

GTGACCTA 

p3 (GTG)6 200 

Lab T14 GGCATGGTGAAGATT

GAAGAAGAG 

AGAAGCAGAGGACAG

GTGAATTGT 

p2 (GA)8 255 

Lab T15 GCTTCAGTGTTGATA

ATGCCAGTG 

TCGTCATCCATGTTAA

TGGTCAAC 

p5 (GCATA)

6 

235 

LabT 16 ATTCCGAGGACTGGA

ACAaGAaG 

CATGCTCTCAAGCTGT

TCATCAAT 

p6 (GTGTT

G)5 

263 

Lab T17 TGAAAGATGGAGTGA

TGACACATTG 

GTGTTGTTCCtTTCCCT

TGAGATG 

p4 (CATG)5 222 

Lab T18 CAACTGGGATTCTTG

CACTTTAGG 

AATTCCCAGATCACgG

TCAATAAC 

p3 (AAT)6 233 

Lab T19 CATTGTTTGTTGTGTC

GGAACTGT 

GCACCCAAACAGACT

AATGATGGT 

p3 (CTT)6 216 

Lab T20 CTGAGTCACCATCAT

CGTCTTCAT 

TCGTCAAAGTACTTAA

CgGCCATC 

p3 (GAA)6 205 

Lab T21 ACCAGGAGgTTTGCC

TAGAAGC 

CACTGCTTTGTTCGTC

TTCAGAAA 

p2 (AG)7 289 

Lab T22 CTtGCtGAAGAGTAAA

CCGAGGAT 

CCAATCaAGATcCAAA

TCATGC 

p2 (AG)7 226 

Lab T23 CAAATCActATGACGG

CTCaaacc 

CCAGATGCATCACCTT

CTagTCCT 

p3 (GAT)6 173 

Lab T24 GATCAGCTCCAGACT

GCTGACG 

TAACCCTCCATTCATT

GTCCATTC 

p2 (TC)7 202 

Lab T25 GGGTTGAagCTCACAC

AAATTCTT 

CCAATGATGGTTGTAT

GAGTAGCAC 

p4 (TGGT)5 190 

Lab T26 CTTAGCTATTTGCCCA

ACCAAACA 

TGCATGTTCAcACAAA

CTTCTCCT 

p2 (AT)8 211 

Lab T27 TACTGTCATCCtCcTTT

CCATTGC 

GTaACTGATGAGGCTG

TGGAGGTT 

p3 (CAG)6 250 

Lab T28 CTTTCTCCATGCAGA

CCAAACTTC 

CCTGTAAATAACTGTC

CTGGGAAGC 

p3 (ATG)6 204 

Lab T29 TGGTGCTACTGCTAC

CACTGTCTC 

GAAGAATGCAATCGTT

ATCGTTGAG 

p3 (ACT)6 162 

Lab T30 AGGTCTGCTTCTACC

CATCCATGT 

ACGTTCCTCCGCAATT

AGCATA 

p2 (AT)11 211 
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Lab T31  

CTTGGTCTCCAGGGA

TTCCATTAT 

CAGCATGATCATCCAA

ATCTTCAA 

p3 (AAG)6 201 

Lab T32 CTAGCTTCCACGACA

TTTCCTtgT 

CTCGGAGTGAGAGTTC

ATCTCGTT 

p3 (ACC)7 169 

Lab T33 CTAACCATGGCCTTG

AGTGGTACT 

AATGAGTGAATGCAG

CAGCAGTAG 

p6 (CTTTTC

)5 

228 

Lab T34 ATGCTTTGGCACTTtC

TTATCAGC 

ATGATAAAGTTCAGCC

TGCTCCTG 

p3 (CTT)7 271 
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Appendix II.The expect value (E), gene ontology identity (GO ID) and names 

obtained by BLASTX search of isotigs sequences from where the 34 lablab primers 

were designed. 

Primer  

name 

sequence 

name  

E value GO IDs GO names 

Lab T1 isotig02663 - - - 

Lab T2 

isotig02918 - - 

 

- 

Lab T3 isotig02852 1.00E-19 F:GO:0004105; 

P:GO:0006657; 

F:GO:0031210 

F:choline-phosphate 

cytidylyltransferase activity; P:CDP-

choline pathway; F:phosphatidylcholine 

binding 

Lab T4 isotig02277 8.31E-49 F:GO:0004124; 

C:GO:0005737

; 

P:GO:0006535; 

F:GO:0030170 

F:cysteine synthase activity; 

C:cytoplasm; P:cysteine biosynthetic 

process from serine; F:pyridoxal 

phosphate binding 

Lab T5 isotig02486 - - - 

Lab T6 isotig02335 - - - 

Lab T7 isotig02317 1.06E-21 C:GO:0005634

; 

P:GO:0006355; 

F:GO:0008270; 

P:GO:0009640 

C:nucleus; P:regulation of transcription, 

DNA-templated; F:zinc ion binding; 

P:photomorphogenesis 

Lab T8 isotig02270 - - - 

Lab T9 isotig02269 6.05E-18 P:GO:0006508; 

F:GO:0008234; 

P:GO:0016311; 

F:GO:0016791 

P:proteolysis; F:cysteine-type peptidase 

activity; P:dephosphorylation; 

F:phosphatase activity 

Lab 

T10 

isotig02122 2.39E-11 C:GO:0016021 C:integral component of membrane 

Lab 

T11 

isotig01972 9.02E-16 F:GO:0003700; 

F:GO:0003712; 

C:GO:0005634

; 

P:GO:0006355; 

P:GO:0009723; 

P:GO:0009737; 

P:GO:0009863; 

P:GO:0009867; 

P:GO:0009938; 

P:GO:0010187; 

P:GO:0042538; 

F:GO:0043565; 

P:GO:2000033; 

P:GO:2000377 

F:DNA-binding transcription factor 

activity; F:transcription coregulator 

activity; C:nucleus; P:regulation of 

transcription, DNA-templated; 

P:response to ethylene; P:response to 

abscisic acid; P:salicylic acid mediated 

signaling pathway; P:jasmonic acid 

mediated signaling pathway; P:negative 

regulation of gibberellic acid mediated 

signaling pathway; P:negative regulation 

of seed germination; P:hyperosmotic 

salinity response; F:sequence-specific 

DNA binding; P:regulation of seed 

dormancy process; P:regulation of 

reactive oxygen species metabolic 

process 

Lab 

T12 

isotig01905 - - - 
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Lab 

T13 

isotig01632 7.17E-69 F:GO:0003676; 

F:GO:0008270; 

F:GO:0016491; 

P:GO:0055114 

F:nucleic acid binding; F:zinc ion 

binding; F:oxidoreductase activity; 

P:oxidation-reduction process 

Lab 

T14 

isotig01239 1.05E-26 F:GO:0003700; 

C:GO:0005634

; 

P:GO:0006355; 

F:GO:0043565 

F:DNA-binding transcription factor 

activity; C:nucleus; P:regulation of 

transcription, DNA-templated; 

F:sequence-specific DNA binding 

Lab 

T15 

isotig01222 2.65E-41 F:GO:0004161; 

F:GO:0004311; 

F:GO:0004337; 

P:GO:0008299 

F:dimethylallyltranstransferase activity; 

F:farnesyltranstransferase activity; 

F:geranyltranstransferase activity; 

P:isoprenoid biosynthetic process 

LabT 

16 

isotig01196 3.13E-52 F:GO:0003743; 

P:GO:0006413; 

C:GO:0016021 

F:translation initiation factor activity; 

P:translational initiation; C:integral 

component of membrane 

Lab 

T17 

isotig01193 - - - 

Lab 

T18 

isotig01303 - - - 

Lab 

T19 

isotig01128 4.04E-35 F:GO:0016874 F:ligase activity 

Lab 

T20 

isotig01116 2.27E-36 P:GO:0010112 P:regulation of systemic acquired 

resistance 

Lab 

T21 

isotig01099 8.93E-76 F:GO:0003735; 

P:GO:0006412; 

C:GO:0022625 

F:structural constituent of ribosome; 

P:translation; C:cytosolic large 

ribosomal subunit 

Lab 

T22 

isotig00994 2.77E-131 P:GO:0005985; 

P:GO:0009877; 

F:GO:0016157 

P:sucrose metabolic process; 

P:nodulation; F:sucrose synthase 

activity 

Lab 

T23 

isotig00970 2.26E-110 C:GO:0005854 C:nascent polypeptide-associated 

complex 

Lab 

T24 

isotig00904 3.66E-114 C:GO:0009535

; 

C:GO:0009538

; 

P:GO:0015979; 

C:GO:0016021

; 

F:GO:0016491; 

P:GO:0055114 

C:chloroplast thylakoid membrane; 

C:photosystem I reaction center; 

P:photosynthesis; C:integral component 

of membrane; F:oxidoreductase activity; 

P:oxidation-reduction process 

Lab 

T25 

isotig00789 - - - 

Lab 

T26 

isotig00746 - - - 

Lab 

T27 

isotig00724 2.22E-139 P:GO:0000495; 

F:GO:0003723; 

C:GO:0005829

; 

C:GO:0009506

; 

F:GO:0009982; 

P:GO:0031118; 

P:GO:0031120; 

P:box H/ACA snoRNA 3'-end 

processing; F:RNA binding; C:cytosol; 

C:plasmodesma; F:pseudouridine 

synthase activity; P:rRNA 

pseudouridine synthesis; P:snRNA 

pseudouridine synthesis; C:box H/ACA 

snoRNP complex; P:mRNA 

pseudouridine synthesis 
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C:GO:0031429

; 

P:GO:1990481 

Lab 

T28 

isotig00717 2.11E-102 C:GO:0016021 C:integral component of membrane 

Lab 

T29 

isotig00665 - - - 

Lab 

T30 

isotig00605 0 C:GO:0005737

; 

P:GO:0006006; 

F:GO:0016779; 

F:GO:0080048 

C:cytoplasm; P:glucose metabolic 

process; F:nucleotidyltransferase 

activity; F:GDP-D-glucose 

phosphorylase activity 

Lab 

T31 

isotig00585 0 C:GO:0005829

; 

P:GO:0009228; 

C:GO:0009570

; 

F:GO:0046872; 

P:GO:0052837 

C:cytosol; P:thiamine biosynthetic 

process; C:chloroplast stroma; F:metal 

ion binding; P:thiazole biosynthetic 

process 

Lab 

T32 

isotig00520 1.68E-121 F:GO:0003723; 

C:GO:0009535

; 

P:GO:1901259; 

C:GO:1990904 

F:RNA binding; C:chloroplast thylakoid 

membrane; P:chloroplast rRNA 

processing; C:ribonucleoprotein 

complex 

Lab 

T33 

isotig00498 0 C:GO:0005777

; 

F:GO:0008891; 

F:GO:0010181; 

P:GO:0055114 

C:peroxisome; F:glycolate oxidase 

activity; F:FMN binding; P:oxidation-

reduction process 

Lab 

T34 

isotig00493 5.61E-17 F:GO:0003743; 

F:GO:0003924; 

F:GO:0005525; 

P:GO:0006413 

F:translation initiation factor activity; 

F:GTPase activity; F:GTP binding; 

P:translational initiation 
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Appendix III.The results of annealing temperature optimization for 75 SSR primer 

pairs amplified on lablab DNA 

 

Unit 

Primer 

name 

TM 

(0C)F 

TM 

(0C) 

R 

Ann. Temp. 

optimization 

(0C) 

Presence of 

secondary 

products  

Strength of band 

on agarose gel 

Optim.

Ann. 

temp. 

(oC) 

1 LabRRT 1 59.3 62.7 50, 53, 55, 57, 

59, 62 

N, N, 

Y,Y,Y,Y 

Weak band 53 

2 LabRRT 2 61.6 61.0 50, 53, 55, 57, 

59, 62 

na No band - 

3 LabRRT 3 61.0 64.8 50, 53, 55, 57, 

59, 62 

na No band - 

4 LabRRT 4 59.3 59.7 50, 53, 55, 57, 

59, 62 

N, N, N, na, 

na, na 

Faint band 55 

5 LabRRT 5 61.0 61.3 50, 53, 55, 57, 

59, 62 

Na No band - 

6 LabRRT 6 59.3 62.7 50, 53, 55, 57, 

59, 62 

na, N, N, N, 

na, na 

Faint band 57 

7 LabRRT 7 62.7 61.0 50, 53, 55, 57, 

59, 62 

N, N, N, N, 

na, na 

Faint band 57 

8 LabRRT 8 61.0 61.0 50, 53, 55, 57, 

59, 62 

N, N, N, N, 

N, na 

Faint band 59 

9 LabRRT 

12 

61.0 59.3 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Na, na, Y, Y, 

Y, Y, Y,Y 

Strong bands  55.7 

10 LabRRT 

19 

59.3 59.3 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Y,Y,Y,Y,Y,

Y,Y,Y 

Faint bands  55-59 

11 LabRRT 

23 

59.7 62.7 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Y,Y,Y,Y,Y,

Y,Y,Y 

Faint bands  55-59 

12 LabRRT 

25 

59.3 62.7 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

N,N,N,N,N,

N,N,N 

Strong bands  55-59 

13 LabRRT 

28 

59.3 61.0 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

N,N,N,N,N,

N,N,N 

Strong band 55-59 

14 LabRRT 

29 

60.6 59.3 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Y,Y,Y,Y,Y,

Y,Y,Y 

Strong bands  55-59 

15 LabRRT 

30 

61.6 61.0 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Y,Y,Y,Y,Y,

Y,Y,Y 

Strong bands 55-59 

16 LabRRT 

34 

61.0 59.3 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

na No band - 

17 LabRRT 

35 

62.1 58.4 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

N,N,N,N,N,

N,N,N 

Strong bands 55-59 

18 LabRRT 

36 

59.4 55.3 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

N,N,N,N,N,

N,N,N 

Strong bands 55-59 

19 LabRRT 

37 

56.5 58.4 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Y,Y,Y,Y,Y,

N,Y,Y 

Strong bands 55-59 
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20 LabRRT 

38 

56.5 62.4 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Y,Y,Y,Y,Y,

Y,Y,Y 

Strong bands 55-59 

21 LabRRT 

40 

64.4 62.4 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

N,N,N, 

Y,Y,Y,Y,Y 

Strong bands 52.9 

22 LabRRT 

43 

59.3 59.7 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Y,Y,Y,Y,Y,

Y,Y,Y 

Faint bands 55-59 

23 LabRRT 

44 

59.3 61.0 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Y,Y,Y,Y,Y,

Y,Y,Y 

Faint bands 55-59 

24 LabRRT 

49 

59.3 62.7 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Y,N,Y,Y,Y,

Y,Y,Y 

Faint bands 51 

25 LabRRT 

50 

58.9 60.3 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

N,N,N,N,N,

N,N,N 

Strong bands 55-59 

26 LabRRT 

52 

60.6 59.3 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

N,N,N,N,N,

Y,Y,Y 

Strong bands 55-59 

27 LabRRT 

53 

58.4 58.4 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

N,N,N,Y,Y,

Y,Y,Y 

Weak bands 52.9 

28 LabRRT 

61 

61.0 59.3 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

N,N,N,N,N,

Y,Y,Y 

Strong bands 55-59 

29 LabRRT 

63 

59.3 61.0 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

N,N,N,N,Y,

Y,Y,Y 

Weak bands 55-59 

30 LabRRT 

64 

59.3 61.0 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

na No band - 

31 LabRRT 

76 

58.9 58.9 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Y,Y,Y,Y,Y,

Y,Y,Y 

Strong band 55-59 

32 LabRRT 

77 

59.3 61.3 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Y,Y,Y,Y,Y,

Y,Y,Y 

Strong band 55-59 

33 LabRRT 

83 

61.0 59.3 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

N,N,N,N,N,

N,N,N 

Strong band 55-59 

34 LabRRT 

84 

62.4 61.0 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Y,Y,Y,Y,Y,

Y,Y,Y 

Weak bands 55-59 

35 LabRRT 

90 

62.1 56.5 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Y,Y,Y,Y,N,

Y,Y,Y 

Strong band 59 

36 LabRRT 

92 

58.9 61.0 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Y,Y,Y,Y,N,

Y,Y,Y 

Weak band 59 

37 LabRRT 

94 

61.0 61.9 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Y,Y,Y,Y,Y,

N, na, na 

Weak band 62 

38 LabRRT 

98 

60.6 58.9 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Y,Y,Y,Y,Y,

Y,Y,Y 

Weak band 55-59 
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39 LabRRT 

103 

59.3 59.7 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

N,N,N,N,na, 

na, na, Y 

Strong bands 55.7 

40 LabRRT 

112 

61.0 59.3 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

Y,Y,Y,Y,Y,

Y,Y,Y 

Strong bands 55-59 

41 LabRRT 

114 

62.7 61.0 50, 51, 52.9, 

55.7 59.1, 62, 

63.8, 65 

N.N.N.Y,Y,

Y,Y,Y 

Strong bands 52.9 

42 Lab T1 59.3 62.7 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

43 Lab T2 59.3 59.3 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

44 Lab T3 61.0 64.8 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

45 Lab T4 59.3 59.7 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

46 Lab T5 61.0 61.3 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

47 Lab T6 59.3 62.7 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

48 Lab T7 62.7 61.0 50, 53, 55, 57, 

59, 62 

Y,N,Y,Y,Y,

Y 

Strong bands 53 

49 Lab T8 61.0 61.0 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

50 Lab T9 57.6 61.0 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

51 Lab T10 59.3 61.0 50, 53, 55, 57, 

59, 62 

Y,Y,Y,Y,Y,

Y 

Strong bands, 

longer than 

expected 

55-59 

52 Lab T11 62.4 57.6 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

53 Lab T12 62.7 59.3 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

54 Lab T13 59.3 61.0 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

55 Lab T14 61.0 61.0 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

56 Lab T15 61.0 59.3 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

57 LabT 16 60.6 59.3 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

58 Lab T17 59.7 61.0 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

59 Lab T18 61.0 59.3 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

60 Lab T19 59.3 61.0 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

No band - 

61 Lab T20 61.0 61.0 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

62 Lab T21 62.1 59.3 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

63 Lab T22 61.0 56.5 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

64 Lab T23 61.0 62.7 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

65 Lab T24 64.0 59.3 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 
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66 Lab T25 59.3 61.3 50, 53, 55, 57, 

59, 62 

Y,Y,Y,Y,Y,

Y 

Strong bands 55-59 

67 Lab T26 59.3 59.3 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

68 Lab T27 61.0 62.7 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

69 Lab T28 61.0 63.0 50, 53, 55, 57, 

59, 62 

Y,Y,Y,Y,Y,

Y 

Stutter bands, 

longer than 

expected 

- 

70 Lab T29 64.4 59.7 50, 53, 55, 57, 

59, 62 

Y,Y,Y,Y,Y,

Y 

Strong bands, 

longer than 

expected 

55-59 

71 Lab T30 62.7 58.4 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

72 Lab T31 61.0 57.6 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

73 Lab T32 61.0 62.7 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

74 Lab T33 62.7 61.0 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

75 Lab T34 59.3 61.0 50, 53, 55, 57, 

59, 62 

N,N,N,N,N,

N 

Strong bands 55-59 

Tm(0C) –melting (denaturing) temperature (Europhins MWG); Y- Presence of secondary 

products; N- absence of secondary products; n.a. – no amplification (no migration); Bp=base 

pairs 
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Appendix IV. List of 189 lablab accessions genotyped using 8 SSR markers 

 
Code Accession   Name of 

population 

Region of 

collection 

Sub species 

1 NH13 Advan. Line KALRO Purpureus 

2 NH17 Advan. Line KALRO Purpureus 

3 NH7 Advan. Line KALRO Purpureus 

4 OH12 Advan. Line KALRO Purpureus 

5 NH8 Advan. Line KALRO Purpureus 

6 NH4 Advan. Line KALRO Purpureus 

7 OH2 Advan. Line KALRO Purpureus 

8 NH1 Advan. Line KALRO Purpureus 

9 ILRI 21061 Aus ILRI Purpureus 

10 ILRI 21076 Aus ILRI Purpureus 

11 ILRI 11617 Aus ILRI Purpureus 

12 ILRI 21087 Aus ILRI Purpureus 

13 ILRI 11612 Aus ILRI Purpureus 

14 ILRI 21071 Aus ILRI Purpureus 

15 ILRI 21059 Aus ILRI Purpureus 

16 ILRI 14414 Aus ILRI Purpureus 

17 ILRI 13692 B Eth ILRI Bengalensis 

18 ILRI 6930 Eth ILRI Bengalensis 

19 ILRI 6536 Eth ILRI Purpureus 

20 ILRI 13692 Eth ILRI Bengalensis 

21 ILRI 13702 Eth ILRI Purpureus 

22 ILRI 13701 Eth ILRI Purpureus 

23 ILRI 13688 Eth ILRI Purpureus 

24 ILRI 13687 Eth ILRI Purpureus 

25 ILRI 13688 B Eth ILRI Purpureus 

26 ILRI 13685 Eth ILRI Purpureus 

27 CPI 195851 Eth ILRI Purpureus 

28 ILRI 13700 Eth ILRI Purpureus 

29 ILRI 14442 Eth ILRI Purpureus 

30 ILRI 13697 Eth ILRI Purpureus 

31 CPI 347628 Eth ILRI Purpureus 

32 ILRI 13704 Eth ILRI Purpureus 

33 ILRI 24746 Eth ILRI Purpureus 

34 ILRI 13694 Eth ILRI Purpureus 

35 ILRI 13686 Eth ILRI Purpureus 

36 ILRI 6930 A Eth ILRI Bengalensis 

37 ILRI 13695 Eth ILRI Purpureus 
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38 ILRI 6533 Eth ILRI Purpureus 

39 ILRI 6537 Eth ILRI Purpureus 

40 ILRI 6528 Eth ILRI Purpureus 

41 ILRI 6535 Eth ILRI Purpureus 

42 ILRI 7278 Eth ILRI Purpureus 

43 ILRI 18618 Eth ILRI Purpureus 

44 ILRI 18619 India ILRI Purpureus 

45 INDIA 534 India ILRI Purpureus 

46 DOL 414-2 India ILRI Purpureus 

47 DOL 414-3 India ILRI Purpureus 

48 ILRI 21032 India ILRI Bengalensis 

49 ILRI 21034 India ILRI Purpureus 

50 ILRI 147 India ILRI Purpureus 

51 ILRI 21034 India ILRI Purpureus 

52 ILRI 21070 India ILRI Purpureus 

53 ILRI 21033 India ILRI Purpureus 

54 ILRI 21088 India ILRI Bengalensis 

55 KDD-1 Ken Kenya Purpureus 

56 KDD-2 Ken Kenya Purpureus 

57 ILRI 14901B Ken ILRI Purpureus 

58 ILRI 14445 Ken ILRI Purpureus 

59 ILRI 14443 Ken ILRI Purpureus 

60 ILRI 14490 Ken ILRI Purpureus 

61 ILRI 14478 Ken ILRI Purpureus 

62 ILRI 14481 Ken ILRI Purpureus 

63 ILRI 14901 Ken ILRI Purpureus 

64 ILRI 14488 Ken ILRI Purpureus 

65 GBK 005380 Ken Eastern Purpureus 

66 GBK 010409 Ken Unknown Purpureus 

67 GBK 010436 Ken Eastern Purpureus 

68 GBK 010439 Ken Eastern Purpureus 

69 GBK 010494 A Ken Unknown Purpureus 

70 GBK 010707 Ken Eastern Purpureus 

71 GBK 010708 Ken Coast Purpureus 

72 GBK 010822 Ken Coast Purpureus 

73 GBK 010824 A Ken Rift Purpureus 

74 GBK 010837 Ken Rift Purpureus 

75 GBK 010843 Ken Rift Purpureus 

76 GBK 012230 Ken Unknown Purpureus 

77 GBK 10708 Ken Coast Purpureus 

78 GBK 012221 Ken Unknown Purpureus 

79 GBK 012219 Ken Unknown Purpureus 

80 GBK 012215 Ken Rift Purpureus 

81 GBK 012187 Ken Coast Purpureus 
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82 GBK 012038 B Ken Coast Purpureus 

83 GBK 012033 Ken Unknown Purpureus 

84 GBK 012032 Ken Unknown Purpureus 

85 GBK 012026 C Ken Coast Purpureus 

86 GBK 012000 Ken Eastern Purpureus 

87 GBK 011803 Ken Unknown Purpureus 

88 GBK 011733 B Ken Eastern Purpureus 

89 GBK 011723 Ken Nairobi Purpureus 

90 GBK 011719 Ken Eastern Purpureus 

91 GBK 013083 Ken Eastern Purpureus 

92 GBK 013096 Ken Eastern Purpureus 

93 GBK 028663 B Ken Eastern Purpureus 

94 GBK 045372 Ken Eastern Purpureus 

95 GBK 010824 Ken Rift Purpureus 

96 GBK 010494 Ken Unknown Purpureus 

97 GBK 010707 B Ken Eastern Purpureus 

98 GBK 012026 Ken Coast Purpureus 

99 GBK 010708 Ken Coast Purpureus 

100 GBK 012038 Ken Coast Purpureus 

101 GBK 010392 Ken Unknown Purpureus 

102 GBK 011733 Ken Eastern Purpureus 

103 GBK 013083 B Ken Eastern Purpureus 

104 Kakamega mkt. Ken West Purpureus 

105 Namanga Ken Rift Purpureus 

106 Nakuru 2 Ken Rift Purpureus 

107 Bungoma 1 Ken West Purpureus 

108 Kagio mkt. Ken Central Purpureus 

109 Kahuro A Ken Central Purpureus 

110 Muranga mkt. Ken Central Purpureus 

111 Kisumu Ken West Purpureus 

112 Lamu Ken Coast Purpureus 

113 Kagio B Ken Central Purpureus 

114 Bahati Ken Rift Purpureus 

115 Kahuro B Ken Eastern Purpureus 

116 Meru Ken Eastern Purpureus 

117 Mukinduri Ken Eastern Purpureus 

118 Kakamega mkt.14 Ken West Purpureus 

119 Kitale mkt15 Ken Rift Purpureus 

120 Kitui 20 A Ken Eastern Purpureus 

121 Kitui 20 C Ken Eastern Purpureus 

122 Kitui 17 Ken Eastern Purpureus 

123 Kitale mkt.16 Ken Rift Purpureus 

124 Makindu 18 Ken Eastern Purpureus 

125 Matiliku mkt.11 Ken Eastern Purpureus 
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126 Machakos  Ken Eastern Purpureus 

127 Kitale Wamuini 2 Ken Rift Purpureus 

128 Kitale Kala 1 Ken Rift Purpureus 

129 Kibwezi 5 Ken Eastern Purpureus 

130 Bungoma 3 Ken West Purpureus 

131 Kibwezi  Ken Eastern Purpureus 

132 Matiliku mkt.12 Ken Eastern Purpureus 

133 Kitale Mkt.16 B Ken Rift Purpureus 

134 Machakos 13 Ken Eastern Purpureus 

135 Nakuru 1 Ken Rift Purpureus 

136 DL 1002 Ken Eastern Purpureus 

137 GBK 028663 Ken Eastern Purpureus 

138 Kahuro Ken Central Purpureus 

139 Eldoret Ken Rift Purpureus 

140 Njoro Ken Rift Purpureus 

141 Kakamega Ken West Purpureus 

142 Lamu B Ken Coast Purpureus 

143 Kagio Ken Central Purpureus 

144 Bungoma 2 Ken West Purpureus 

145 Meru B Ken Eastern Purpureus 

146 ILRI 14440 Ken ILRI Unicin 2 seeded 

147 ILRI 14460 Ken ILRI Purpureus 

148 ILRI 14458 Ken ILRI Purpureus 

149 ILRI 14411 Ken ILRI Purpureus 

150 ILRI 21046 SA ILRI Purpureus 

151 ILRI 14437 SA ILRI Purpureus 

152 ILRI 21084 SA ILRI Purpureus 

153 ILRI 21045 SA ILRI Unicin 2 

154 ILRI 14437 B SA ILRI Purpureus 

155 ILRI 24800 SA ILRI Unicin 2 

156 ILRI 21048 SA ILRI Unicin 4 

157 ILRI 21048 B SA ILRI Unicin 4 

158 ILRI 24777 SA ILRI Purpureus 

159 ILRI 14415 SA ILRI Purpureus 

160 ILRI 14412 SA ILRI Purpureus 

161 ILRI 24800 B SA ILRI Unicin 2 seeded 

162 ILRI 24749 SA ILRI Unicin 4 seeded 

163 ILRI 24781 SA ILRI Purpureus 

164 ILRI 24796 SA ILRI Unicin 4 seeded 

165 ILRI 21085 SA ILRI Purpureus 

166 CPI 666245 SA ILRI Purpureus 

167 ILRI 14435 SA ILRI Purpureus 

168 ILRI 24778 SA ILRI Unicin 4 seeded 

169 ILRI 21049 SA ILRI Purpureus 
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170 ILRI 24780 SA ILRI Purpureus 

171 CPI 666243 SA ILRI Purpureus 

172 ILRI 14419 SA ILRI Purpureus 

173 ILRI 24777 B SA ILRI Purpureus 

174 ILRI 24799 SA ILRI Purpureus 

175 ILRI 21083 SA ILRI Unicin 2 seeded 

176 ILRI 21084 B SA ILRI Purpureus 

177 ILRI 21081 Uganda ILRI Purpureus 

178 ILRI 21081 B Uganda ILRI Purpureus 

179 ILRI 24756 Uganda ILRI Unicin 4 seeded 

180 ILRI 10979 USA ILRI Purpureus 

181 ILRI 18611 G USA ILRI Purpureus 

182 ILRI 18611 P USA ILRI Purpureus 

183 ILRI 10953 B WA ILRI Purpureus 

184 ILRI 14441 WA ILRI Purpureus 

185 ILRI 11615 WA ILRI Bengalensis 

186 ILRI 10953 WA ILRI Purpureus 

187 ILRI 24810 WA ILRI Bengalensis 

188 ILRI 11630 WA ILRI Purpureus 

189 ILRI 11614 WA ILRI Purpureus 

WA: West Africa, SA: Southern Africa, Ken: Kenya, Eth: Ethiopia, Aus: Australia 
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Appendix V. Poly acrylamide gel picture showing PCR amplification of LabRRT 53 

SSR loci on 189 lablab accessions. The accessions are indicated in yellow, the 1 Kb 

ladder is indicated by letter L.  
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Appendix VI. List of 240 lablab accessions genotyped using 9672 silicoDArT and 

5075 SNP markers 

Code Genotype name Population Subspecies 

1 GBK 028663 Ken Pur 

2 KDD Ken Pur 

3 NH13 Al Pur 

4 NH17 Al Pur 

5 NH4 Al Pur 

6 NH7 Al Pur 

7 NH8 Al Pur 

8 FC Njoro Ken Pur 

9 OH12  Al Pur 

10 OH2 Al Pur 

11 CPI 195851 Eth Pur 

12 CPI 347628 Eth Pur 

13 CPI 666243 SA Pur 

14 CPI 666245 SA Pur 

15 FC Bahati Ken Pur 

16 FC Bahati_2 Ken Pur 

17 FC Bungoma Ken Pur 

18 FC Bungoma_2 Ken Pur 

19 FC Eldoret Ken Pur 

20 FC Kagio local Ken Pur 

21 FC Kagio Market Ken Pur 

22 FC Kahuro Ken Pur 

23 FC Kahuro_1 Ken Pur 

24 FC Kahuro_2 Ken Pur 

25 FC Kahuro_3 Ken Pur 

26 Fc Kakamega Market Ken Pur 

27 FC Kirinyaga Mwema Ken Pur 

28 FC Kisumu Ken Pur 

29 FC Kisumu_1 Ken Pur 

30 FC Lamu  Ken Pur 

31 FC Meru  Ken Pur 

32 FC Meru_1  Ken Pur 

33 FC Meru Market Ken Pur 

34 FC Meru Mukinduri Ken Pur 

35 FC Muranga Market Ken Pur 

36 FC Namanga Ken Pur 

37 FC Namanga_1 Ken Pur 

38 FC Njoro_1 Ken Pur 

39 FC Njoro_2 Ken Pur 

40 KDD_4 Ken Pur 
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41 GBK 010392 Ken Pur 

42 GBK 010396  Ken Pur 

43 GBK 010396_1  Ken Pur 

44 GBK 010409 Ken Pur 

45 GBK 010436 Ken Pur 

46 GBK 010439 Ken Pur 

47 GBK 010439_1 Ken Pur 

48 GBK 010439_2 Ken Pur 

49  GBK 010494 Ken Pur 

50 GBK 010494_1 Ken Pur 

51 GBK 010707 Ken Pur 

52 GBK 010707_1 Ken Pur 

53 GBK 010708 Ken Pur 

54 GBK 010707_2 Ken Pur 

55 GBK 010712 Ken Pur 

56 GBK 010819  Ken Pur 

57 GBK 010822 Ken Pur 

58 GBK 010824 Ken Pur 

59 GBK 010837 Ken Pur 

60 GBK 010843 Ken Pur 

61 GBK 011083 Ken Pur 

62 GBK 011719 Ken Pur 

63 FC Eldoret_1 Ken Pur 

64 GBK 011719_1 Ken Pur 

65 GBK 011723 Ken Pur 

66 GBK 011733 Ken Pur 

67 GBK 011733_1 Ken Pur 

68 GBK 013096_1 Ken Pur 

69 GBK 011804 Ken Pur 

70 GBK 011803 Ken Pur 

71 GBK 012000 Ken Pur 

72 GBK 012000_1 Ken Pur 

73 GBK 012026 Ken Pur 

74 GBK 012026_1 Ken Pur 

75 GBK 012032 Ken Pur 

76 GBK 012033 Ken Pur 

77 GBK 012033_1 Ken Pur 

78 GBK 012038 Ken Pur 

79 GBK 012038_1 Ken Pur 

80 GBK 012187 Ken Pur 

81 GBK 010835  Ken Pur 

82 GBK 012215_1  Ken Pur 

83 GBK 012219 Ken Pur 

84 GBK 011804_1 Ken Pur 

85 GBK 012218 Ken Pur 
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86 GBK 012221 Ken Pur 

87 GBK 012227 Ken Pur 

88 GBK 012227_1 Ken Pur 

89 GBK 012227_1 Ken Pur 

90 GBK 012230 Ken Pur 

91 GBK 013083 Ken Pur 

92 GBK 013083_1 Ken Pur 

93 GBK 013086 Ken Pur 

94 GBK 013096 Ken Pur 

95 GBK 013096_1 Ken Pur 

96 GBK 235 Ken Pur 

97 GBK 028663_1 Ken Pur 

98 GBK 028663_2 Ken Pur 

99 GBK 028663_3 Ken Pur 

100 GBK 028663_4 Ken Pur 

101 GBK 045372 Ken Pur 

102 GBK 045372_1 Ken Pur 

103 GBK 045372_2 Ken Pur 

104 GBK 538 Ken Pur 

105 GBK 538_1 Ken Pur 

106 ILRI 6536 Eth Pur 

107 GBK 010837 Ken Pur 

108 GBK 013096 Ken Pur 

109 ILRI 10953 Wa Pur 

110 ILRI 10953_1 Wa Pur 

111 ILRI 10979 Usa Pur 

112 ILRI 10979_1 Usa Pur 

113 ILRI 10979_1 Usa Pur 

114 ILRI 11612 Aus Pur 

115 ILRI 11612_1 Aus Pur 

116 ILRI 11614 Wa Pur 

117 GBK 010835_1 Ken Pur 

118 ILRI 11615 Wa Ben 

119 ILRI 11615_1 Wa Ben 

120 ILRI 11615_2 Wa Ben 

121 ILRI 11617 Aus Pur 

122 ILRI 11630 Wa Pur 

123 ILRI 11630_1 Wa Pur 

124 ILRI 13685 Eth Pur 

125 ILRI 13685_1 Eth Pur 

126 ILRI 13686 Eth Pur 

127 ILRI 13687 Eth Pur 

128 ILRI 13688 Eth Pur 

129 DL1002 Ken Pur 

130 ILRI 13692 Eth Ben 
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131 ILRI 13694 Eth Pur 

132 ILRI 13696 Eth Pur 

133 ILRI 13700 Eth Pur 

134 ILRI 13702 Eth Pur 

135 ILRI 13702_1 Eth Pur 

136 ILRI 13704 Eth Pur 

137 ILRI 139 Unk Pur 

138 ILRI 144 Unk Pur 

139 ILRI 14414 Aus Pur 

140 ILRI 14415 SA Pur 

141 ILRI 14415_1 SA Pur 

142 ILRI 14435 SA Pur 

143 ILRI 14437 SA Pur 

144 ILRI 14437_1 SA Pur 

145 ILRI 14437_2 SA Pur 

146 ILRI 14440 Ken Unic 

147 ILRI 14441 Wa Pur 

148 ILRI 14441_1 Wa Pur 

149 ILRI 14442 Eth Pur 

150 ILRI 14442_1 Eth Pur 

151 ILRI 14443 Ken Pur 

152 ILRI 14443_1 Ken Pur 

153 ILRI 14445 Ken Pur 

154 ILRI 14445_1 Ken Pur 

155 ILRI 14458 Ken Pur 

156 ILRI 14460 Ken Pur 

157 ILRI 14471 Ken Pur 

158 ILRI 14478 Ken Pur 

159 ILRI 14481 Ken Pur 

160 ILRI 14481_1 Ken Pur 

161 ILRI 14489 Ken Pur 

162 ILRI 14490 Ken Pur 

163 ILRI 14490_1 Ken Pur 

164 ILRI 14490_2 Ken Pur 

165 ILRI 147 Ind Pur 

166 ILRI 148 Unk Pur 

167 ILRI 14901 Ken Pur 

168 ILRI 14901_1 Ken Pur 

169 ILRI 15436 Unk Pur 

170 ILRI 15436_1 Unk Pur 

171 ILRI 18611 Usa Pur 

172 ILRI 18611_1 Usa Pur 

173 ILRI 18611_2 Usa Pur 

174 ILRI 18618 Eth Pur 

175 ILRI 18619 Ind Pur 
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176 ILRI 21029 Ind Pur 

177 ILRI 21033 Ind Pur 

178 ILRI 21034 Ind Pur 

179 ILRI 21046 SA Pur 

180 ILRI 21049 SA Pur 

181 ILRI 21059 Aus Pur 

182 ILRI 21061 Aus Pur 

183 ILRI 21061_1 Aus Pur 

184 ILRI 21070 Ind Pur 

185 ILRI 21071 Aus Pur 

186 ILRI 21081 Uganda Pur 

187 ILRI 21081_1 Uganda Pur 

188 ILRI 21085 SA Pur 

189 ILRI 21087 Aus Pur 

190 ILRI 21089 Unk Pur 

191 ILRI 24746 Eth Pur 

192 ILRI 24746_1 Eth Pur 

193 ILRI 24777 SA Pur 

194 ILRI 24780 SA Pur 

195 ILRI 24781 SA Pur 

196 ILRI 24788 SA Pur 

197 ILRI 6528 Eth Pur 

198 ILRI 6528_1 Eth Pur 

199 ILRI 6533 Eth Pur 

200 ILRI 6535 Eth Pur 

201 ILRI 6536 Eth Pur 

202 ILRI 6536_1 Eth Pur 

203 ILRI 6537 Eth Pur 

204 ILRI 6930 Eth Ben 

205 ILRI 7278 Eth Pur 

206 GBK 010738 Ken Pur 

207 DL 1002 Ken Pur 

208 Katumani_1 Ken Pur 

209 Machakos_1 Ken Pur 

210 Katumani_4 Ken Pur 

211 DL 1002_1 Ken Pur 

212 DL 1002_2 Ken Pur 

213 DL 1002_3 Ken Pur 

214 Katumani_1 Ken Pur 

215 Katumani_2 Ken Pur 

216 DL 1002_4 Ken Pur 

217 Katumani_3 Ken Pur 

218 Machakos_2 Ken Pur 

219 Katumani_3 Ken Pur 

220 Machakos_3 Ken Pur 
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221 KDD_1 Ken Pur 

222 KDD_2 Ken Pur 

223 OH_10 Al Pur 

224 KDD_3 Ken Pur 

225 India 414 Ind Pur 

226 India 414_1 Ind Pur 

227 India 548 Ind Pur 

228 Machakos_4 Ken Pur 

229 ILRI 21076 Aus Pur 

230 ILRI 21076_1 Aus Pur 

231 ILRI 14440 Ken Unic 

232 ILRI 24749 SA Unic 

233 ILRI 21083 SA Unic 

234 ILRI 24756 Uga Unic 

235 ILRI 21046 SA Unic 

236 CPI 666243 SA Unic 

237 ILRI 21048 SA Unic 

238 ILRI 24800 SA Unic 

239 ILRI 14437 SA Unic 

240 ILRI 14440_1 Ken Unic 

WA: West Africa, SA: Southern Africa, Ken: Kenya, Eth: Ethiopia, Aus: Uga: Uganda, Unk: 

Unknown, Al: Advanced lines, Ind: India, Aus: Australia Pur: purpureus, Unic: unicinatus 
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Appendix VII. Selected Nei & Li (Dice) genetic dissimilarity matrices generated from 

DArT markers data and used to establish the level of relatedness of some lablab 

accessions 

Genotypes 

code 109 141 129 130 175 119 140 40 186 27 116 94 

141 0.20            

129 0.08 0.19           

130 0.14 0.21 0.13          

175 0.14 0.21 0.14 0.07         

119 0.23 0.26 0.22 0.24 0.24        

140 0.25 0.29 0.25 0.26 0.27 0.22       

40 0.23 0.26 0.23 0.24 0.25 0.27 0.30      

186 0.24 0.27 0.24 0.25 0.26 0.28 0.31 0.26     

27 0.22 0.25 0.22 0.23 0.24 0.26 0.29 0.14 0.25    

116 0.24 0.27 0.24 0.25 0.26 0.28 0.31 0.25 0.27 0.24   

162 0.25 0.28 0.24 0.26 0.26 0.29 0.31 0.25 0.28 0.24 0.27  

94 0.31 0.34 0.30 0.32 0.32 0.35 0.38 0.32 0.34 0.30 0.33  

184 0.31 0.34 0.30 0.32 0.32 0.35 0.38 0.32 0.34 0.30 0.33 0.00 

150 0.24 0.27 0.24 0.25 0.26 0.28 0.31 0.25 0.27 0.24 0.26 0.31 

63 0.23 0.27 0.23 0.25 0.25 0.28 0.30 0.22 0.27 0.21 0.26 0.32 

64 0.23 0.26 0.22 0.24 0.24 0.27 0.30 0.25 0.19 0.24 0.26 0.33 

134 0.23 0.26 0.23 0.24 0.25 0.27 0.30 0.22 0.26 0.21 0.25 0.32 

181 0.32 0.36 0.32 0.33 0.34 0.37 0.39 0.33 0.36 0.32 0.34 0.37 

124 0.23 0.26 0.22 0.24 0.24 0.27 0.29 0.25 0.19 0.24 0.26 0.33 

137 0.26 0.30 0.26 0.27 0.28 0.31 0.33 0.27 0.30 0.26 0.28 0.28 

113 0.27 0.30 0.27 0.28 0.29 0.31 0.34 0.28 0.30 0.27 0.29 0.28 

102 0.24 0.27 0.23 0.25 0.25 0.28 0.31 0.26 0.20 0.25 0.27 0.34 

235 0.92 0.95 0.91 0.93 0.93 0.96 0.99 0.92 0.95 0.91 0.94 0.96 

105 0.91 0.95 0.91 0.92 0.93 0.96 0.98 0.92 0.95 0.91 0.93 0.96 

185 0.22 0.26 0.22 0.23 0.24 0.27 0.29 0.25 0.18 0.24 0.26 0.33 

96 0.20 0.18 0.20 0.22 0.22 0.27 0.29 0.27 0.28 0.26 0.28 0.35 

147 0.91 0.95 0.91 0.92 0.93 0.96 0.98 0.92 0.95 0.91 0.93 0.96 

169 0.26 0.30 0.26 0.27 0.28 0.30 0.33 0.27 0.30 0.26 0.28 0.28 

117 0.22 0.25 0.22 0.23 0.24 0.26 0.29 0.24 0.18 0.23 0.25 0.32 

221 0.22 0.26 0.22 0.23 0.24 0.27 0.29 0.25 0.18 0.24 0.26 0.33 

115 0.29 0.32 0.29 0.30 0.31 0.33 0.36 0.30 0.32 0.29 0.31 0.30 

62 0.23 0.26 0.23 0.24 0.25 0.27 0.30 0.22 0.26 0.21 0.25 0.32 

103 0.23 0.26 0.22 0.24 0.24 0.27 0.30 0.22 0.26 0.20 0.25 0.31 

180 0.33 0.36 0.33 0.34 0.35 0.37 0.40 0.34 0.36 0.33 0.35 0.38 

108 0.23 0.26 0.22 0.24 0.24 0.27 0.30 0.22 0.26 0.20 0.25 0.31 

148 0.23 0.26 0.22 0.24 0.24 0.27 0.30 0.22 0.26 0.20 0.25 0.31 

39 0.23 0.26 0.22 0.24 0.24 0.27 0.30 0.25 0.19 0.24 0.26 0.33 

163 0.28 0.31 0.28 0.29 0.30 0.32 0.35 0.29 0.31 0.28 0.30 0.29 

3 0.28 0.32 0.28 0.29 0.30 0.33 0.35 0.29 0.32 0.28 0.30 0.30 

75 0.23 0.26 0.23 0.24 0.25 0.27 0.30 0.25 0.19 0.24 0.27 0.33 



275 

 

 

 

155 0.98 1.01 0.97 0.99 0.99 1.02 1.05 0.98 1.01 0.97 1.00 1.03 

198 0.22 0.25 0.22 0.23 0.24 0.26 0.29 0.24 0.18 0.23 0.26 0.32 

133 0.22 0.26 0.22 0.23 0.24 0.27 0.29 0.25 0.18 0.24 0.26 0.33 

19 0.24 0.27 0.24 0.25 0.26 0.28 0.31 0.26 0.00 0.25 0.27 0.34 

214 0.24 0.27 0.24 0.25 0.26 0.28 0.31 0.25 0.27 0.24 0.00 0.33 

138 0.29 0.32 0.29 0.30 0.31 0.33 0.36 0.30 0.32 0.28 0.31 0.30 

157 0.28 0.31 0.28 0.29 0.30 0.32 0.35 0.29 0.31 0.28 0.30 0.29 

160 0.29 0.32 0.28 0.30 0.30 0.33 0.36 0.29 0.32 0.28 0.31 0.30 

121 0.22 0.25 0.22 0.23 0.24 0.26 0.29 0.24 0.13 0.23 0.25 0.32 

168 0.28 0.31 0.28 0.29 0.30 0.32 0.35 0.30 0.19 0.29 0.31 0.38 

125 0.26 0.30 0.26 0.27 0.28 0.31 0.33 0.27 0.30 0.26 0.28 0.28 

37 0.24 0.27 0.24 0.25 0.26 0.28 0.31 0.26 0.00 0.25 0.27 0.34 

207 0.16 0.16 0.16 0.17 0.18 0.23 0.25 0.23 0.24 0.22 0.24 0.31 

77 0.25 0.28 0.25 0.26 0.27 0.29 0.32 0.26 0.28 0.25 0.27 0.31 

5 0.22 0.25 0.22 0.23 0.24 0.26 0.29 0.23 0.25 0.22 0.11 0.31 

218 0.20 0.15 0.19 0.21 0.21 0.26 0.29 0.26 0.27 0.25 0.28 0.34 

53 0.18 0.19 0.18 0.19 0.20 0.24 0.27 0.24 0.26 0.23 0.26 0.32 

212 0.23 0.26 0.23 0.24 0.25 0.20 0.15 0.28 0.29 0.27 0.29 0.35 

18 0.19 0.14 0.19 0.20 0.21 0.25 0.28 0.25 0.26 0.24 0.27 0.33 

65 0.24 0.27 0.24 0.25 0.26 0.28 0.31 0.25 0.27 0.24 0.16 0.33 

219 0.23 0.27 0.23 0.24 0.25 0.28 0.30 0.24 0.27 0.23 0.16 0.32 

84 0.22 0.25 0.22 0.23 0.24 0.26 0.29 0.24 0.18 0.23 0.26 0.32 

1 0.24 0.28 0.24 0.25 0.26 0.21 0.19 0.29 0.30 0.28 0.30 0.37 

13 0.16 0.16 0.16 0.17 0.18 0.23 0.25 0.23 0.24 0.22 0.24 0.31 

215 0.21 0.24 0.21 0.22 0.23 0.25 0.28 0.23 0.19 0.22 0.24 0.31 

193 0.19 0.15 0.19 0.20 0.21 0.26 0.28 0.26 0.27 0.25 0.27 0.34 

61 0.23 0.26 0.23 0.24 0.25 0.27 0.30 0.24 0.26 0.23 0.15 0.32 

30 0.17 0.16 0.16 0.18 0.18 0.23 0.26 0.23 0.24 0.22 0.24 0.31 

87 0.23 0.26 0.23 0.24 0.25 0.27 0.30 0.24 0.26 0.23 0.15 0.32 

194 0.24 0.27 0.24 0.25 0.26 0.21 0.16 0.28 0.29 0.27 0.30 0.36 

190 0.23 0.27 0.23 0.24 0.25 0.28 0.30 0.26 0.19 0.25 0.27 0.33 

152 0.27 0.30 0.27 0.28 0.29 0.24 0.18 0.31 0.32 0.30 0.33 0.39 

223 0.22 0.26 0.22 0.23 0.24 0.27 0.29 0.25 0.18 0.24 0.26 0.33 

71 0.23 0.26 0.22 0.24 0.24 0.27 0.30 0.25 0.19 0.24 0.26 0.33 

78 0.23 0.26 0.23 0.24 0.25 0.27 0.30 0.22 0.26 0.21 0.25 0.32 

48 0.23 0.26 0.22 0.24 0.24 0.20 0.14 0.27 0.28 0.26 0.28 0.35 

206 0.23 0.26 0.23 0.24 0.25 0.19 0.23 0.27 0.28 0.26 0.29 0.35 

220 0.22 0.26 0.22 0.23 0.24 0.27 0.29 0.25 0.18 0.24 0.26 0.33 

213 0.23 0.26 0.22 0.24 0.24 0.27 0.30 0.25 0.19 0.24 0.26 0.33 

201 0.23 0.27 0.23 0.24 0.25 0.28 0.30 0.26 0.19 0.25 0.27 0.34 

9 0.24 0.27 0.24 0.25 0.26 0.16 0.24 0.28 0.29 0.27 0.30 0.36 

47 0.18 0.22 0.18 0.19 0.20 0.15 0.14 0.23 0.24 0.22 0.24 0.31 

8 0.20 0.16 0.20 0.21 0.22 0.27 0.29 0.27 0.28 0.26 0.28 0.35 

22 0.24 0.28 0.24 0.25 0.26 0.29 0.31 0.27 0.20 0.26 0.28 0.34 

24 0.24 0.27 0.23 0.25 0.25 0.28 0.31 0.26 0.22 0.25 0.27 0.34 

232 0.22 0.25 0.22 0.23 0.24 0.26 0.29 0.24 0.18 0.23 0.25 0.32 

56 0.24 0.27 0.24 0.25 0.26 0.28 0.31 0.26 0.20 0.25 0.27 0.34 
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225 0.29 0.32 0.29 0.30 0.31 0.26 0.20 0.33 0.34 0.32 0.35 0.41 

202 0.25 0.28 0.25 0.26 0.27 0.22 0.16 0.29 0.30 0.28 0.31 0.37 

89 0.23 0.26 0.22 0.24 0.24 0.27 0.30 0.25 0.19 0.24 0.26 0.33 

222 0.22 0.25 0.22 0.23 0.24 0.26 0.29 0.24 0.18 0.23 0.26 0.32 

58 0.20 0.16 0.20 0.21 0.22 0.26 0.29 0.27 0.28 0.26 0.28 0.35 

196 0.22 0.25 0.22 0.23 0.24 0.26 0.29 0.24 0.18 0.23 0.26 0.32 

20 0.23 0.27 0.23 0.24 0.25 0.16 0.23 0.28 0.29 0.27 0.29 0.36 

205 0.23 0.26 0.22 0.24 0.24 0.27 0.30 0.25 0.19 0.24 0.26 0.33 

33 0.23 0.26 0.22 0.24 0.24 0.27 0.30 0.25 0.19 0.24 0.26 0.33 

44 0.22 0.25 0.22 0.23 0.24 0.26 0.29 0.24 0.18 0.23 0.26 0.32 

195 0.76 0.80 0.76 0.77 0.78 0.81 0.83 0.77 0.80 0.76 0.78 0.81 

236 0.23 0.27 0.23 0.24 0.25 0.28 0.30 0.24 0.27 0.23 0.07 0.32 

82 0.22 0.25 0.22 0.23 0.24 0.19 0.13 0.26 0.27 0.25 0.28 0.34 

11 0.24 0.28 0.24 0.25 0.26 0.29 0.31 0.25 0.28 0.24 0.00 0.33 

36 0.24 0.27 0.23 0.25 0.25 0.28 0.31 0.26 0.20 0.25 0.27 0.34 

12 0.18 0.18 0.18 0.20 0.20 0.25 0.27 0.25 0.26 0.24 0.26 0.33 

32 0.23 0.26 0.22 0.24 0.24 0.20 0.19 0.27 0.28 0.26 0.28 0.35 

68 0.19 0.22 0.19 0.20 0.21 0.23 0.26 0.21 0.15 0.20 0.23 0.29 

72 0.24 0.27 0.24 0.25 0.26 0.28 0.31 0.26 0.20 0.25 0.27 0.34 

31 0.27 0.30 0.27 0.28 0.29 0.24 0.18 0.31 0.32 0.30 0.33 0.39 

81 0.20 0.16 0.20 0.21 0.22 0.27 0.29 0.27 0.28 0.26 0.28 0.35 

200 0.19 0.15 0.19 0.20 0.21 0.26 0.28 0.26 0.27 0.25 0.27 0.34 

233 0.22 0.25 0.22 0.23 0.24 0.26 0.29 0.24 0.18 0.23 0.26 0.32 

224 0.21 0.25 0.21 0.22 0.23 0.26 0.28 0.24 0.19 0.23 0.25 0.31 

209 0.22 0.26 0.22 0.23 0.24 0.27 0.29 0.25 0.18 0.24 0.26 0.32 

111 0.89 0.93 0.89 0.90 0.91 0.94 0.96 0.90 0.93 0.89 0.91 0.94 

231 0.23 0.26 0.23 0.24 0.25 0.27 0.30 0.25 0.19 0.24 0.27 0.33 

85 0.19 0.14 0.19 0.20 0.21 0.25 0.28 0.25 0.27 0.24 0.27 0.33 

142 0.23 0.26 0.23 0.24 0.25 0.20 0.15 0.28 0.29 0.27 0.29 0.35 

38 0.23 0.26 0.23 0.24 0.25 0.27 0.30 0.25 0.19 0.24 0.26 0.33 

167 0.22 0.25 0.22 0.23 0.24 0.26 0.29 0.24 0.18 0.23 0.25 0.32 

107 0.23 0.26 0.22 0.24 0.24 0.27 0.30 0.25 0.19 0.24 0.26 0.33 

104 0.23 0.26 0.22 0.24 0.24 0.27 0.30 0.22 0.26 0.20 0.25 0.31 

118 0.20 0.15 0.19 0.21 0.21 0.26 0.29 0.26 0.27 0.25 0.28 0.34 

16 0.23 0.26 0.23 0.24 0.25 0.20 0.15 0.28 0.29 0.27 0.29 0.35 

28 0.24 0.27 0.24 0.25 0.26 0.28 0.31 0.26 0.20 0.25 0.27 0.34 

234 0.16 0.16 0.16 0.17 0.18 0.23 0.25 0.23 0.24 0.22 0.24 0.31 

176 0.24 0.27 0.24 0.25 0.26 0.28 0.31 0.26 0.20 0.25 0.27 0.34 

4 0.24 0.28 0.24 0.25 0.26 0.29 0.31 0.27 0.20 0.26 0.28 0.34 

239 0.21 0.24 0.21 0.22 0.23 0.25 0.28 0.23 0.17 0.22 0.24 0.31 

241 0.22 0.26 0.22 0.23 0.24 0.27 0.29 0.25 0.18 0.24 0.26 0.33 

2 0.30 0.33 0.30 0.31 0.32 0.34 0.37 0.31 0.33 0.30 0.32 0.31 

173 0.25 0.28 0.24 0.26 0.26 0.29 0.31 0.25 0.28 0.24 0.27 0.31 

29 0.24 0.27 0.23 0.25 0.25 0.28 0.31 0.24 0.27 0.23 0.26 0.29 

149 0.22 0.26 0.22 0.23 0.24 0.27 0.29 0.25 0.18 0.23 0.26 0.32 

97 0.28 0.32 0.28 0.29 0.30 0.32 0.35 0.29 0.32 0.28 0.30 0.26 

144 0.24 0.28 0.24 0.25 0.26 0.29 0.31 0.25 0.28 0.24 0.26 0.22 
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136 0.23 0.26 0.22 0.24 0.24 0.27 0.30 0.22 0.26 0.20 0.25 0.31 

26 0.23 0.26 0.22 0.24 0.24 0.27 0.30 0.25 0.19 0.24 0.26 0.33 

110 0.28 0.31 0.27 0.29 0.29 0.32 0.35 0.28 0.31 0.27 0.30 0.20 

183 0.29 0.32 0.29 0.30 0.31 0.33 0.36 0.30 0.32 0.29 0.31 0.21 

146 0.31 0.35 0.31 0.33 0.33 0.36 0.38 0.32 0.35 0.31 0.34 0.33 

165 0.86 0.90 0.86 0.88 0.88 0.91 0.93 0.87 0.90 0.86 0.89 0.91 

182 0.29 0.32 0.29 0.30 0.31 0.33 0.36 0.30 0.32 0.29 0.31 0.32 

139 0.90 0.93 0.89 0.91 0.91 0.94 0.97 0.90 0.93 0.89 0.92 0.95 

159 0.27 0.30 0.26 0.28 0.28 0.31 0.34 0.28 0.30 0.26 0.29 0.29 

114 0.87 0.90 0.87 0.88 0.89 0.91 0.94 0.88 0.90 0.87 0.89 0.92 

100 0.16 0.18 0.16 0.17 0.18 0.23 0.25 0.23 0.24 0.22 0.24 0.31 

126 0.26 0.30 0.26 0.28 0.28 0.31 0.33 0.27 0.30 0.26 0.29 0.29 

135 0.28 0.31 0.27 0.29 0.29 0.32 0.35 0.28 0.31 0.27 0.30 0.30 

171 0.25 0.28 0.24 0.26 0.26 0.29 0.32 0.25 0.28 0.24 0.27 0.26 

179 0.91 0.94 0.90 0.92 0.92 0.95 0.97 0.91 0.94 0.90 0.93 0.95 

153 0.84 0.88 0.84 0.86 0.86 0.89 0.91 0.85 0.88 0.84 0.87 0.89 

154 0.86 0.89 0.86 0.87 0.88 0.90 0.93 0.87 0.89 0.86 0.88 0.91 

145 0.80 0.84 0.80 0.82 0.82 0.85 0.87 0.81 0.84 0.80 0.83 0.85 

170 0.25 0.28 0.24 0.26 0.26 0.29 0.31 0.25 0.28 0.24 0.00 0.33 

112 0.25 0.28 0.25 0.26 0.27 0.29 0.32 0.26 0.28 0.25 0.27 0.26 

101 0.23 0.26 0.23 0.24 0.25 0.20 0.15 0.28 0.29 0.27 0.29 0.35 

178 0.23 0.26 0.23 0.24 0.25 0.20 0.15 0.28 0.29 0.27 0.29 0.35 

188 0.22 0.26 0.22 0.23 0.24 0.27 0.29 0.21 0.26 0.20 0.24 0.31 

227 0.22 0.26 0.22 0.23 0.24 0.27 0.29 0.21 0.26 0.20 0.24 0.31 

51 0.98 1.01 0.97 0.99 0.99 1.02 1.05 0.98 1.01 0.97 1.00 1.03 

166 0.98 1.01 0.97 0.99 0.99 1.02 1.05 0.98 1.01 0.97 1.00 1.03 

86 0.31 0.34 0.30 0.32 0.32 0.35 0.38 0.32 0.34 0.30 0.33 0.00 

120 0.28 0.32 0.28 0.29 0.30 0.33 0.35 0.29 0.32 0.28 0.30 0.21 

203 0.27 0.30 0.27 0.28 0.29 0.24 0.18 0.31 0.32 0.30 0.33 0.39 

242 0.23 0.27 0.23 0.24 0.25 0.28 0.30 0.26 0.19 0.25 0.27 0.33 

50 0.27 0.30 0.27 0.28 0.29 0.31 0.34 0.28 0.30 0.27 0.29 0.28 

99 0.27 0.31 0.27 0.28 0.29 0.31 0.34 0.28 0.30 0.27 0.29 0.29 

177 0.29 0.32 0.28 0.30 0.30 0.33 0.35 0.29 0.32 0.28 0.31 0.10 

95 0.31 0.35 0.31 0.33 0.33 0.36 0.38 0.32 0.35 0.31 0.34 0.33 

208 0.32 0.35 0.31 0.33 0.33 0.36 0.39 0.33 0.35 0.31 0.34 0.33 

174 0.22 0.25 0.22 0.23 0.24 0.26 0.29 0.24 0.18 0.23 0.26 0.32 

204 0.22 0.26 0.22 0.23 0.24 0.27 0.29 0.25 0.18 0.24 0.26 0.33 

74 0.23 0.26 0.22 0.24 0.24 0.27 0.30 0.25 0.19 0.24 0.26 0.33 

131 0.22 0.26 0.22 0.23 0.24 0.27 0.29 0.25 0.18 0.24 0.26 0.33 
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