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GENERAL ABSTRACT 

A considerable set of underutilized crops perform better than their more accepted counterparts 

when cultivated in less nutritive soils and grossly unfavorable environmental conditions. This 

advantage necessitates the development of these special crops for the good of sustainable 

agriculture. Based on the effect of a changing climate and the expected population increase, it is 

necessary to find a means of improving crop diversities and yield. Less valued crops need to be 

accepted and incorporated into the food system. Bambara groundnut (Vigna subterranea (L.) 

Verdc.) is one such crop with so much promise of help in enhancing food security. There is a need 

to find approaches to improve crop yield and stop this decline in food availability, especially in 

the less-developed world. Bambara groundnut (BGN) and other legumes with the basic 

compositions of required nutrients such as proteins, oils, and carbohydrates have been major 

sources of food for humans and animals alike. One of the ways used in selecting crops and 

improving yields is the application of multi-environment trials (MET) which have been employed 

in various crops to select the best cultivars that adapt well to various environments. This has aided 

in the development of many adaptive and stable cultivars across environments. More importantly, 

advances in next-generation sequencing (NGS) technologies coupled with improvements in 

bioinformatics tools have strengthened research in plant breeding to tackle food security. The use 

and accuracy of molecular breeding has been improved through marker-assisted selection (MAS), 

genotyping, and gene editing, among others. Improvements in genotyping by sequencing (GBS) 

have been widely successful in crops with reference genomes. Most less-studied crops do not have 

a reference genome yet, but other approaches can be employed, such as genome-wide association 

studies (GWAS), quantitative trait loci (QTL) analysis, and comparative genomics, among others.  

In this study, a set of 95 accessions of Bambara groundnut that have not been DArT-characterized 

were selected from the germplasm collection in the IITA Gene bank. These accessions were 
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evaluated for morphological traits in a MET in 2018 and 2019 in Ibadan and Ikenne, South-West 

Nigeria. Ibadan is in the derived savanna and Ikenne is in the tropical rain forest. To validate their 

ability to enhance food and nutrition security, their nutrient, antinutrient, mineral components, and 

stress responses were accessed. The objectives of the field trials were to evaluate the diversities in 

the phenotypic and agro-morphological traits in the selected accessions, to examine the effect of 

the environment on the individual traits and accessions, to discover the most stable and adaptable 

accession in terms of yield among the selected accessions, and to select the best environment for 

the crop. Experiments were laid out in a randomized complete block design (RCBD), replicated 

three times. The plot area was 3m2 with 10 plants per plot. Spacing between each plant was 0.3m 

and inter-plot spacing was 1m. An alley of 1m separates each replicate. The plants were rainfed 

and irrigated as appropriate and all standard agronomic practices were observed. After planting, 

young leaves from 2-week-old plants were collected and DNA was extracted for DArT 

sequencing. Data were collected from the fields at the appropriate time using the field book. For 

the nutrient and antinutrient components, good-looking seeds were selected after harvest and 

analyzed in the Food and Nutrition laboratory. Drought assessment was carried out in the screen 

house in IITA, Ibadan. Wooden boxes were used and arranged using RCBD in three replicates. 

Five accessions were planted in each box with 6 plants per accession which were later thinned to 

3 after 2 weeks. The boxes were irrigated to field capacity for 24hrs before planting and the 

moisture content at field capacity was recorded. After planting, watering was done regularly for 4 

weeks when plants were fully established and the watering was stopped. Individual plants were 

scored for wilting, stem greenness, chlorophyll content, and leaf senescence. Scoring was done on 

days 7, 10, and 13 before watering was resumed. Boxes were watered to field capacity on the day 

of resumption of irrigation, thereafter once every 2 days for 2 weeks until the experiment was 

concluded. The collected data were subjected to ANOVA, and the means were separated using the 

Fischer LSD test. Principal component analysis (PCA), correlation, and cluster analysis were also 
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evaluated for the different traits. Furthermore, a genome-wide analysis study was conducted on 

the stress-treated plants to identify genomic regions and candidate genes regulating the stress-

response traits studied. The Eberhart and Russell method and GGE biplot were used to analyze the 

stability analysis and predict the best genotypes and best environment.  

Results showed that location was highly significant for all the traits (p <0.0001) except for plant 

height and leaf length. The accessions varied significantly in plant height, leaf length and width, 

chlorophyll content, number of petioles, germination count, petiole length, number of pods per 

plant, number of seeds, hundred seed weight, seed length, seed width, seed thickness, and yield (p 

<0.0001) while days to flowering (p<0.001) and days to 50% germination and total seed weight (p 

<0.01) were also significant but their responses to the trait days to emergence was not significant. 

The interaction effect of location and accession was highly significant (p <0.0001) on leaf width, 

chlorophyll content, number of petioles, germination count, number of pods, number of seeds, and 

yield, while plant height was also significant at p <0.001, leaf length and seed length were 

significant at p <0.01, and seed width was significant at p <0.05. However, the interaction between 

accession and year was highly significant for plant height, leaf width, number of pods, and number 

of seeds (p <0.0001) and leaf length (p <0.001). There was a highly significant effect of location, 

accession, and year interaction on leaf length, leaf width, petiole length, number of pods, and 

number of seeds (p <0.0001), plant height and days to flowering (p <0.01), and hundred seed 

weight (p <0.05). This implies that high levels of variability and heterogeneity exist among 

accessions, locations, and years in response to the traits scored. Principal components 1 (24.67%) 

and 2 (17.63%) account for 42.3% of the total variance observed. Among the variables, seed width 

(19.53%), seed thickness (19.58%), hundred seed weight (16.98%), seed length (15.93%) and yield 

(9.76%) were the major contributing traits in PC1, while number of seeds (21.78%), number of 

pods (18.48%), total seed weight (13.96%), plant height (9.12%), and petiole length (8.93%) were 
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the major contributing traits in PC2. From the biplot, accessions loading on PC1 are high yielding 

with thick seeds and long seeds while at the same time having high hundred seed weight. 

Accessions loaded on PC2 have a high number of seeds, number of pods, and total seed weight. 

The cluster analysis grouped the accessions into 4 clusters (red, green, blue, and purple) based on 

the agro-morphological traits with the clusters in red having the highest number of accessions (37 

accessions) followed by the ones in green (30), blue having 11, and the purple cluster with 17 

accessions. There are lots of significant correlations among the traits scored. In the analysis of the 

genetic parameters, the phenotypic variance is higher than the genotypic variance in all the traits. 

Yield (kg ha−1) reported higher phenotypic (19,476.39) and genotypic (5,159.09) variances, while 

the lower phenotypic (0.68) and genotypic (0.23) variances were observed in leaf width. The traits 

such as LLE (GCV 7.18, PCV 19.95), GCT (GCV 6.50, PCV 19.61), DTF (GCV 6.31, PCV 

10.81), SEEDL (GCV 14.41, PCV 18.19), SEEDW (GCV 11.84, PCV 16.13), and SEEDT (GCV 

13.48, PCV 17.66) showed below 20% of phenotypic coefficient of variation (PCV) and genotypic 

coefficient of variation (GCV).   

Yield stability analysis showed that seed yield was significantly affected by genotype, 

environment, and GEI. The mean squares of the accessions were highly significant, also the effect 

of the environment over the years. Out of the 95 accessions studied, 22 were found to be good-

performing and stable, 6 were found to be adaptable, while the remaining accessions were not 

affected by the environmental factors. The biplot explained 80% of the total variation observed. 

The first principal component (axis1) explained 48.59% and the second principal component 

(axis2) explained 31.41%. Accessions TVSu-1866, TVSu-2022, TVSu-2017, TVSu-1943, TVSu-

1892, TVSu-2060, and TVSu-1557 were all located at the corners of the polygon in the "which 

won where" view of the relationship between accessions and environments, indicating that these 

accessions were outstanding in those environments. TVSu-1706, TVSu-2018, TVSu-1785, TVSu-
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1895, and TVSu-1951 accessions performed consistently across all environments. IB2019 was the 

closest to being an ideal environment, while TVSu-2020 and TVSu-1649 were the most ideal 

accessions, followed by accessions TVSu-2021, TVSu-1664, TVSu-1866, and TVSu-2025. 

However, accessions TVSu-1557, TVSu-2060, TVSu-2056, and TVSu-2042 were the worst 

accessions in terms of yield performance as they are located far from the center of the concentric 

circle.  

The result of the nutrient and antinutrient composition shows a highly significant difference for 

the traits. The two components account for 41.2% of the total variations observed. The clustering 

based on the traits depicts four main groups. According to the correlation matrix, protein was 

significantly correlated with ash, fat, and phytate. Fat correlated with moisture content and tannin; 

tryptophan correlated slightly with protein content and correlated highly with tannin; moisture 

content and tannin were also highly correlated. Correlation between drought response traits 

showed a significant positive correlation between chlorophyll content and recovery. PCA of the 

traits showed variation in response levels on the three different days that data was taken. Further 

clustering analysis grouped the accessions based on the response traits.  

A total of twenty significant SNPs (considering thresholds of log (p) ≤ 0.001 with R2 ≥ 9%) from 

both the GLM (15) and MLM (5) models were identified by GWAS analysis of the BGN 

accessions in response to water stress using the Mungbean reference genome. In the study, twelve 

SNPs associated with drought stress response were identified. These SNPs are co-localized with 

the Vradi07g31020, Vradi05g01630, Vradi06g04840, Vradi06g03310, and Vradi04g08510 genes 

which encode for a transaldolase, pectin esterase, proline transporter 1, GDSL esterase, and outer 

plastidial membrane protein porin respectively. As well as the Vradi03g05310, Vradi10g10930, 

Vradi03g08520, and Vradi02g06260 genes encoding for cell division cycle 20.2- cofactor of APC 

complex, putative tRNA (cytidine(32)/guanosine(34)-2'-O)-methyltransferase, UDP-
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glycosyltransferase 76F1, and SHUGOSHIN 2 respectively. Finally, the genes Vradi04g01720, 

Vradi02g02440, and Vradi07g10090 were discovered, which encode the origin of replication 

complex subunit 1A, alanine--tRNA ligase, and salicylic acid-binding protein 2. 

This study showed that BGN can help improve food and nutritional security, and the accessions 

used can serve as a source of parent lines for improved varieties. 

Keywords: agromorphological traits, Bambara groundnut, candidate genes, food security, Genetic 

diversity, genotype-by-environment interaction, GWAS, multi-locational trial, marker-trait 

association, nutritional security, quantitative trait loci, SNPs, sustainability, water-stress response, 

yield stability 
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CHAPTER 1 

General Introduction 

1.1 Background information 
Food demand exceeds available food because of the increasing population. This will lead to an 

outbreak of famine, especially in the developing world, if the trend continues. Yield-improvement 

programs set up to solve this problem have not been as effective as expected because the rate of 

population increase is very high compared with the rate of food production. Therefore, the 

availability of food having high nutritive and caloric values is essential for human existence.  

Today, there is a definite reduction or loss in crop diversity, partly due to the inability to 

domesticate wild species and the effect of climate change. According to Ulian et al. (2020), there 

are at least 7,039 edible plant species out of which rice, wheat, and maize are the leading food 

crops in the world out of the thousands of cultivable crop species available (Kumar et al., 2018). 

Plant breeding has resulted in the domestication of a few limited wild varieties, development of 

only a few adapted populations and the selection of a limited number of genotypes (so-called "best 

genotypes”). Despite these plausible effects, problems of limited diversity in cultivated crop 

species have risen since most breeding technologies have focused more on the major crops. 

Therefore, breeding programs should be extended to non-major and underutilized crops to 

supplement the already major crops. 

The objective of plant breeding in an underutilized crop is to increase both intra- and interspecific 

diversity by exploring these crops for development (Bavec et al., 2017). Most underutilized crops 

are adapted to specific agro-ecological areas where they have been adapted to withstand biotic and 

abiotic stresses, thereby contributing in a way to their sustainable production (Cullis and Kunert, 

2017). These attributes make them valuable in crop genetic resources as they portray and convey 

diverse genetic traits. The genetic resource evaluation of a crop for effective breeding should have 
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the following parametric bases: agronomic value, outcrossing, and yield potential. However, 

specific trait improvement and successful cultivation of the improved crops are a valuable way of 

conserving genetic resources for future use. Globally, food security has largely depended on 

genetically improved crops even though there was an estimated loss of 75% between 1900 and 

2000 in crop production (FAO, 2011).  

Given the increase in the world population, the production of sustainable food supplies will be a 

critical challenge in the twenty-first century. The world population is projected to reach 9 billion 

by 2050 (Gerten et al., 2020, McKenzie and Williams, 2015), indicating that food supplies must 

be doubled to meet the needs of the expanding population (Laplaze et al., 2018, Kummu et al., 

2017). Apart from increasing the quantity of food, improving quality is also critical to maintaining 

nutritive values with increased potential for yield. With the issue of underdevelopment and climate 

changes, there is no better way to combat the looming food scarcity than to look within. Therefore, 

the improvement of indigenous crops will offer a lasting solution in a continent such as Africa. 

Legumes, which are the most important food crops behind cereals, belong to the family 

Leguminosae. They are important sources of proteins and minerals, which makes them essential 

for poor people in underdeveloped communities, especially in Africa and Asia, where the majority 

cannot afford meat and fish. Utilization of legumes in combatting malnutrition and food insecurity 

(Ojiewo et al., 2015, Mubaiwa et al., 2018) has been a focus of research in most developing 

countries. This outlines the visible potential (drought tolerance, thriving in marginal soils, nitrogen 

fixation, and acceptable nutritional value) that needs to be exploited in these crops. Areas where 

they are mainly grown include Nigeria, Senegal, Togo, Indonesia, Cameroun, India, and Côte 

d’Ivoire (Borget, 1992). They are classified as pulses (Bambara groundnut), oilseeds (Soybean and 

Groundnut), forage legumes (Winged bean), tuberous roots (Yam bean), and food crops (Cowpea) 

(Foyer et al., 2016, Mayes et al., 2019). Some are well known and extensively incorporated into 
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the global food system, while some are still relatively underutilized or unknown. Underutilization 

can be due to a lack of knowledge or information on their uses, and some are hard to cook. Among 

the underutilized legumes are African yam bean, Pigeon pea, and Bambara groundnut (BGN). 

Apart from the widely known legumes, a subset of the underutilized legumes performs 

comparatively better in marginal soils and under less favorable environmental conditions than 

other major crops. Hence, developing these subsets further for future agriculture makes a suitable 

and complementary approach to the continued use of major crops. This is particularly important 

given the expected negative impact of climate change on current major crop production systems 

and the gap between the current rate of genetic improvement of most major crops and the higher 

rates required to be able to feed the predicted nine billion people in 2050 (Laplaze et al., 2018, 

Lewandowski et al., 2018).  

One such underutilized crop, Bambara groundnut (Vigna subterranea (L.) Verdc.), is an indigenous 

African legume that thrives in hot climates and is well suited to poor, infertile soils where other 

crops do not produce reasonable yields (Atoyebi et al., 2013). It is classified under the family 

Fabaceae, sub-family Faboidea, and the genus Vigna (Bamshaiye et al., 2011). There are two 

botanical varieties known; the wild botanical variety (Vigna subterranea var. spontanea) and the 

cultivated botanical variety (Vigna subterranea var. subterranea) (Yao et al., 2015). These varieties 

are diverse in their morphology, nutritional components, responses to biotic and abiotic factors, 

and so on. This legume seed crop was reported to originate from West Africa, from the Bambara 

district near Timbuktu (Jideani and Diedericks, 2014). It is now widely grown in Africa, Malaysia, 

South and Central America, some parts of Northern Australia, Sri Lanka, and Indonesia (Azam-

Ali et al., 2001). Different places have their indigenous names for BGN. For example, it can be 

called Madagascar groundnut, Baffin pea, Voandzou, Indhlubu, underground bean, and Nzama in 

Malawi, In Nigeria it is Epa-Roro, in South Africa Jugo beans, and in Zimbabwe Nyimo beans 
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(Bationo et al., 2011, Vijaya, 2011, Oso et al., 2013, Nandini, 2016, Emelike and Barber, 2018, 

Jideani and Diedericks, 2014). One of its most important traits is its ability to thrive in adverse 

environmental conditions and nutrient-poor soil where other crops might not thrive. Another 

characteristic is its ability to be intercropped with other crops such as Maize, which helps in 

providing nitrogen for the Maize through nitrogen fixation (Alhassan and Egbe, 2014, Abate and 

Alemayehu, 2018). 

Its ability to fix nitrogen improves soil fertility and makes it useful in crop rotation. This provides 

the possibility of a crop being grown without the use of expensive chemicals and fertilizers. 

Bearing in mind that chemicals and fertilizers are usually difficult to obtain in isolated areas, 

therefore, nitrogen fixation by BGN adds to its advantages for farmers (Cleasby et al., 2016, Musa 

et al., 2016). Like Peanuts, the BGN plant grows close to the ground with seeds forming 

underground. Its maturity rate is between 3-6 months. This crop has also shown large diversity in 

its genetic resources for improvement (Aliyu et al., 2016, Mayes et al., 2019). 

Linnaeus in 1763 classified the crop in the Plantarum specie naming it Glycine subterranea. In 

1806, Du Petit–Thouars proposed the name Voandzeia subterranea (L). Thouars after discovering 

it in Madagascar (Young, 1978). This name was widely used for over a century. Vigna subterranea 

belongs to the genus Vigna, subclass Phaseolinae, class Phaseoleae and family Papilionaceae 

(Bamshaiye et al., 2011, Azam-Ali et al., 2001). As stated earlier, it was known as Voandzeia 

subterranea for more than a century before it was changed to Vigna subterranea in 1980 (Borget, 

1992). A comprehensive botanical study by Maréchal et al. (1978), found striking similarities 

between BGN and plant species of the genus Vigna leading to the studies by Verdcourt who later 

proposed the name Vigna subterranea (L) Verdc (Goli, 1995).  

BGN is a small herb having both prostrate and erect forms and grows to a height of 0.30m to 

0.35m. Like the Groundnut, it has compound leaves of three leaflets. The plant is characterized by 
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either bunched leaves which are self-pollinating, forming a crown on the soil surface, or spreading 

leaves which are cross-pollinating. The branched stems of the plant root at the nodes to form a 

bunched herbaceous annual with a thick taproot which forms a profusion of lateral roots towards 

its tip (Al Shareef et al., 2014). The stem branches about one week after planting, and a 

considerable number of branches are produced, giving the plant a bushy appearance. It is made up 

of about ten running stems with very short internodes, with roots growing from nodes at each stem. 

The leaf arrangements and conformation are alternate and trifoliate. It possesses auxiliary 

peduncles which elongate from the stem nodes, each of which has one to three flowers. The plant 

is literally considered to be autogamous (Molosiwa et al., 2015, Aliyu et al., 2016) with pale-

yellow flowers which are borne on the branching stems. After the occurrence of fertilization, the 

stem grows into the soil with the already developed seed. The pod, which is about 1.25–2.5cm in 

diameter, ends up about 1cm beneath the soil surface, containing one or two seeds formed after 40 

days of fertilization (Gibbon and Pain, 1985). The pods, which are either green or purple at 

maturity, cluster around the center and the secondary roots. 

On the field, plant development and productivity are controlled by various extreme environmental 

factors such as drought, heat, salinity, cold, or pathogen infection, which may delay or reduce seed 

germination, reduce seedling growth, and decrease crop yields. Finding a lasting solution to these 

problems has been a major current research interest. In this quest, the crop genome sequence is a 

key factor for understanding the processes, both physiological and biochemical, controlling plant 

traits and their mode of responses to biotic and abiotic environmental stresses. The rapid evolution 

of genome sequencing technologies has resulted in the generation of large genomic data sequences 

of plant genomes, creating an opportunity for the application of this technology to crop 

improvement (Yuan et al., 2017, Zargar and Rai, 2017). In the vastly improving area of life science 

technologies, new areas have merged for elucidating gene functions and metabolic pathways; and 
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‘omics’ technologies coupled with improved bioinformatics tools and databases. As our 

understanding of the key processes increases, it must be translated into research in plant 

development and improved crop yield. 

Various environments affect different genotypes diversely. A genotype behaves differently when 

subjected to different environments. Thus, coupled with individual crop genetic diversity, each 

environmental condition such as water availability, soil composition, soil type, temperature, 

rainfall pattern, humidity, photoperiod, etc., affects the production outcome of a crop. Hence the 

importance of studying genotype-environment interactions on crop production in a multi 

environment trial (MET). As a result, GGE biplot analysis (Yan et al., 2007, Yan and Tinker, 2006) 

is one of the two most common methods used for this purpose. Analysis of MET output using 

GGE biplot helps to determine the best environment for a crop, the best accessions of a crop in 

each environment and in all environments under consideration, and the most stable accession 

across all environments studied. With this, the best selections can be made for improved varieties. 

GGE biplot analysis of yield stability for Andean dry bean accessions grown under different 

abiotic stress regimes in Tanzania was reported by Mndolwa et al. (2019). Soybean performance 

and stability in MET using GGE biplot analysis was also reported by Dalló et al. (2019). Other 

applications of GGE biplot have been reported on various crops such as Maize (Badu-Apraku and 

Akinwale, 2019), Sugarcane (Tena et al., 2019), Sunflower (Ahmed et al., 2019), Rice (Oladosu 

et al., 2017), and Wheat (Buenrostro-Rodríguez et al., 2019).      

Furthermore, various next-generation based technology protocols have been developed for large 

data sets which have been applied in genome-wide association studies (GWAS), quantitative 

linkage locus (QTL) analysis, linkage mapping, genome selection, population genetics, and SNP 

detections (Singh et al., 2017, Singh et al., 2011). All these protocols have been rightly optimized 

and modified for several model crops for various traits such as water stress (Ayalew et al., 2018), 
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growth and yield traits , salinity tolerance, nutrient, etc. There are no improved varieties of BGN 

yet, which means that the crop is cultivated from local varieties. The genetic diversity observed in 

the wild type is not comparable to that observed in domesticated types (Zhang et al., 2019). The 

ability of breeding programs to harness the advantages of the new life science technologies which 

apply various molecular markers to gain a better understanding of BGN genetics provides a great 

step in the right direction. Due to the importance of this crop, these technologies can improve 

farmers’ income through improved crop yield as well as improving both global and local food 

security.  

In addition, the use of molecular markers has immensely improved plant breeding. Various 

markers have been utilized on various crops for selections and improvements. One such molecular 

marker is the diversity array technology (DArT) markers, which have been used in various crops 

of importance (Fayaz et al., 2019, Mogga et al., 2018, Dracatos et al., 2019). SNPs for important 

crop traits are identified through molecular markers. In the absence of reference genomes, DArT 

markers are reportedly of great importance, hence their increased interest in the genetic studies of 

underutilized crops. Other markers such as RFLP, AFLP, ISSR etc. are also used in various studies 

involving major and underutilized crops. Further explanation of these markers is in chapter two of 

this thesis. 

Finally, the ongoing efforts to improve crop species' tolerance to biotic and abiotic stresses, as well 

as maintaining high levels of productivity, profitability, and quality, involve ongoing activities 

focused on genetic resource conservation, as well as crop species improvement. Effective breeding 

trait selection is heavily reliant on accurate estimates of the heritability of morphological and 

agronomical traits. The use of molecular markers for these traits’ aids in the introduction of new 

cultivars and accelerates agricultural progress. The fact that heritable variation is found in 

populations means that this heritability can be used to estimate how much a crop can be improved 
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by selecting for these traits. Heritability is the genetic link between breeding and phenotypic values 

(Falconer et al., 1996). That is, it is a reliable breeding predictor of phenotype value. In other 

words, it measures how much of the phenotype will be passed down to the next generation. A 

direct link exists between heritability and selection response. Hence, the magnitude of the selection 

procedure influences heritability, as well as genetic gain and the degree of impact of genes. High 

genetic advance and high heritability show that the traits can be selected for improvement and they 

are not affected by the environment (Padmaja et al., 2008, Dhivya et al., 2014). 

1.2 Problem Identification 
There is a limited number of plant species that are used as food source. This has limited the 

availability of food to feed the ever-increasing population. Furthermore, climate change, 

increasing population and urbanization has further hindered crop production and availability. The 

rate at which population is increasing is exceeding the rate of food production for feeding the 

world. Urbanization is also reducing the availability of land for growing food, as productive land 

is taken up by buildings and industries. In addition, limited diversity in available food crop has 

called for urgent alternatives to these major crops to ensure food security. Hence the advocacy for 

marginalized/underutilized/orphan crops to support the major food crops. Underutilized crops 

reportedly thrive in marginalized soils where these major crops cannot thrive. Their ability to 

survive climate change impacts such as drought, heat, salinity stress more than the major crops is 

an advantage. If these crops can produce favorably without in-depth research, then we can imagine 

what and in-depth research input and focus on these crops will achieve in food security and human 

sustainability.   

1.3 Justification of the study 
Improved BGN productivity is required to validate its use in varied agricultural systems. 

Understanding BGN's physical and physiological traits is the first step to efficiently using its 

genetic diversity. This method will also benefit breeders and farmers by providing critical baseline 
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data on known landraces. Evaluating landraces' features can assist breeders characterize valuable 

germplasm and improve selection efficiency for specific environmental situations. Thus, 

morphological, physiological, and genetic variations influencing growth, development, yield, and 

nutritional content of BGN landraces must be characterized. Hence, the need to improve and 

promote the crop for the enhancement of food security, especially in sub-Saharan Africa. The work 

in this study is further justified by the following research questions: 

• Do variations exist between BGN accessions in response to morphological traits? 

• Is BGN yield affected by the environment? 

• What are the genetic bases of the observed agro-morphological variations in BGN? 

• What is the response of BGN to water stress using molecular and phenotypic data? 

 

1.4 Objectives of the study 
1.4.1 General objective 
This research aims to identify and harness the treasures locked in the BGN and to identify genetic 

diversity in some selected accessions to unearth the potential of this underutilized crop in 

combatting food security through the application of NGS technologies. Furthermore, parent lines 

for BGN breeding programs can be identified from the outcome of this study.  

1.4.2 Specific objectives 
Simply, the specific objectives of this study were: 

i. To characterize 95 different BGN accessions using morphological and physiological 

differences influencing their growth, development, and yield under field conditions to 

select superior landraces for production. 
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ii. To assess nutritional and anti-nutritional contents among the 95 BGN accessions to identify 

accessions with high content of multiple nutrients. 

iii. To assess genetic variation and relatedness for drought stress response among BGN 

accessions using DArT markers as a preliminary step towards BGN improvement. 

iv. To identify putative candidate genes for drought tolerance as a preliminary study for 

improved BGN breeding program. 

1.5 Hypothesis 
i. The BGN accessions were diverse in agronomic performance and physiological traits.  

ii. The BGN accessions consisted of genetically divergent individuals both in agronomic 

performance, physiological traits, and drought stress response.  

iii. The BGN accessions are diverse in their nutrient and antinutrient components.  
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Abstract  

Food and nutrition security is one of the main goals of sustainable development in this era of 

climate change. Accessibility to food crops that can almost provide the required nutrients and 

minerals is an advantage. A balanced diet that is sourced in the right proportions of minerals and 

nutrients helps maintain proper body function and growth. Bambara groundnut (BGN) fits the bill 

when it comes to an acceptable level of nutrient and mineral composition. BGN is a balanced food 

that can help eradicate food and nutritional insecurity if it is incorporated into the major food 

system. However, there is a large degree of variation in nutrient composition and antinutritional 

factors among BGN accessions. Here we show the degree of variability of nutrient and antinutrient 

components such as percentage ash, moisture, protein, fat, tryptophan, tannin, and phytate contents 

in seeds of 95 accessions of BGN. Data was subjected to analysis of variance (ANOVA), followed 

by correlation and principal component analysis. Clustering was done to show the relatedness 

between the accessions in response to the various traits. A high level of heterogeneity was observed 

among the accessions for the various traits studied. PC1 and PC2 show 41.2% of the total observed 

variations. Cluster analysis grouped accessions into four main clusters. This study was able to 

confirm the high level of diversity in the components of nutrients and antinutrients previously 

reported in BGN. The results of this study are expected to aid in identifying parent lines for 

improved breeding programs. 

Keywords: Antinutritional factors, Bambara groundnut, Food composition, Food security, 

Multivariate analysis, Proximate analysis 
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5.1 Introduction 

The world population is predicted to exceed 9 billion by 2050 (McKenzie and Williams, 2015). 

This, along with the impact of climate change, the unavailability of agricultural land, and the 

reliance on limited species of crop, has hampered the global achievement of food and nutrition 

security. In sub-Saharan Africa and parts of Asia, the effect of climate change is erratic. Flooding, 

drought, and increase in temperature are experienced in these areas (Plänitz, 2019; Tesfaye et al., 

2018). Farmlands are affected due to environmental impacts from climate change effects such as 

temperature, humidity, rainfall pattern, and changes in light intensity and duration. Erratic yield 

and in some cases total loss have been the result (van der Geest et al., 2019). Although these cannot 

be attributed to climate change, biotic factors such as pests, rodents, birds, and other small 

mammals have their fair share of recorded losses. Food being produced is merely meeting the 

demands of the ever-increasing population. Food and nutrition insecurity is taking its toll on the 

less developed nations. According to FAO, we will need to produce 60% more food if we are to 

sustain the population by 2050 (www.fao.org/sustainability/en/). 

The nutritional and mineral components are vital to the survival of humans and livestock. Lack of 

adequate amount of which can result in various fatal illnesses. The developing world is the most 

vulnerable to nutrient and mineral deficiencies. Nutrients are necessary for proper development, 

and adequate supply is present in most crops, but most of these crops are significantly underutilized 

in the world food system. Most of these crops are an important part of their immediate local food 

system. One of these food crops is Bambara groundnut (BGN). Due to its high protein content 

(9.60-40.0%) (Mohammed, 2014; Oyeyinka et al., 2019) and good balance of essential amino acids 

(Yao et al., 2015), it is regarded as a complete food (Adebayo-Oyetoro et al., 2017; Oyeyinka and 

Oyeyinka, 2017). Hence, it can be a good alternative to meat in terms of protein source. In terms 

http://www.fao.org/sustainability/en/
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of nutrient components, it competes well with the major food crops, with very few boasting higher 

nutritional and mineral contents (Babalola et al., 2017). The high fiber and protein content also 

makes it an ideal component for animal feed. With all the promising attributes of BGN, it is 

reported to contain some antinutrient components such as phytates and tannins (Halimi et al., 2019; 

Popova and Mihaylova, 2019). These are not good for consumption in large quantities. 

Variations in nutrient compositions occupy a unique role in achieving food and nutritional security 

in the developing world. Diversities in nutrient and mineral composition enhance the reputation of 

BGN as a complete food. However, the presence of antinutrient factors has a significant effect on 

the selection and use of some of the accessions. The high level of these factors in these accessions 

should be taken seriously, as antinutrient factors have been reported to affect the bioavailability of 

nutrients and minerals by chelating with the required minerals (Akkad et al., 2019) thereby limiting 

the concentration of nutrients available for use. However, the situation can be taken care of by 

fermentation of the seeds and other processing methods as reported in some studies (Belmiro et 

al., 2020; Nwadi et al., 2020; Qaku et al., 2020).  

In terms of trait improvement, no known varieties of BGN have been developed for improvement. 

The major hindrance to trait development includes a lack of a complete and well-annotated 

reference genome for the crop.  However, other approaches can be used to improve the crop based 

on its nutrient and antinutrient composition, such as cooking processes (Nwadi et al., 2020). One 

of such approaches is the use of a genome-wide association study (GWAS) approach. GWAS has 

been used to develop small nucleotide polymorphism (SNP) markers for regions of simple and 

complex traits in crops (Gyawali et al., 2019; Kainer et al., 2019). Due to the success of this 

technology in other crops (Kainer et al., 2019; Sheoran et al., 2019), it will be of great interest if 

BGN can also benefit to improve its nutrient composition especially, region mapping the 
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antinutrient components. Locating the region mapping the antinutrient traits can aid the removal 

of these traits using advanced technologies like gene editing, thereby producing a safe and nutrient-

enriched complete food crop. 

How well can BGN improve nutritional security, especially in sub-Saharan Africa? Most people, 

especially in the developed world prefer the major crops for their source of nutrients and global 

acceptability, however, most underutilized crops reportedly contain enough of these nutrients as is 

found in the major crops. Therefore, in this study, we will estimate the amount of nutrients and 

antinutrient components in selected accessions of BGN. Having this information will be key for 

nutrient-improvement programs in BGN which will facilitate its incorporation into the food system 

in ensuring food and nutrition security in sub-Saharan Africa and the world at large. 

5.2 Materials and methods 

5.2.1 Source and Preparation of Bambara Groundnut Seed Materials 
Ninety-five accessions of BGN seeds obtained from the genetic resource center of the International 

Institute of Tropical Agriculture (IITA), Ibadan, Nigeria, were selected. The seeds from each 

accession were milled into powder in the laboratory using a grinder (Link, 1995). 20g of milled 

seeds were used for the analysis.   

5.2.2 Nutrient components 
5.2.2.1 Moisture content  
Three grams of the milled sample was weighed out in duplicates and placed into moisture canisters. 

The samples were then placed in an oven (Memmert, GmbH, Model-30-750) for 16hrs at a 

temperature of 105 °C. The weight was taken every hour until it became constant. Percentage 

moisture content was calculated according to the formula: 

%𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 �
𝑤𝑤𝑤𝑤
𝑤𝑤𝑤𝑤�

=
[𝑤𝑤𝑡𝑡 𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑤𝑤𝑤𝑤 𝑜𝑜𝑜𝑜 𝑑𝑑𝑑𝑑𝑑𝑑 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠] ∗ 100

𝑤𝑤𝑤𝑤 𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
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Where wt = weight 

5.2.2.2 Protein content 
The protein content was estimated from the nitrogen content which was determined using the 

micro Kjeldahl N distillation method and multiplied by 6.25, the universally accepted factor for 

protein content estimation. Then 0.2g of each of the powdered sample was weighed into digestion 

tubes of a Foss TecatorTM Digestor, and 4ml each of concentrated 98% H2SO4 and H2O2 were 

added. The copper tablet was used as the catalyst. The tubes were heated to 420 °C at the digestion 

block until a clear solution was obtained. The resultant was distilled using Kjectec 2200 distillation 

apparatus and the automated Titer equipment was used for titration. The percentage of protein 

content displayed on the screen was recorded (AOAC, 2005). 

5.2.2.3 Determination of fat content 
The procedure in Official Methods of Analysis (AOAC, 1990) was followed using Foss Soxtec 

2055 fat extraction and auto-analyzer equipment. Three grams of powdered sample was put in a 

petroleum ether extracting tube and heated between 100 and 145 °C; the reflux continued until the 

oil in the samples was leached out of the paper into a cup, leaving the water to evaporate. The oil 

was allowed to cool down and the volume was obtained as shown in the formula. 

From the differential weight after evaporation as compared with the initial weight before 

evaporation occurred. 

%𝐹𝐹𝐹𝐹𝐹𝐹
𝑂𝑂𝑂𝑂𝑂𝑂� = [(𝑊𝑊3−𝑊𝑊2)∗100]

𝑊𝑊1
  

 Where: 

 W3 = weight of the tube with the extracted oil, 

 W2 = weight of the empty tube, and 

 W1 = weight of the sample. 
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5.2.2.4 Determination of ash content  
The procedure for ash content determination involves weighing 2g of the powdered sample into a 

crucible with the weight already known. It was oven-dried for 4hrs at 105 °C then put in a muffle 

furnace (Vulcan, Model-3-1750) at 550°C until white ash was obtained (AOAC, 2005). The 

samples were cooled in a bench-top desiccator and reweighed to estimate the amount of ash. 

Percentage ash content was calculated using the formula; 

%𝐴𝐴𝐴𝐴ℎ =
[(𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝑎𝑎𝑎𝑎ℎ) − (𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)] ∗ 100

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡
 

5.2.2.5 Determination of tryptophan content 
The determination of the amino acid tryptophan was done as a separate analysis, due to its differing 

hydrolysis condition. The samples (400 mg) were hydrolyzed under alkaline conditions with a 

saturated barium hydroxide solution heated to 110 °C for 20 hrs. The hydrolysate was analyzed by 

reverse-phase liquid chromatography with UV detection at 285 nm, using a Waters Breeze HPLC 

with Empower software (Waters, Millipore Corp., Milford, MA) (Bertacco et al., 1992). 

5.2.2.6 Determination of carbohydrate content 
This was derived by subtracting the result obtained from ash, protein, moisture content, and fat, 

from 100, i.e., 100 – (ash + protein + moisture content + fat) (Drapala et al., 2016). 

5.2.3 Anti-nutritional components 
5.2.3.1 Determination of phytic acid 
This was analyzed with 1 g of the sample. Extraction and precipitation were done according to the 

method of Wheeler and Ferrel (1971). The phytic content of the samples was then determined by 

a 4:6 Fe/P atomic ratio. 
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5.2.3.2 Determination of tannins 
This was done determined according to the method of Adegunwa et al. (2011). A mixture of 0.5g 

of the sample in 50 ml distilled water was allowed to stand for 30 mins at 28 °C and filtered using 

Whatman No. 42 filter paper. After dispensing about 2 ml of the extract into a 50 ml volumetric 

flask, the standard tannin solution (2 ml) and 2 ml of distilled water were put in separate volumetric 

flasks to serve as standards. Folins reagent and 2.5 ml of saturated NA2CO3 solution were added 

to each flask. The contents of each flask were made up to 50 ml with distilled water and incubated 

at 28 °C for 90 min. The absorbance was measured at 260 nm on a spectrophotometer 

(ThermoFisher Scientific, Model, G10 UV-VIS). The reagent blank was used to calibrate the 

instrument at zero. 

5.2.4 Statistical Analysis  
All analysis was done using the R statistical package (R Core Team, 2019). Descriptive and 

summary statistics were computed using the stat.dev function in the pastec package. One-way 

analysis of variance (ANOVA) was performed using the lmer function to determine significant 

differences between the means of the nutrients and antinutrient components. Fischer’s least 

significant difference (F-LSD) at a probability level of 5% was used to separate the means that 

were significantly different. Principal component analysis was done using the subsequent cluster 

analysis from the fviz function in the factominer package, and correlation coefficients to view the 

groupings and relatedness among these collections of accessions on the different traits. 

5.3 Results 

5.3.1 Descriptive statistics and ANOVA analysis 
Descriptive statistics showed a significant coefficient of variations (CV>20) in the contents of ash, 

moisture, tryptophan, and tannin (Table 5.1). The range of 50.6-69.3, 0.76-6.39, 2.88-13.55, 12.51-
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26.72, 3.19-9.88, 0.09-0.47, 0.08-0.42, and 3.17-7.42 was recorded for carbohydrate, ash, 

moisture, protein, fat, tryptophan, tannin, and phytate contents respectively. Among the nutrient 

components, carbohydrate had the highest range but the lowest variation while phytate had the 

highest range between the two antinutrient components as well as the lowest variation. In the 

ANOVA result (Table 5.2), all components were highly significant (p<0.0001). The resulting 

means separation showed a high level of heterogeneity among the accessions for the traits, 

especially for ash, moisture, phytate, and tryptophan contents (Table 5.3).   

Table 5.1. Descriptive statistics of the nutrient and anti-nutrient compositions. 
Traits Mean Std Error Std Dev C V Min Max Range 
Carbohydrate (%) 58.34 0.30 4.12 0.07 50.6 69.3 18.7 
Ash (%) 3.82 0.07 0.91 23.78 0.76 6.39 5.63 
MC (%) 8.86 0.19 2.62 29.50 2.88 13.55 10.67 
Protein (%) 22.43 0.16 2.12 9.45 12.51 26.72 14.21 
Fat (%) 6.49 0.09 1.20 18.51 3.19 9.88 6.69 
Tryptophan 0.21 0.00 0.06 30.34 0.09 0.47 0.38 
Tannin (%) 0.20 0.01 0.08 40.45 0.08 0.42 0.34 
Phytate (mg/100g) 5.61 0.07 0.95 16.94 3.24 8.32 5.08 
†Std Error: standard error. Std Dev: standard deviation. CV: coefficient of variation. Min: 
minimum. Max: maximum. 
 

Table 5.2 ANOVA table for the trait’s responses. 

Traits Variation 
source 

D
f 

Sum 
Sq 

Mean 
Sq 

F 
value Pr(>F) 

LS
D 

Carbohydrate Accns 94 3198.7 34.029 244.19 
< 2.2e-16 
*** 

0.74 

Residuals 95 13.2 0.139      

Ash Accns 94 
150.53
8 1.60146 60.483 

< 2.2e-16 
*** 

0.32 

Residuals 95 2.515 0.02648      

Fat Accns 94 266.28 2.83279 145.43 
< 2.2e-16 
*** 

0.28 

Residuals 95 1.85 0.01948      

Moisture 
content 

Accns 94 1260.6 13.4107 247.2 
< 2.2e-16 
*** 

0.46 

Residuals 95 5.15 0.0543      

Phytate Accns 94 185.56 1.97404 72.88 
< 2.2e-16 
*** 

0.33 
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Residuals 95 2.573 0.02709      

Protein Accns 94 831.91 8.8501 199.33 
< 2.2e-16 
*** 

0.42 

Residuals 95 4.22 0.0444      

Tannin 
Accns 94 

1.2136
7 0.0129 72.365 

< 2.2e-16 
*** 

0.03 

Residuals 95 
0.0169
5 0.00017     

 

Tryptophan Accns 94 1.376 0.01463 8.454 
< 2.2e-16 
*** 

0.08 

Residuals 95 0.1645 0.00173      
† LSD: least significant difference. ***Highly significant at p < 0.0001. 
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Table 5.3. Means±standard deviation of nutrient and anti-nutrient components in each accession. 

Accession
s 

Nutrient components Anti-nutrient components 
CHO Ash MC Protein Fat Tryptopha

n 
Tannin Phytate  

TVSu-
1470 59.32±0.56t-w 4.16±0.00k-t 

7.73±0.35BC

D 23.22±0.01q-u 
5.59±0.90xy

z 
0.14±0.00n-

s 
0.13±0.00G-

L 8.32±0.00a 

TVSu-
1538 59.72±0.03r-u 3.36±0.12E-I 7.55±0.07CD 

22.21±0.02BC

D 7.16±0.01lm 0.20±0.00i-p 0.09±0.00OP 5.41±0.03y-D 

TVSu-
1547 59.51±0.06s-v 2.17±0.00Q 

7.96±0.01A-

D 23.22±0.00q-u 7.16±0.02lm 0.18±0.00j-r 0.12±0.00I-N 
5.12±0.00D-

H 

TVSu-
1557 60.32±0.04qr 2.13±0.06QR 

8.24±0.08w-

A 23.11±0.03r-v 
6.21±0.01s-

v 0.18±0.00j-r 
0.13±0.00G-

L 5.65±0.07v-A 

TVSu-
1574 

57.70±0.03CD

E 6.16±0.00ab 8.13±0.00y-B 23.06±0.02r-v 
4.96±0.00B

C 
0.14±0.00n-

s 0.12±0.01J-O 4.49±0.03JK 

TVSu-
1589 62.80±0.02g 3.18±0.03G-L 8.48±0.16u-y 

19.92±0.12M

N 5.63±0.03xy 
0.13±0.01p-

s 
0.13±0.01H-

M 5.38±0.07z-E 

TVSu-
1649 60.33±0.18qr 4.20±0.22j-s 8.17±0.03y-B 

22.49±0.04y-

B 4.83±0.02C 0.16±0.01l-s 
0.11±0.00K-

P 4.35±0.10JKL 

TVSu-
1663 61.90±0.37ijk 4.12±0.30l-t 8.10±0.04y-B 

21.10±0.01GH

I 4.80±0.00C 0.16±0.01l-s 
0.19±0.01w-

A 4.05±0.07L-O 

TVSu-
1664 

58.71±0.12w-

A 3.99±0.05p-w 8.15±0.06y-B 22.96±0.01t-w 
6.20±0.02s-

v 0.18±0.01j-r 0.17±0.01z-E 3.78±0.07NO 

TVSu-
1680 66.35±0.49c 3.86±0.19t-A 8.16±0.10y-B 16.28±0.06Q 

5.36±0.00yz

A 
0.17±0.01k-

s 
0.17±0.00y-

D 
4.18±0.06KL

M 

TVSu-
1701 62.58±0.12ghi 3.55±0.13A-F 

8.27±0.01w-

A 22.40±0.01z-C 3.21±0.02D 0.19±0.01j-q 
0.16±0.00A-

F 5.96±0.04p-v 

TVSu-
1706 62.94±0.08g 3.45±0.02B-G 

8.32±0.05w-

A 19.68±0.00NO 

5.61±0.02xy

z 
0.17±0.01k-

s 
0.19±0.01w-

A 4.62±0.04IJ 

TVSu-
1724 68.76±0.00a 

3.05±0.05H-

N 8.49±0.03u-y 12.52±0.00R 7.19±0.02im 0.24±0.01f-l 0.19±0.00v-z 5.19±0.00C-G 

TVSu-
1733 61.90±0.07ijk 3.74±0.20v-B 8.44±0.05v-z 19.70±0.36NO 6.23±0.02r-u 0.20±0.01i-p 0.27±0.01l-o 3.74±0.03O 
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TVSu-
1739 62.02±0.02hij 2.95±0.03L-O 8.63±0.06u-x 

19.88±0.00M

N 
6.53±0.01op

q 
0.13±0.00p-

s 0.38±0.01bcd 4.35±0.03JKL 

TVSu-
1740 67.77±0.01b 0.85±0.09S 8.69±0.16t-w 17.50±0.06P 

5.21±0.01A

B 
0.35±0.00cd

e 0.41±0.01a 3.81±0.10NO 

TVSu-
1742 61.12±0.60l-p 4.12±0.30l-t 8.01±0.10z-C 20.74±0.00IJK 

6.02±0.02uv

w 
0.41±0.01ab

c 
0.18±0.00x-

C 
4.17±0.07KL

M 

TVSu-
1745 61.21±0.06k-o 

3.01±0.18K-

O 9.46±0.27opq 20.94±0.48HIJ 
5.39±0.01yz

A 
0.22±0.02g-

o 
0.14±0.01F-

K 6.13±0.07n-s 

TVSu-
1758 

58.67±0.00w-

A 3.60±0.11y-F 8.94±0.08r-u 
22.23±0.03A-

D 
6.57±0.01op

q 0.23±0.01f-l 0.12±0.01J-O 5.41±0.04y-D 

TVSu-
1763 61.64±1.04jkl 1.84±0.10R 7.57±0.80CD 23.38±0.02o-s 

5.58±0.02xy

z 
0.22±0.01g-

o 0.30±0.01h-k 6.93±0.06d-g 

TVSu-
1764 59.07±0.21u-y 3.37±0.15E-H 8.53±0.04u-y 22.85±0.03u-y 

6.19±0.01s-

v 0.23±0.00f-l 0.21±0.00t-w 6.68±0.03g-j 

TVSu-
1765 59.93±0.99rst 3.19±0.16G-L 9.45±0.16opq 

21.83±0.02DE

F 
5.61±0.05xy

z 
0.22±0.00g-

n 
0.27±0.01m-

p 5.49±0.03y-C 

TVSu-
1785 60.89±0.14m-q 3.19±0.02G-L 9.27±0.10p-s 

21.83±0.05DE

F 4.83±0.02C 
0.21±0.01h-

p 0.38±0.01abc 6.26±0.07l-p 

TVSu-
1787 61.48±0.02j-n 3.04±0.10J-N 9.44±0.00opq 19.85±0.24N 

6.21±0.01s-

v 
0.14±0.00n-

s 0.40±0.01ab 5.85±0.00s-x 

TVSu-
1823 

57.73±0.02CD

E 3.90±0.15s-y 9.13±0.03q-t 23.46±0.02n-r 
5.79±0.00w

x 0.19±0.01j-q 
0.18±0.00x-

C 6.37±0.05j-n 

TVSu-
1836 60.68±0.05opq 3.42±0.04C-G 9.57±0.22opq 

19.94±0.11M

N 
6.40±0.03qr

s 0.20±0.01i-p 0.35±0.01def 
5.11±0.06D-

H 

TVSu-
1839 

57.00±0.02EF

G 4.25±0.01i-q 9.34±0.11o-r 23.19±0.01r-u 6.23±0.02r-u 0.19±0.01j-q 0.33±0.00efg 6.15±0.03n-s 

TVSu-
1843 59.15±0.04u-x 3.68±0.08w-E 

8.37±0.02w-

A 
22.04±0.02CD

E 6.77±0.01no 0.23±0.00f-l 0.35±0.00ef 5.48±0.02y-C 

TVSu-
1850 

57.34±0.01DE

F 2.50±0.02P 9.13±0.08q-t 24.64±0.04d-g 
6.40±0.02qr

s 
0.21±0.01h-

p 0.15±0.00D-I 4.58±0.06IJ 

TVSu-
1851 

55.33±0.27M-

R 3.36±0.20E-I 9.64±0.02op 24.92±0.04cd 
6.76±0.01no

p 
0.25±0.01f-

k 0.12±0.01J-O 
3.90±0.06MN

O 
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TVSu-
1859 56.48±0.43G-J 3.99±0.09p-w 9.33±0.21o-r 24.22±0.02h-k 

5.99±0.01uv

w 0.24±0.01f-l 0.12±0.01J-O 
4.16±0.07KL

M 

TVSu-
1863 56.08±0.51I-L 3.44±0.03B-G 

10.73±0.08c-

k 24.75±0.03def 
5.01±0.44B

C 0.18±0.00j-r 0.14±0.01E-J 5.24±0.06B-F 
TVSu-
1866 58.80±0.50v-z 

3.40±0.20D-

G 9.75±0.08no 21.46±0.01FG 
6.60±0.24op

q 0.20±0.01i-p 0.17±0.01z-E 5.37±0.06A-E 
TVSu-
1868 55.71±0.56K-P 3.31±0.07F-K 9.43±0.08opq 25.42±0.21b 

6.14±0.18s-

v 
0.22±0.01g-

o 0.28±0.01k-n 4.63±0.00IJ 
TVSu-
1874 

56.38±0.70G-

K 
3.15±0.18G-

M 8.20±0.08x-A 
23.68±0.23m-

p 8.60±0.17c 0.24±0.01f-l 0.24±0.01p-s 5.06±0.14E-H 
TVSu-
1879 55.10±0.13O-T 3.04±0.14I-N 

10.33±0.01i-

m 25.60±0.01b 
5.94±0.06v

w 0.20±0.01i-p 0.25±0.01o-r 6.24±0.07l-q 
TVSu-
1892 57.64±0.06C-E 3.37±0.16E-H 

10.85±0.03c-

h 20.79±0.24IJK 7.36±0.01kl 0.16±0.01l-s 0.29±0.00i-m 6.32±0.07k-o 
TVSu-
1895 60.44±0.51p-r 2.78±0.13N-P 

10.63±0.03d-

l 20.96±0.47HI 
5.20±0.02A

B 
0.14±0.01o-

s 0.14±0.00E-J 
5.09±0.10D-

H 
TVSu-
1898 52.59±0.30Y 4.51±0.13f-j 

10.93±0.00c-

f 
22.59±0.05w-

B 9.40±0.04b 
0.11±0.01qr

s 
0.16±0.01B-

G 6.19±0.07m-r 
TVSu-
1899 

54.41±0.25T-

W 3.75±0.12v-B 
10.87±0.10c-

h 22.42±0.03z-C 8.55±0.02c 
0.14±0.01o-

s 
0.18±0.00x-

C 5.46±0.07y-C 
TVSu-
1905 

54.53±0.80S-

W 4.56±0.11e-i 
10.80±0.10c-

h 
20.29±0.50L

M 9.83±0.05a 0.16±0.01l-s 0.23±0.01rst 7.03±0.03c-f 
TVSu-
1912 50.85±0.331 4.75±0.06d-g 

10.74±0.13c-

k 24.30±0.01g-j 9.37±0.03b 0.18±0.01j-r 0.28±0.00j-n 6.79±0.07e-i 
TVSu-
1915 51.23±0.03Z1 4.37±0.02h-n 

10.62±0.04e-

m 24.20±0.00h-k 9.60±0.04ab 0.20±0.01i-p 0.30±0.01i-l 6.06±0.06n-s 
TVSu-
1918 

57.77±0.23BC

D 3.60±0.11y-F 
10.63±0.08d-

l 21.78±0.01EF 6.23±0.02r-u 
0.21±0.01h-

p 0.35±0.00ef 
5.12±0.07D-

H 
TVSu-
1920 53.29±0.35XY 4.94±0.21d 

10.86±0.00c-

h 
22.53±0.03x-

B 8.39±0.01cd 
0.23±0.01g-

m 0.17±0.01z-E 6.73±0.07f-i 
TVSu-
1921 

54.65±0.01R-

W 4.44±0.14g-l 
10.63±0.20d-

l 24.30±0.05g-j 
5.99±0.01uv

w 
0.17±0.00k-

s 
0.27±0.01m-

p 5.52±0.07y-B 



  

77 
 

TVSu-
1923 

55.33±0.13M-

R 5.99±0.02b 
10.61±0.06e-

m 24.68±0.00d-g 3.40±0.00D 0.47±0.00a 0.31±0.01ghi 6.59±0.07h-k 
TVSu-
1930 55.22±0.12N-S 4.29±0.11h-p 

10.88±0.08c-

g 23.41±0.04o-s 
6.21±0.01s-

v 0.23±0.01f-l 0.36±0.01cde 5.99±0.07p-u 
TVSu-
1937 

56.87±0.08FG

H 4.24±0.02j-r 
10.79±0.06c-

j 21.32±0.01GH 6.80±0.00no 
0.25±0.01f-

k 0.25±0.01o-r 5.52±0.07y-C 
TVSu-
1939 

54.95±0.04Q-

U 4.49±0.25g-j 
10.32±0.28kl

m 
22.24±0.01A-

D 
8.01±0.04ef

g 0.28±0.01e-i 0.31±0.01g-j 6.22±0.03m-q 
TVSu-
1941 51.24±0.22Z1 6.33±0.06a 

10.33±0.00j-

m 24.46±0.10e-i 7.66±0.01hij 0.10±0.00s 0.22±0.01s-v 5.25±0.07B-F 
TVSu-
1943 53.29±0.04XY 4.12±0.02l-t 

10.74±0.05c-

k 23.77±0.01l-o 8.09±0.11ef 
0.39±0.04bc

d 0.33±0.01efg 
4.18±0.06KL

M 
TVSu-
1945 51.69±0.21Z 4.14±0.10l-t 

10.73±0.03c-

k 25.21±0.01bc 8.24±0.26de 
0.29±0.00ef

g 0.17±0.01z-E 6.72±0.07f-i 
TVSu-
1951 55.27±0.25N-R 4.13±0.13l-t 

10.79±0.02c-

i 
22.23±0.02A-

D 7.59±0.01ijk 0.28±0.01e-i 
0.19±0.01w-

A 7.32±0.07bc 
TVSu-
1952 53.22±0.30XY 3.33±0.26F-J 

10.72±0.00c-

k 24.37±0.01f-j 8.38±0.03cd 
0.31±0.00de

f 0.25±0.01o-r 6.56±0.02h-l 
TVSu-
1956 53.91±0.10WX 4.30±0.20h-p 

10.52±0.17f-

m 23.88±0.02k-n 7.40±0.02jkl 
0.29±0.01ef

g 
0.16±0.01B-

G 6.75±0.02f-i 
TVSu-
1957 

54.43±0.05T-

W 4.09±0.05m-t 
10.58±0.00e-

m 23.33±0.01p-t 7.58±0.01ijk 0.46±0.01ab 0.24±0.00qrs 6.48±0.02i-m 
TVSu-
1959 52.97±0.39Y 4.40±0.05h-n 13.43±0.13a 

22.21±0.07BC

D 
7.01±0.04m

n 
0.13±0.01p-

s 
0.19±0.01w-

A 6.26±0.06l-p 
TVSu-
1962 55.82±0.23J-O 3.93±0.17r-x 

10.72±0.04c-

k 22.77±0.04v-z 6.78±0.01no 
0.15±0.01m-

s 0.21±0.00t-w 
3.98±0.00MN

O 
TVSu-
1964 

57.93±0.16BC

D 0.85±0.09S 
10.85±0.01c-

h 22.96±0.02t-w 7.43±0.02jkl 
0.17±0.01k-

s 0.33±0.01fgh 6.12±0.02n-s 
TVSu-
1972 54.74±0.16R-V 4.38±0.13h-n 11.08±0.04cd 23.41±0.02o-s 

6.40±0.01qr

s 0.19±0.01j-q 
0.11±0.00K-

P 5.72±0.08t-y 
TVSu-
1979 

54.23±0.04UV

W 
2.85±0.03MN

O 
10.81±0.03c-

h 25.56±0.00b 
6.56±0.02op

q 
0.22±0.01g-

o 0.30±0.00h-k 5.58±0.01x-A 
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TVSu-
2000 55.06±0.11P-T 4.85±0.06de 11.13±0.03c 24.02±0.04j-m 

4.95±0.06B

C 0.10±0.01rs 
0.14±0.01F-

K 6.36±0.23j-n 
TVSu-
2003 56.06±1.46I-M 2.69±0.00OP 12.33±1.03b 22.43±0.00z-C 

6.49±0.00pq

r 
0.29±0.03ef

g 0.20±0.00t-x 
5.61±0.00w-

A 
TVSu-
2017 55.91±0.00I-N 4.23±0.02j-r 

10.94±0.02c-

f 22.43±0.00z-C 
6.49±0.00pq

r 
0.30±0.02ef

g 0.20±0.00t-x 4.85±0.07HI 
TVSu-
2018 60.76±0.01n-q 2.92±0.02L-O 8.86±0.00s-v 

21.08±0.01GH

I 
6.39±0.02qr

s 
0.39±0.12bc

d 0.09±0.01p 5.06±0.06E-H 
TVSu-
2019 

54.40±0.08T-

W 4.34±0.03h-o 4.34±0.03c-i 24.84±0.03cde 5.64±0.06xy 0.26±0.05f-j 0.23±0.01rst 7.44±0.38b 
TVSu-
2020 54.13±1.02VW 4.51±0.13f-j 

10.85±0.04c-

h 
22.61±0.44w-

B 
7.91±0.11fg

h 
0.29±0.23e-

h 0.23±0.01rst 6.00±0.02o-t 
TVSu-
2021 52.77±0.04Y 5.46±0.10c 

10.53±0.16f-

m 24.84±0.02cde 
6.40±0.01qr

s 
0.14±0.01n-

s 0.15±0.00D-I 3.24±0.06p 
TVSu-
2022 58.06±0.28z-D 4.40±0.10h-m 

10.49±0.06f-

m 21.04±0.02HI 
6.02±0.02uv

w 0.16±0.02l-s 0.24±0.00qrs 5.92±0.06q-w 
TVSu-
2025 58.51±0.35x-B 3.94±0.14q-x 

11.00±0.04cd

e 20.93±0.02HIJ 
5.64±0.04w

y 
0.17±0.01k-

s 0.26±0.01n-q 7.11±0.06cde 
TVSu-
2030 54.68±0.37R-V 5.50±0.12c 

10.19±0.15l

mn 23.42±0.03o-r 6.22±0.02r-u 
0.21±0.02h-

p 
0.10±0.01NO

P 
4.90±0.07GH

I 
TVSu-
2031 58.95±0.09v-y 4.20±0.13j-s 7.51±0.05D 23.00±0.00s-w 6.35±0.01q-t 

0.17±0.00k-

s 0.23±0.01rst 
4.10±0.06LM

N 
TVSu-
2032 58.37±0.17y-C 3.66±0.10x-E 

10.42±0.03h-

m 20.41±0.01KL 7.15±0.02lm 0.47±0.00a 
0.18±0.00x-

C 7.30±0.13bc 
TVSu-
2034 56.15±0.74H-L 4.48±0.08e-h 

10.43±0.10kl

m 23.12±0.02u-y 
6.35±0.02tu

v 
0.15±0.08m-

s 0.20±0.01u-y 4.97±0.06r-x 
TVSu-
2038 58.83±0.84v-y 3.88±0.04s-z 

10.68±0.04c-

k 21.23±0.51GH 
5.39±0.01yz

A 
0.25±0.01f-

k 
0.10±0.00M-

P 5.70±0.07t-z 
TVSu-
2042 55.87±0.30I-N 4.22±0.11j-r 

10.46±0.04g-

m 24.12±0.01i-l 5.35±0.04zA 0.28±0.01e-i 
0.14±0.01F-

K 7.21±0.02bcd 
TVSu-
2043 55.63±0.20L-Q 4.48±0.11g-k 10.43±0.1g-m 23.12±0.03r-v 6.35±0.04q-t 0.23±0.01f-l 0.20±0.01u-y 

4.97±0.09FG

H 
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TVSu-
2045 

55.63±0.20GH

I 4.82±0.15def 
10.20±0.00l

mn 
22.63±0.03w-

A 
5.80±0.00w

x 0.09±0.00s 
0.18±0.01w-

B 6.79±0.00e-i 
TVSu-
2046 

56.56±0.16A-

D 4.38±0.01h-n 
10.16±0.12m

n 20.95±0.02HIJ 
6.55±0.02op

q 
0.39±0.04bc

d 0.09±0.01P 6.63±0.04g-k 
TVSu-
2048 57.98±0.25XY 4.11±0.11m-t 

10.31±0.00kl

m 26.71±0.01a 
5.58±0.00xy

z 
0.22±0.10g-

n 
0.16±0.01B-

G 5.39±0.06z-D 
TVSu-
2051 53.30±0.13v-y 4.04±0.12o-v 

10.47±0.02g-

m 
20.54±0.00JK

L 
6.16±0.02s-

v 0.16±0.02l-s 0.17±0.01z-E 5.66±0.07u-A 
TVSu-
2055 58.81±0.15gh 4.41±0.11h-m 3.04±0.04EF 

23.63±0.03m-

q 
6.18±0.02s-

v 
0.17±0.01k-

s 0.14±0.01E-J 6.36±0.03j-n 
TVSu-
2056 62.75±0.16ij 4.59±0.04e-h 3.48±0.30E 24.60±0.01d-h 

5.38±0.01yz

A 
0.21±0.02h-

p 0.15±0.00D-I 6.63±0.11g-k 
TVSu-
2060 61.96±0.35ef 3.72±0.01v-D 3.03±0.03EF 22.94±0.05t-x 

5.57±0.02xy

z 
0.17±0.00k-

s 
0.13±0.01H-

M 6.59±0.07h-k 
TVSu-
2065 64.75±0.13a 3.60±0.02y-F 3.00±0.02F 19.36±0.02O 4.77±0.02C 0.47±0.00a 0.09±0.00OP 6.86±0.07e-h 
TVSu-
2067 69.29±0.05qrs 4.08±0.02n-u 3.01±0.01F 24.95±0.36cd 

7.78±0.02gh

i 0.23±0.01f-l 
0.11±0.01L-

P 5.93±0.06q-w 
TVSu-
2068 60.19±0.50de 3.73±0.01v-C 3.12±0.07EF 21.24±0.03GH 

6.56±0.03op

q 
0.17±0.11k-

s 
0.13±0.03G-

L 5.39±0.07y-D 
TVSu-
2071 65.36±0.11d 3.73±0.04v-C 3.05±0.01EF 

21.16±0.27GH

I 
6.58±0.02op

q 
0.39±0.04bc

d 
0.17±0.02y-

D 6.13±0.00n-s 
TVSu-
2074 65.49±0.45l-p 4.31±0.02h-p 2.98±0.04F 25.23±0.04bc 

6.38±0.02qr

s 
0.22±0.10g-

n 
0.18±0.02w-

B 6.07±0.07n-s 
TVSu-
2075 61.12±0.12cd 3.62±0.02x-F 2.97±0.00F 20.95±0.01HIJ 6.71±0.06op 0.16±0.02l-s 0.20±0.03u-y 5.39±0.07y-D 
TVSu-
2076 65.76±0.08f 4.13±0.03l-t 3.13±0.11EF 21.49±0.13FG 7.19±0.01lm 

0.17±0.01k-

s 0.23±0.02rst 6.49±0.03i-m 
TVSu-
2083 64.07±0.08j-m 3.89±0.01s-y 2.99±0.01F 25.21±0.01bc 6.35±0.01q-t 

0.02±0.19g-

m 0.22±0.04r-u 5.38±0.07z-E 
TVSu-
2085 61.57±0.01g 3.76±0.05u-B 2.92±0.04F 

23.66±0.03m-

p 
6.77±0.00no

p 
0.35±0.08cd

e 
0.15±0.04C-

H 5.66±0.06v-A 
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TVSu-
2086 62.91±0.08d 3.57±0.04z-F 3.07±0.09EF 21.01±0.50HI 6.79±0.01no 

0.15±0.01m-

s 
0.10±0.01NO

P 5.89±0.04r-x 
Numbers representing means±standard deviation in a column followed by the same letter are not significantly different according to Fischer’s least significant 
difference (LSD) test (p < 0.05). MC: Moisture content. Phytate (mg/100g). % Tannin. MC=CHO=Protein=Ash=Fat= (%) 
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5.3.2 Principal component analysis 
When we looked at the variation in nutrient and antinutrient content among the 95 BGN accessions, 

the first three principal components (PC) with Eigen values ≥1 described around 62% of the 

variation (Table 5.4). The first, second, and third PCs accounted for 29.74%, 17.55%, and 14.45% 

of the variations respectively, in the data set under consideration. PC1(Dim.1) was mostly 

influenced by the following characteristics: CHO (40.97%), moisture content (18.58%), protein 

(16.87%), ash (10.51%), and fat (9.67%). On the second PC (Dim.2), the variables ash, moisture 

content, tannin, and protein each accounted for 21.33% of the variations, 16.91% of the variations, 

42.66% of the variations, and 11.56% of the variations. Tryptophan (48.70%) and phytate 

(40.95%) were the most important contributors to the variation described by PC3 (Dim.3). 

Table 5.4. Contribution of principal components to the variations of the nutrient and antinutrient 
components among the BGN accessions. 

Traits Dim.1 Dim.2 Dim.3 
CHO 40.97 0.18 0.40 
Ash 10.51 21.33 1.65 
Fat 9.67 3.99 5.09 
Moisture Content 18.58 16.91 2.30 
Phytate 2.57 3.34 40.95 
Protein 16.87 11.56 0.01 
Tannin 0.66 42.66 0.91 
Tryptophan 0.18 0.03 48.70 
Eigenvalue 2.38 1.40 1.16 
Proportion of variance (%) 29.74 17.55 14.45 
Cumulative variance (%) 29.74 47.29 61.74 

 

The various links between accessions and attributes are depicted in Fig. 5.1. Those accessions 

whose vectors are plotted close to the vector for a specific nutrient or antinutrient component are 

highly correlated to that nutrient or antinutrient component, whereas the length of a vector for an 

accession will estimate its mean for that specific nutrient or antinutrient component. An accession 
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that is drawn along with a lengthy vector implies that it has a high mean value for the nutrient or 

antinutrient that it relates to. In the study of CHO, three accessions were among those identified 

as being strongly connected with the vector: TVSu-2065, TVSu-2071, and TVSu-2086. A few 

accessions associated with ash were identified, including TVSu-1859, TVSu-1823, and TVSu-

2046, among others. In addition, TVSu-1943, TVSu-1930, and TVSu-1979 were among those 

identified as being near the vector for moisture content, and the accessions associated with protein 

were identified as being TVSu-2048, TVSu-2021, and TVSu-1923 among others. There were other 

accessions in close vicinity to the fat vector, including TVSu-1905, TVSu-1952, and TVSu-1899, 

all of which were identified as such. In terms of tryptophan content, accessions TVSu-2031 and 

TVSu-1764 were among those found to be associated, whereas accessions TVSu-1918, TVSu-

1892, and TVSu-2025 were among those found to relate to tannin content. Phytate is associated 

with the accession TVSu-1863, which is one of the accessions associated with it.
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Fig. 5.1. Biplot showing the relationship between the different accessions with the nutrient and antinutrient compositions. 
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5.3.3 Clustering based on analyzed traits 
The 95 accessions may be divided into four distinct clusters based on their nutritional and anti-

nutritional features, according to hierarchical clustering (Fig. 5.2). Three clusters with similar 

numbers of accessions were identified. The first cluster had thirteen accessions, whereas the 

second cluster, with thirty accessions, was the largest. With twenty-five and twenty-seven 

accessions, the third and fourth clusters followed closely behind the second cluster. The first 

cluster was defined by accessions with high CHO mean values but low MC mean values. 

Accessions in the second cluster had high mean values for ash, fat, and phytate contents, whereas 

accessions in the third cluster had low mean values for phytate and fat but a high mean value for 

MC, and accessions in the fourth cluster had high mean values for tryptophan and tannin (Fig. 5.2).
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Fig. 5.2. Dendrogram categorizing the accessions according to their similarities for the nutrient and antinutrient traits.
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5.3.4 Correlations among the nutritional and anti-nutritional components 
In the bivariate correlations, it was discovered that the nutrients had varying degrees of association 

with one another (Fig. 5.3). Asterisks indicate that the correlations are statistically significant at a 

p-value of less than 0.05. Positive correlations are represented by the blue hues, whilst negative 

correlations are represented by the red colors. The deeper the hue, the greater the degree of 

negativity or positive represented by the matrix. Phytate was found to be strongly linked with 

protein (r = 0.58, p<0.05), fat (r = 0.28, p<0.5), and ash (r = 0.58, p<0.05) in the correlation matrix 

(Fig. 5.3). Tryptophan correlates negatively with protein content (r = -0.17, p<0.05), tannin (r = -

0.10, p<0.05), and moisture content (r = 0.43, p<0.5). Fat correlates positively with moisture 

content (r = 0.43, p<0.5), and tannin (r = 0.16, p<0.5). The moisture content and CHO (r = -0.83) 

had the largest negative connection, followed by protein and CHO (r = -0.77), which had the 

second highest negative correlation. A positive correlation was found between phytate and protein 

(r = 0.23, p<0.5) as well as tryptophan (r = 0.08, p<0.5), while a negative correlation was found 

between phytate and tannin (r = 0.21, p<0.5). This means that the mount of phytate is not affected 

by the amount of tannin present.  
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Fig. 5.3. Pearson's linear correlation coefficient of morphological traits studied 
*= significant, P<0.05. 

5.4 Discussion 

Food insecurity in the developing world often results from low nutritional quality of some of the 

traditional food stuffs and high cost of protein foods high cost of fortified foods is not easily 

available for most families in the developing world (Ijarotimi and Keshinro, 2020) due to high 

level of poverty. Legumes have therefore come under immense importance in these regions as they 
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have been proven to be alternative sources to fortified foods for nutrients. Hence, the need to 

increase their level of consumption. 

5.4.1 Genotypic variability in nutrient and antinutrient contents in BGN 
Plant genetic, physiological, and morphological variations have a direct impact on breeding 

outcomes. Therefore, the importance of variations in different traits cannot be overemphasized. 

There are significant variances in nutrient and antinutrient contents amongst the accessions studied 

(Tables 5.2 and 5.3), therefore, they are excellent resources for developing or selecting parental 

lines for better nutritional performance. 

 Carbohydrates are needed for energy and are present in the form of starch and sugars varying from 

simple sugars to complex sugars i.e., the monosaccharides, disaccharides, and polysaccharides. 

According to Liu et al. (2020), pulse seeds are high in carbohydrate content. Therefore, it is 

expected that BGN have high amount of carbohydrate. In this study, the carbohydrate content of 

58.34% is similar to the result reported in the study of Atoyebi et al. (2017) (range of 42.77% - 

62.76%) and higher than the 50.2% reported by Yao et al. (2015). The higher the moisture content, 

the higher the susceptibility of the seeds to attack from microorganisms (Ijarotimi and Keshinro, 

2020). Therefore, those seeds having low moisture content will have longer shelf life than those 

with high moisture content. Pulse seeds contain 20-40% protein (Bessada et al., 2019; Pandey et 

al., 2016), a value twice as much as that present in cereals. The value for protein content in this 

study which is below 25% is similar to that obtained by Nti (2009) who reported a range of 19.3% 

to 27.1% and Sirivongpaisal (2008) who reported 15.48% protein content. When compared with 

soybean, BGN is lower in protein content as seen reported in the study of Wijewardana et al. 

(2019) on soybean seeds under well-watered conditions. However, these values fall in the range 

obtained for protein contents in other pulses such as pea, chickpea, beans, lupin, and cowpea 
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(Barać et al., 2015; Bessada et al., 2019). Within the Vigna genus, BGN mean concentrations of 

the nutrient components are similar to those reported in cowpea and mungbean (Boukar et al., 

2016; Halimi et al., 2019; Muñoz‐Amatriaín et al., 2017). Tryptophan is a precursor of auxin, 

which is an essential growth hormone in plants (Olanrewaju, 2016; Olanrewaju and Babalola, 

2019; Olanrewaju et al., 2017), and  bioactive compounds such as nicotinamide, melatonin, 

kynurenine in humans (Friedman, 2018; Palego et al., 2016). The tryptophan level recorded in this 

study shows that BGN can help get the required amount of tryptophan in the quantity 

recommended by WHO which is 1.70, 0.85, and 0.66 for infants, children, and adolescents 

respectively (FAO, 2011). The tannin content reported in this study (0.09% - 0.41%) is lower than 

the 0.25% -2.27% reported by Ofori et al. (2001). However, the mean value of 0.20 is greater than 

0.046 reported by Mazahib et al. (2013) in Sudan and 0.039 reported by Ijarotimi and Esho (2009) 

in Nigeria. It is however, lower than tannin content in faba beans which is between 8-9% (Akkad 

et al., 2019). Tannins are known to be present in food products and to inhibit the activities of 

trypsin, chemotrypsin, amylase, and lipase, as well as to lower protein quality and interfere with 

iron absorption (Gemede and Ratta, 2014). Tanning can be detrimental to microbial enzyme 

activities, including cellulose digestion and intestinal digestion, if the tannin concentration in the 

diet becomes too high (Aletor, 1999). The utilization efficiency and ease of digestion of nutrients 

is affected by tannin contents present (Rahman et al., 2019). The strong anti-nutritional compound 

phytate is present in nearly all legumes and seeds (Gemede and Ratta, 2014). Phytic acid inhibits 

dietary tyrosinase, trypsin, pepsins, and lipases (Hendricks, 1989). The average phytic acid level 

reported by Mazahib et al. (2013) in Egyptian landraces was 14.78 mg/100g which is higher than 

the report in this study. The mean phytic acid content reported in this study is higher than that 

reported in the study of Yao et al. (2015) who reported a mean value of 1.1 mg/100g. Phytic acid 
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binds to ion complexes resulting to decrease in the concentration of these ions (Grases et al., 2017). 

Most of the phosphorus in phytic acid is unavailable to monogastric animals because they do not 

have the enzyme phytase (Akande et al., 2010). Furthermore, dehulling in some pulses have been 

shown to increase their phytic acid content but decreases tannin content because tannins are mainly 

found in the seed coats (Patterson et al., 2017). 

5.4.2 Association among accession, nutrient, and anti-nutrient components  
In addition, the PCA biplot showed four clear separations in the biplot according to the nutrient 

components (Fig. 5.1). Accessions high in carbohydrate are also high in tryptophan, while those 

high in tannin content are also high in moisture and fat contents but they are low in carbohydrate, 

tryptophan, protein, ash, and phytate contents. Likewise, those high in protein content are also high 

in ash and phytate contents but low in the other components. Considering the antinutrients, those 

high in phytates are low in tannin and vice versa. Tryptophans are amino acids constituting total 

proteins. They are therefore part of the total protein hence, accessions high in tryptophan are 

expected to be high in protein and correlate positively with total protein. In this study, however, 

accessions high in tryptophan are low in total protein and vice versa.  

The hierarchical clustering (Fig. 5.2) agreed with the biplot result (Fig. 5.1), which showed that 

accessions with comparable nutritional and antinutrient contents were clustered together. 

Divergence among BGN accessions has been successfully identified using clustering based on 

nutritional and antinutrient components (Aremu et al., 2006; Hlanga et al., 2021; Ijarotimi and 

Esho, 2009; Mahala and Mohammed, 2010; Mazahib et al., 2013; Ofori et al., 2001; Onimawo et 

al., 1998; Yao et al., 2015). To avoid inbreeding depression, the selection of accessions for crossing 

should focus on divergent accessions, while proposing a number of accessions for production 
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might distribute the risk posed by biotic and abiotic pressures, particularly in stress-prone areas 

such as Sub-Saharan Africa. 

5.4.3 Association between nutrient and anti-nutrient components    
Finally, correlation among the nutrient and antinutrient components showed that breeding for 

nutritional components in these accessions will require careful selection processes. Although there 

are a large number of significant correlations, numbers of positive correlations are however like 

those of negative correlations. The negative relationship between carbohydrate and protein aligns 

with the result reported in the study of Ndidi et al. (2014) however, the opposite was reported for 

the relationship between ash and phytate.  

The environment interacts with different plants to give different responses which is observed in 

nutrient, antinutrient components, and other traits such as reported in the studies of Fauziah et al. 

(2020); Ribeiro and Kläsener (2020); Vogelsang-O’Dwyer et al. (2020) because these traits are 

regulated by specific genes. The impact of the environment on these genes to affect the nutrient 

components was not taking into consideration in this study. Therefore, nutrient and antinutrient 

components from plants grown in various environments should be studied to ascertain the extent 

of the environmental influence on the nutrient and anti-nutrient components. Secondly, the 

emergence of NGS has revolutionized molecular studies in various areas, therefore, gene locus 

regulating these traits can be identified using technologies such as GWAS for improvement 

breeding programs. 

5.5 Conclusion 

In this study, two of the traits studied, viz carbohydrate and tryptophan are high in more than half 

of the accessions while the others have high amount of the remaining traits including the 
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antinutrient factors. Therefore, selection of accessions having low or minimal amount of anti-

nutrient components can be made possible for future improvement. Variation in nutrient and anti-

nutrient components in BGN observed here agrees with previous findings. The results of this study 

offer opportunities for selection and breeding of the crop for beneficial nutrient compositions and 

at the same time those with low amounts of antinutrient factors. Therefore, BGN can successfully 

improve nutritional security even more than some major crops. 
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 Abstract 

Water stress response in plants involves a repertoire of various reactions involving physiological, 

biochemical, and molecular responses. Hence, elaborating the complexity of the trait. Most crops 

are severely hampered by water stress. The high protein, nitrogen-fixing Bambara groundnut 

(BGN) is important in sustainable agriculture. Genetic resource collections are vital for breeding 

genetic diversity. The wooden box method is the most basic way to study large population water 

stress. The responses to water stress of 95 BGN accessions were examined using genome-wide 

association technology. A link was found between molecular markers and phenotypes. We used a 

two-way ANOVA with interaction between the accessions and the duration of stress exposure to 

better understand the responses. Even though both the duration and the accessions produced 

significant results individually, the ANOVA analysis found no significant interaction between 

them. As the stress increases, the accessions' responses differ significantly. The correlation 

analysis shows a positive correlation between chlorophyll content and recovery as stress 

progresses. To better understand the relationship between traits and molecular markers, we used 

the generalized linear model (GLM) and the mixed linear model (MLM) to analyze phenotypic 

and genotypic data using the Mungbean reference genome. Twenty significant SNPs (15 for GLM 

and 5 for MLM with the threshold for the association set at P of 1 × 10−3) were associated with the 

studied morphological traits. Previously reported candidate genes for drought tolerance were 

identified. These are transaldolase, proline transporter 1, GDSL esterase, and salicylic acid-binding 

protein 2 genes. Candidate accessions for drought tolerance for BGN breeding can be selected 

from these accessions. Furthermore, promising validated markers can be used for marker-assisted 

selection to genetically improve drought tolerance through a breeding program. 
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Keywords: Bambara groundnut; candidate genes; GWAS; marker-trait association; water stress 

responses 

6.1 Introduction 

The increasing population, urbanization, and the decrease in agricultural land pose a great threat 

to food and nutrition security. Lack of access to food is expected to increase by 2050 due to the 

projected increase of the human population to exceed 9 billion 1. All these pose a great threat to 

human development and there is a need for immediate solutions through innovative approaches to 

increase food production.  

Water is a very important component for the existence of all life. All living things need water for 

survival in all stages of their development. Plants need water for the transport of mineral elements 

and nutrients, they also need water for vigor and other important processes. Unavailability of water 

either in little or large quantity affects the physiological and biological processes in plants. Most 

plants have little or no chance of survival in water-deficient conditions. Under drought stress, 

systematic responses are induced in plants that interact with plant growth, development, 

physiology and biochemistry, active oxygen metabolism, signal transduction, and regulation of 

gene expression 2,3. Climate change impact is also adding to the reduction in available water for 

plant use. Changes in temperature, humidity, and rainfall pattern all affect the amount of water 

available, thus having a major say in crop production and output. From seedling to mature plants, 

water is essential throughout the lifecycle of plants. Coupled with innovative strategies, promotion, 

and improvement of plants that can naturally withstand water-limiting stress can be adopted to 

combat the challenges posed. 



  

103 
 

In the vegetative stage, plants they require water for production because this is the beginning of 

the reproduction period in the plants. Whatever happens to them at this stage will affect their yield, 

therefore, this is a very critical stage in the development of plants. Flowering starts at this period, 

and flowering starts the period of pollination, fertilization, and subsequently seed formation. 

Without the flowers, there cannot be any yield from the plants.  

BGN is one of such plant that is reported to have the ability to tolerate or resist drought 4-6. They 

make use of one of the three mechanisms of drought response in their attempt to survive during 

periods of water scarcity. The vegetative period in this plant usually begins around 4 weeks after 

planting. It is majorly cultivated by subsistence farmers in the developing world especially sub-

Saharan Africa and some parts of Asia 7. The plant is high in protein and other nutrients when 

compared to the major food crops. As a result, it will complement well in place of the major food 

crop counterparts when fully integrated into the food system. The ability of this plant to withstand 

water stress makes it an ideal plant to help in achieving food and nutritional security in the arid 

and semi-arid regions. 

The challenges with breeding and research of most underutilized crops such as BGN have limited 

the development of new varieties. Due to the limitation in developing new varieties, Bambara 

groundnuts are still mostly cultivated as landraces 5,8-12. The development of high-yielding and 

environmentally-stable varieties of the crop will help in sustainably achieving food and nutrition 

security. Identification of important traits of interest in crops for improved molecular breeding has 

been accelerated with the advent of Next Generation Sequencing (NGS) technology. Molecular 

markers have been developed for marker-assisted selections of good varieties of crops, genome-

wide association studies (GWAS) have also been employed on many major food crops for 

molecular mechanisms of traits from genotype to phenotype 13-17. Location of genes (through 
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quantitative trait loci (QTL) mapping and genome-wide association study (GWAS) analysis) 

responsible for traits of interest has been employed in various studies 18-20, and this has helped in 

improving the productivity of various major crops and development of some lesser grown crops. 

The result of this has frequently been the production of new and improved varieties toward 

important traits such as disease resistance, drought tolerance, and improved yield, among others, 

as reported in the studies of Jiang, et al. 21,Kumar, et al. 22,Khattak, et al. 23, and Sheoran, et al. 15. 

The use of molecular markers has greatly improved plant breeding. Various markers have been 

used in various crops for selection and improvement. One of such molecular markers is the 

diversity arrays technology (DArT) markers which have been used in various crops of importance 

24-26. 

Application of GWAS to BGN for drought tolerance trait is a major step in the improvement of 

this crop. Small nucleotide polymorphisms (SNPs) will be generated to identify the regions of the 

genome that control the response of the crop to water stress. The main physiological responses of 

plants to water stress are leaf wilting, senescence, and change in stem color. Chlorophyll content 

is another parameter that is affected by water stress. The chlorophyll content and the amount of 

available water are closely related 27. The lack of water in leaves influences the production of 

chlorophyll. This causes decomposition of chlorophyll which is evident by the yellowing of leaves.  

Food security can be achieved in different ways but due to the unavailability of a well-annotated 

BGN reference genome, this study focuses on identifying the region of the genome responsible for 

drought response through GWAS for the possible improvement of the crop using the well-

annotated Mungbean genome 28 as the reference genome. The aims of this study are to characterize 

the responses to drought stress in these accessions, to identify the regions of the genomes 
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controlling for drought stress, and finally the candidate genes controlling for the drought stress 

traits using GWAS. 

6.2 Results 

6.2.1 Summary statistics and ANOVA analysis 
Moisture content in the boxes showed its minimum at the period of stress and increased again after 

stress period. The summary statistics likewise presented in Table 6.1, showed the mean, variance, 

standard deviation, minimum and maximum values of each trait scored throughout the experiment. 

Chlorophyll content had maximum and minimum values of 99.2 and 5.9 which were recorded on 

the 7th and 13th days after the onset of stress respectively while wilting and stem greenness had 5 

and 0 respectively (Fig. 6.1). Leaf senescence had a maximum and minimum score of 2 and 0 

while recovery was between 0 and 1 (Fig. 6.1). The ANOVA table (Table 6.2) presented the 

influence of the accessions and the effect of the durations of stress on the trait responses. In 

addition, the interaction between the accessions and the duration of stress i.e., accession-stress 

duration interaction, on the response traits was also presented. For all traits, the significant effects 

of the accessions were substantial while the days was also significant for all traits except stem 

greenness. Furthermore, we decided to examine the significance of the interaction between the 

accessions and the days on the traits and result showed that they were not significantly substantial. 

Diverse levels of statistically significant responses are seen. Chlorophyll content is seen to reduce 

as the days of stress increased. Water is essential for various transportations in the cell therefore, 

low level of water affects the amount of chlorophyll present in the leaves. Like the chlorophyll 

content, recovery rate also decreased as the duration of stress increased. Therefore, recovery rate 

is positively correlated with the chlorophyll content. The rate of wilting, leaf senescence, and stem 

greenness on the other hand, increased with the duration of stress.  
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Table 6.1 Summary statistics of the traits scored across all environments. 
Traits Minimum Maximum Mean Variance Standard deviation 

CHLCON 5.90 99.20 35.66 151.38 12.30 

WTN 0.00 5.00 2.97 1.68 1.30 

LS 0.00 2.00 0.90 0.61 0.78 

SG 0.00 5.00 2.28 5.26 2.29 

Rec 0.00 1.00 0.29 0.21 0.46 

 
Fig. 6.1. Traits’ summary statistics for each environment. An environment represents days after 
stress imposition. 
Table 6.2 Overall ANOVA for the performance of the accessions at different days of water stress 
and their interaction responses. 

Source of variations DF CHLCON WTN LS SG Rec 
Accns 94 125.9. 1.929*** 0.703*** 1.18*** 0.1984. 
Day 2 20433.6*** 305.267*** 77.699*** 1756.83ns 23.0959*** 
Accns*Day 188 107.1ns 0.433ns 0.289ns 1.08ns 0.1231ns 

Residuals 570 99 0.989 0.434 1.17 0.1567 
GRANDMEAN 35.66 2.97 0.89 2.27 0.29 
LSD 9.21 0.92  No result 1 0.37 
CV 0.345 0.437 0.875 1.008 1.552 
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†Accns=accessions; LSD=least significant difference; CV=coefficient of variation; CHLCON=chlorophyll content; 
WTN=wilting; LS=leaf senescence; SG=stem greenness; Rec=recovery 
***Highly significant at p < 0.0001  
. Significant at p < 0.05 
ns = no significance 

 

6.2.2 Principal component analysis 
Looking at the variation in the stress responses among the 95 BGN accessions, the first two 

principal components (PC) with Eigen values ≥1 described around 77.7% of the total variations 

observed (Table 6.3). PC1 (Dim.1) and PC2 (Dim.2) accounted for 52% and 25.737% of the 

variations respectively in the data set under consideration (Fig. 6.2).  

 Table 6.3 Contributions of traits to the principal components’ axis. 
  PC1 PC2 PC3 PC4 PC5 

CHLCON 4.13 53.97 41.41 0.09 0.40 

WTN 26.93 4.38 0.96 65.66 2.07 

LS 27.73 6.19 3.14 8.52 54.43 

SG 28.27 4.32 0.03 25.68 41.71 

Rec 12.95 31.14 54.46 0.06 1.39 

Eigenvalue 2.598 1.287 0.475 0.356 0.284 

Variance (%) 51.968 25.737 9.500 7.112 5.683 

Cumulative variance (%) 51.968 77.705 87.205 94.317 100.000 

 

The various links between accessions and traits are depicted in Fig. 6.2. Those accessions whose 

vectors were plotted close to the vector for a specific trait were highly correlated to that trait, while 

the length of a vector for an accession will estimate its mean for that specific trait. An accession 

that was drawn along with a lengthy vector implies that it had a high mean value for the trait that 

it related to. Therefore, SG (28.27%), LS (27.73%), and WTN (26.93%) were the highest 
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contributors to PC1 while CHLCON (53.97%) and Rec (31.14%) were the highest contributors to 

PC2 (Table 6.3). For traits WTN, SG, and LS, the top ten accessions that were strongly connected 

include TVSu-2067, TVSu-1538, TVSu-1758, TVSu-2055, 2017, TVSu-1843, TVSu-1745, 

TVSu-1866, TVSu-1952, and TVSu-1972, while those strongly connected to CHLCON and Rec 

were TVSu-2019, TVSu-2076, TVSu-1915, TVSu-2025, TVSu-1979, TVSu-2003, TVSu-2071, 

TVSu-2048, 1868, and TVSu-2064.  
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Fig. 6.2. Biplot and scree plot visualization. (a). Biplot at indicated by different colors for the days after stress was induced. (b). Scree 
plot showing the contributions of the dimensions to the biplot. 
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6.2.3 Clustering of accessions based on phenotypic trait responses 
The 95 accessions may be divided into four distinct clusters based on their stress responses 

according to the hierarchical clustering (Fig. 6.3a). The colors imply negative correlations (red) 

and positive correlations (blue) (Fig. 6b). The blue cluster had 47 accessions, followed by the 

purple cluster with 21 accessions, the green cluster with 17 accessions, and finally the red cluster 

with 10 accessions. Accessions in the blue and purple clusters were majorly characterized by high 

level of stem greenness, wilting, and leaf senescence. Hence, these accessions can be said to be 

more susceptible to drought stress impact. However, accessions in the red and green clusters had 

high level of recovery and high chlorophyll content. Selecting accessions in these clusters can 

improve BGN breeding for drought tolerance and recovery. The cluster analysis was also done for 

the accessions for each day i.e 7th, 10th, and 13th day that data were taken. 

 

Fig. 6.3. Clustering and correlation analysis (a) Clustering using Ward.D method to group the 
accessions based on the stress response traits (b) Correlation matrix showing the relationship 
among the variables throughout the duration of water stress. 
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In the bivariate correlations for the morphological stress-response traits, it was discovered that the 

nutrients had varying degrees of association with one another for the combined days (Fig. 6.3b) 

and individual days data was taken (Appendix). Asterisks indicate that the correlations were 

statistically significant at a p ≤ 0.05. Positive correlations were represented by the blue color, whilst 

negative correlations were represented by the red color. The deeper the color, the greater the degree 

of negativity or positive as represented by the matrix. CHLCON correlated positively and 

significantly with only REC (r = 0.78, p≤0.5) and negatively with WTN (r = -0.85, p≤0.5), LS (r 

= -0.85, p≤0.5), and SG (r = -0.85, p≤0.5). WTN correlated positively but not significantly with 

LS (r = 0.91) and SG (r = 0.90), but correlated negatively with REC (r = -0.95). Finally, LS and 

SG also had a positive correlation (r = 0.93). 

6.2.5 Phylogenetics, population structure, and genome wide association analysis 
The first three components accounted for about 41.2% of the total diversity with PC1 having 

24.9%, PC2 with 10.4%, and PC3 with about 0.06% (Fig. 6.4a). These three PCs were significant 

in the population structure of the accessions. The scree plot showed the percentages explained by 

each PC (Fig. 6.4b). Neighbor-joining analysis grouped the accessions according to their region of 

origin (Fig. 6.5a) and the pairwise kinship matrix was represented in a heatmap (Fig. 6.5b).  
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Fig. 6.4. PCA and scree plot showing the distribution of the components.  
(a). three-dimensional plot of the distribution of the accessions along the first three principal 
components (b). scree plot depicting the number of significant PCs. 

 
Fig. 6.5 Clustering and heatmap (a). clustering of the accessions based on the SNP panels using 
the neighbor-joining method. (b). heatmap of pairwise kinship matrix of the 93 accessions. 

A total of twenty significant SNPs (considering thresholds of log (p) ≤ 0.001 with R2 ≥ 9 %) from 

both GLM (15) and MLM (5) models were identified by GWAS analysis of the BGN accessions 

in response to water stress using the Mungbean reference genome 28 (Fig. 6.6, Table 6.4). Both 

models identified same QTLs on chromosome 3 for wilting, chromosomes 2 and 4 for stem 

greenness, and chromosome 10 for leaf senescence (Fig. 6.6a). Chromosome 2 have two QTLs for 



  

113 
 

leaf senescence and stem greenness, chromosome 3 have two QTLs for leaf senescence, two QTLs 

for wilting, and one QTL for stem greenness, chromosome 4 have QTLs for chlorophyll content, 

stem greenness, and wilting, while chromosome 7 has QTLs for chlorophyll content and stem 

greenness. Finally, two QTLs were detected for leaf senescence on chromosome 10 (Fig. 6.6a). 

The GLM model, identified 6 positions for chlorophyll content, 5 for leaf senescence, 4 for stem 

greenness, and 1 for wilting, while the MLM model did not identify any significant SNP at the 

threshold value for chlorophyll content, however, 1 position was identified for leaf senescence, 2 

for stem greenness, and 2 for wilting (Table 6.4). Both models did not identify any significant 

association for the trait “recovery” at the threshold level. The most significant association [–

log10(p) = 0.000310879], with the highest allelic effect of +2.42, was detected for chlorophyll 

content and was associated with the marker 24384749|F|0-12:G>C-12:G>C located on 

chromosome 5 (Table 6.4). GWAS analysis revealed QTLs that affected traits positively under 

drought. Overall, the result suggest that drought-responding QTLs associated with chlorophyll 

content were located on chromosome 4, 5, 6, and 7, while QTLs associated with leaf senescence 

were located on chromosomes 2, 3, and 10. Drought responding QTLs associated with stem 

greenness were located on chromosomes 2, 3, 4, and 7 and finally, those associated with wilting 

were located on chromosomes 3 and 4. This information might be useful for selection of drought 

tolerant accessions and help to improve the understanding of genetics mechanisms of plants 

exposed to drought stress. 
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Fig. 6.6 SNP distributions and Manhattan plots (a) Significant SNP distribution on each 
chromosome by both models for each trait at p <0.001. (b) Manhattan plots and Q-Q plots for the 
traits observed in the study. 
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Table 6.4 SNPs associated with water stress response traits at a significant level of 0.001. 
GLM 

Traits SNP markers Chr Position P-value R2 Allele effects 
CHLCON 27641298|F|0-47:A>G-47:A>G Chr07 54956049 0.000176331 17.0358663 -2.163264691 
CHLCON 24384749|F|0-12:G>C-12:G>C Chr05 1843979 0.000310879 15.6504868 2.418827751 
CHLCON 24385086|F|0-68:A>G-68:A>G Chr06 5711734 0.000393729 15.0799968 -1.500327511 
CHLCON 27640350|F|0-31:C>T-31:C>T Chr06 3535765 0.000467425 14.6682111 -2.125349099 
CHLCON 24385377|F|0-39:G>A-39:G>A Chr04 17021666 0.000960713 12.9625849 -3.47528109 
LS 4183017|F|0-63:T>C-63:T>C Chr03 6850679 0.000338981 20.5692084 0.133014646 
LS 4181526|F|0-18:T>G-18:T>G Chr10 18576117 0.000868651 18.4310677 -0.122404286 
LS 4181674|F|0-38:T>G-38:T>G Chr03 10147417 0.001000995 18.1142774 -0.163525936 
LS 37312362|F|0-59:G>T-59:G>T Chr10 3909869 0.001292491 17.5470139 0.324236991 
LS 4175830|F|0-22:G>A-22:G>A Chr02 6900474 0.001341007 17.4656185 -0.136437018 
SG 4176293|F|0-46:G>A-46:G>A Chr04 4735913 0.000197572 16.7561619 0.47545679 
SG 24384561|F|0-54:G>C-54:G>C Chr02 23113339 0.000486815 14.5709719 -0.408970588 
SG 24386055|F|0-27:C>A-27:C>A Chr07 26915780 0.000756935 13.5227548 -0.360987654 
SG 4183017|F|0-63:T>C-63:T>C Chr03 6850679 0.001418793 12.0556813 0.150066667 
WTN 4183017|F|0-63:T>C-63:T>C Chr03 6850679 8.59E-05 18.8251623 0.239088889 

MLM 
Traits SNP markers Chr Position P-value R2 Allele effects 
LS 4181526|F|0-18:T>G-18:T>G Chr10 18576117 0.001212554 19.0373321 -0.128621833 
SG 4176293|F|0-46:G>A-46:G>A Chr04 4735913 0.000163179 18.4831925 0.481851716 
SG 24384561|F|0-54:G>C-54:G>C Chr02 23113339 0.001283485 13.6188491 -0.39707643 
WTN 4183017|F|0-63:T>C-63:T>C Chr03 6850679 0.000139751 18.998633 0.276916175 
WTN 4176293|F|0-46:G>A-46:G>A Chr04 4735913 0.001422478 13.5315573 0.515567084 

(Chr.) The chromosome on which the marker was detected      

(Pos*) Position (genetic distance cM) of the marker on the Mungbean chromosome  -  28   

R2* Phenotypic variation explained by marker     

(-) the allele decreases the trait, while (+) the allele increases the trait    
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6.2.6 Putative candidate genes 
Remarkably, we found SNPs positioned within or near genomic regions coding for proteins 

involved in drought responses (Table 6.5). Insights into the details of drought stress response and 

information on the genes and enzymes involved in this process may lead to innovative strategies 

to breed drought tolerant crops. In the present study, we identified twelve SNPs associated with 

drought stress response. These SNPs were co-localized with the Vradi07g31020, Vradi05g01630, 

Vradi06g04840, Vradi06g03310, and Vradi04g08510 genes which encode for a transaldolase, 

pectin esterase, proline transporter 1, GDSL esterase, and outer plastidial membrane protein porin 

respectively. As well as the Vradi03g05310, Vradi10g10930, Vradi03g08520, and Vradi02g06260 

genes encoding for cell division cycle 20.2- cofactor of APC complex, putative tRNA 

(cytidine(32)/guanosine(34)-2'-O)-methyltransferase, UDP-glycosyltransferase 76F1, and 

SHUGOSHIN 2 respectively. Finally, Vradi04g01720, Vradi02g02440, and Vradi07g10090 genes 

which encodes origin of replication complex subunit 1A, alanine--tRNA ligase, and salicylic acid-

binding protein 2 were identified (Table 6.5). Transaldolase, proline transporter 1, GDSL esterase, 

and salicylic acid binding protein 2 have been previously reported to be involved with drought 

stress tolerance in plants. 

Furthermore, most candidate genes identified in this study were associated with chlorophyll 

content, followed by leaf senescence and stem greenness. Four candidate genes were identified on 

chromosome 3 indicating that higher number of drought response genes may be located on this 

chromosome. SNP Vradi03g05310 is associated with candidate genes controlling three traits (leaf 

senescence, stem greenness, and wilting) and SNP Vradi04g01720 is also associated with 

candidate gene controlling two traits (stem greenness and wilting). Association of leaf senescence, 

stem greenness, and wilting with same genes supports the result from the correlation analysis 
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where these traits are positively correlated with one another (Fig. 6.3b). Remarkably, the identified 

candidate genes have roles in reactive oxygen species homeostasis, amino acid transport, cell 

signaling, and during seedling development and are expressed in different plant tissues.   
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Table 6.5 Putative candidate genes and their annotations. Candidate genes were chosen when the entire sequence overlapped with a 
marker sequence of highly significant QTLs. Physical position on the chromosome, the interval of the genes and their annotation are 
given. 
Associated 
traits 

Candidate 
genes Chr Start End Annotation 

CHLCON Vradi07g31020 Chr07 54954600 54957370 transaldolase 
CHLCON Vradi05g01630 Chr05 1843629 1845706 probable pectinesterase/pectinesterase inhibitor 12 
CHLCON Vradi06g04840 Chr06 5709817 5712822 proline transporter 1 
CHLCON Vradi06g03310 Chr06 3534825 3536853 GDSL esterase/lipase At1g71250-like 
CHLCON Vradi04g08510 Chr04 17018081 17021774 outer plastidial membrane protein porin 
LS Vradi03g05310 Chr03 6850396 6852752 cell division cycle 20.2, cofactor of APC complex 
LS Vradi10g10930 Chr10 18575423 18580620 putative tRNA (cytidine(32)/guanosine(34)-2'-O)-methyltransferase 
LS Vradi03g08520 Chr03 10145934 10148074 UDP-glycosyltransferase 76F1 
LS Vradi02g06260 Chr02 6899516 6902742 SHUGOSHIN 2 
SG Vradi04g01720 Chr04 4735371 4741234 origin of replication complex subunit 1A 
SG Vradi02g02440 Chr02 2291956 2316595 alanine--tRNA ligase 
SG Vradi07g10090 Chr07 26914778 26916028 salicylic acid-binding protein 2-like 
SG Vradi03g05310 Chr03 6850396 6852752 cell division cycle 20.2, cofactor of APC complex 
WTN Vradi03g05310 Chr03 6850396 6852752 cell division cycle 20.2, cofactor of APC complex 
WTN Vradi04g01720 Chr04 4735371 4741234 origin of replication complex subunit 1A 

Chr: chromosome; CHLCON: chlorophyll content; LS: leaf senescence; SG: stem greenness; WTN: wilting

https://plants.ensembl.org/Vigna_radiata/Gene/Summary?g=Vradi06g04840;r=6:5709775-5712992;t=Vradi06g04840.1;db=core
https://plants.ensembl.org/Vigna_radiata/Gene/Summary?g=Vradi04g08510;r=4:17018026-17021654;t=Vradi04g08510.1;db=core
https://plants.ensembl.org/Vigna_radiata/Gene/Summary?g=Vradi03g05310;r=3:6850568-6852700;t=Vradi03g05310.1;db=core
https://plants.ensembl.org/Vigna_radiata/Gene/Summary?g=Vradi10g10930;r=10:18574446-18580727;t=Vradi10g10930.1;db=core
https://plants.ensembl.org/Vigna_radiata/Gene/Summary?g=Vradi03g05310;r=3:6850568-6852700;t=Vradi03g05310.1;db=core
https://plants.ensembl.org/Vigna_radiata/Gene/Summary?g=Vradi03g05310;r=3:6850568-6852700;t=Vradi03g05310.1;db=core
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6.3 Discussion 

This study estimated the responses of BGN accessions to five drought response traits to understand 

underlying genetic mechanisms. To the best of our knowledge, it is the first publication to identify 

associated SNPs for drought tolerance in BGN via GWAS. Furthermore, it stands as the first 

GWAS for BGN irrespective of the trait. The findings are essential for developing markers for 

molecular-assisted breeding approaches for climate-change resilience breeding objectives in BGN. 

Water stress is one of the major factors in low crop yield. Inability of crops to get enough water 

required for metabolism and nutrient transport lead to reduced growth and low yield if death did 

not occur. Therefore, it is imperative that in this era of climate change, issue of water stress on 

crop productivity should be taken seriously. Crops that thrive better in the presence of low amount 

of water should be promoted and developed as one of the solutions to this challenge. On this note, 

the results in this study shows variability in the responses of the selected accessions when exposed 

to varying degree of water stress. Excess biosynthesis of  chlorophyll leads to production of 

reactive oxygen species and oxidative stress 29. However, a decrease in chlorophyll content during 

water stress is due to the damage caused by reactive oxygen species on the chloroplast 30. 

Consistent with results in previous studies, increase in water stress leads to increase in wilting, leaf 

senescence, and reduction in chlorophyll content and stem greenness 30-34. A lot of metabolic 

reorganization is needed for plants to get back to their normal state of growth after water stress. 

Few of the accessions in this study recovered after the stress period. In agreement with other 

studies 35-37, different accessions/genotypes respond differently when exposed to stress, therefore 

the different genetic make-up of each accession accounts for the different responses observed. 

Although there were no significant interaction between the accessions and days of stress in the 
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ANOVA (Tables 6.3 and 6.4), however, each accession and days showed substantial significance 

affect. Similar findings were reported by Mwale, et al. 30. This further buttress the variability in 

the responses of the accessions which can be accounted for by the different mechanisms employed 

by each accession. From the PCA and clustering of the physiological responses, a clear impact of 

the stress severity at each stage was evident as the accessions were clearly separated (Figs. 2 and 

3a). This further suggest that different mechanisms existed between accessions 38,39. In the 

correlation analysis, a significant positive correlation between chlorophyll content and recovery 

was observed (Fig. 3b). This result is supported by the study of  Chen, et al. 40 in which they also 

clarified that maintaining a higher but not excessive amount of chlorophyll is needed by plants for 

recovery. 

Understanding the genetic basis of water stress response is important in breeding for drought 

tolerance in BGN. The identification of SNPs associated with water stress response will help in 

understanding the genetic response of BGN to water stress and facilitate genetic improvement and 

identification of drought resistant accessions. GWAS is powerful for identifying genetic loci of 

trait variations in plants. Although it often requires high density markers and large populations 

coupled with good statistical model 41, it however performs well in low populations. Furthermore, 

GWAS performance relies on target trait region, plant species, and platform used for analysis 42. 

GWAS have been successfully applied in small populations and useful results have been reported 

in many studies 42-44.  

SNP markers are codominant, polymorphic, and more useful for intra-accession genetic variations 

in contrary to biochemical markers 45. GWAS analysis revealed several genetic regions controlling 

traits of interest for drought stress response. In breeding, significant markers can be used for MAS 

to identify drought tolerant accessions, especially when they have been detected already in 
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previously studies. Twenty significant SNPs for water stress response for studied traits were 

identified in this study.  

 On chromosome 7, the putative candidate gene Vradi07g31020 was identified and it encodes 

transaldolase gene. The expressed protein, a hydrolase, is a key enzyme in the pentose phosphate 

pathway and it is involved in the synthesizes of ribose 5-phosphate 46,47. The whole process 

produces reductive elements such as nicotinamide adenine dinucleotide phosphates (NADPH) 

precursors for the synthesis of nucleotides. In plants, various isoenzymes exist that may catalyze 

the reaction in the cytoplasm or inside plastids. Moehs, et al. 48, reported the increased expression 

of the protein in response to wounding in potato. Rong, et al. 46 also reported that drought can 

induce the expression of transaldolase gene. According to Zheng, et al. 49, it helps in maintaining 

cell homeostasis by maintaining reactive oxygen species balance.   

Moreover, a proline transporter 1 (PROT1) is encoded by the candidate gene Vradi06g04840. 

Stress-induced accumulation of proline lowers the water potential of the cell in a process known 

as osmotic adjustment, thereby promoting water retention in the plant without interfering with 

normal plant metabolism 50. This maintains cell turgor pressure and increases plant’s survival 

under drought stress. Proline transporters regulate the distribution of proline throughout the plants. 

Up-regulation of proline transporter genes under drought stress have been reported in Arabidopsis 

in a study carried out by Rentsch, et al. 51 and Reaumuria soongorica  in the study of Liu, et al. 52. 

Hence, Vradi06g04840 may serve as adaptive strategy for the regulation of proline distribution 

throughout the plant during drought stress. 

The candidate gene Vradi06g03310 annotates for the GDSL esterase genes that are involved in 

growth, development, and stress responses. Under normal conditions, slight expression was 

observed but upon drought treatment, high expression level was observed in Arabidopsis and 
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Soybean 53. Su, et al. 53 also higher accumulation of proline GDSL esterase transgenic Arabidopsis 

and Soybean plants under drought stress suggesting a supporting role for proline in GDSL esterase 

drought tolerance strategy. Another GDSL esterase -type gene, CaGLIP1, was also reported by 

Hong, et al. 54 to be involved in drought stress tolerance in Arabidopsis plant. 

The candidate gene Vradi02g06260 annotates for salicylic acid-binding protein 2-like. Salicylic 

acid plays an important role in plant growth regulation, development, fruit ripening, and responses 

to drought, temperature, and salinity stresses. Salicylic acid-binding protein transmits salicylic acid 

signals during plant stress responses 55. Low concentration of salicylic acid aid plant growth and 

development while high concentration induces reactive oxygen species production which leads to 

reduced tolerance in plants 56. Studies have reported tolerance of plants to both salinity and water 

stress in the presence of low concentration of salicylic acid 57,58. 

6.4 Conclusion 

Being the first report on GWAS analysis of water stress response on BGN, these results represent 

a major step forward in identifying molecular responses of BGN to water stress and subsequent 

breeding for improved water stress tolerance in BGN. The results will provide valuable molecular 

markers and candidate genes for improved BGN breeding. Upon the availability of BGN whole 

genome sequence, future research should incorporate genomics studies with other omics studies 

for effective characterization of mechanisms of tolerance and validate genes responsible for 

controlling these complex traits in BGN. 
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6.5 Materials and Methods 

6.5.1 Plant materials 
In this study a set of 95 accessions of the BGN germplasm that was domiciled at the Genetic 

Resources Center, IITA, Ibadan, Nigeria (Appendix). From the germplasm available in the gene 

bank, the accessions that have not been previously genotyped were selected for this study. This 

was done to avoid data duplication.  

6.5.2 Experimental set-up and phenotyping 
All 95 accessions were planted on 25 October, 2019 in a wooden box in the screen house at IITA, 

Ibadan. Each wooden box had 5 accessions. The experimental design consisted of randomized 

complete blocks with three replications; each replication consisted of 19 wooden boxes. After 

drying and sieving, a soil mixture of 5:1 sandy soil and topsoil was used. All boxes were filled 

with 32kg of the soil mixture and were watered to field capacity; excess water was allowed to drain 

for 24 hrs before planting. Each accession was planted with two seeds that were visually selected 

for having a similar size and good quality. Each box was watered with 500 mL using a graduated 

cylinder every two days after BGN emergence and then watered with 1000 mL at a one-leaf stage 

every two days. All seedlings were thinned to one plant per box at approximately 14 days post-

planting, and watering was stopped when the plants were at the early vegetative stage. This allowed 

the plants to be well established before being subjected to stress treatment. The leaf chlorophyll 

content (CHLCON) of individual plants was measured by using a leaf chlorophyll meter (LC-502, 

Soil-Plant Analysis Development (LC) Section, Minolta Camera Co., Osaka, Japan). Also, the 

volumetric water content (VWC) of the soil in each box was measured at the initiation of drought 

treatment, and every two days throughout drought imposition. Individual plants were scored for 

wilting, stem greenness, and leaf senescence. Scoring was done on days 7, 10, and 13 before 
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watering was resumed.  Stem greenness was scored on a scale of 0 to 5, with 0 being completely 

yellow and 5 being completely green. Wilting was scored on a scale of 0 to 5, with 0 being no sign 

of wilting and 5 being completely wilted. At the termination of the experiment surviving plants 

were given a score of 1 when recovery occurred and 0 when no recovery was observed. Boxes 

were watered to field capacity on the day irrigation was resumed, thereafter once every two days 

for two weeks. The duration of the experiment was nine weeks. 

6.5.4 Statistical analysis 
Data were analyzed using the statistical package R59. Analysis of variance (ANOVA) was 

performed using the lmer package to determine the effect of accessions, the period of stress, and 

the interaction between accessions and the period of stress on the scored traits. Fischer’s least 

significant difference (F-LSD) was used at a probability level of 5% to separate the mean that were 

significantly different. Principal component analysis (PCA) was done using the FactoMineR 

package 60 and Pearson correlation was performed using the cor function of the stats package in R. 

A hierarchical cluster analysis was performed using the ward.D2 method in a cluster R package 61. 

6.5.3 DNA extraction and genotyping 
Genomic DNA was extracted from 15-day-old plants using the CTAB protocol 62. The quality and 

quantity of all DNA samples extracted were verified on the Nanodrop spectrophotometer and 

further confirmed on 1% agarose gel run in TAE buffer at 100 V. A total of 93 high-quality DNA 

samples (50 μL of 100 ng μL−1) were sent to Diversity Array Technology 

(http://www.diversityarrays.com), Canberra, Australia, to generate SNP markers. SNP markers 

were generated using the next-generation high-throughput DArTSeq approach, which represents a 

combination of both complexity reduction and restriction enzymes method 63. The sequence 

generated in the FASTQ files was further processed using proprietary DArT analytical pipelines. 

http://www.diversityarrays.com/
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The sequences were mapped to the Mungbean reference genome 28 and SNPs were called using 

the GAPIT pipeline 64. 

6.5.4 Genetic diversity and association analysis 
Of the 95 accessions, 93 were used in the GWAS studies. The total number of SNP markers used 

for the GWAS analysis is 5,385. PCA and neighbor-joining tree were created to validate 

population stratification using the integrated Genomic Association and Prediction Tool (GAPIT) 

65. Association analysis was performed using generalized linear model (GLM) and the mixed linear 

model (MLM) implemented by GAPIT in R 65 which took into account a K-PC model 66. Kinship 

information was included for GWAS, together with the first three principal components (PC) as 

covariates, which further improves statistical power. Kinship matrix was calculated using the 

method described by VanRaden 66. The best fit of the model was evaluated on the Q-Q plots 

generated by the model. The significant threshold for the association was set at P of 1 × 10−3. 

Associations with false discovery rate (FDR) adjusted at 10% were used to determine the P-value 

thresholds.  For any SNPs significantly associated with any of the traits, we performed a candidate 

gene search within ±100 kb around the locus using annotated genes for the Mungbean genome 

from Legume Information System (LIS) at https://legumeinfo.org/genomes and the Ensembl 

genome database 67.  
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6.10 Figure legends 

Figure 1. Traits’ summary statistics for each environment. An environment represents days after 
stress imposition. 

Figure 2. Biplot and scree plot visualization. (a). Biplot at indicated by different colors for the 
days after stress was induced. (b). Scree plot showing the contributions of the dimensions to the 
biplot. 
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Figure 3. Clustering and correlation analysis (a) Clustering using Ward.D method to group the 
accessions based on the stress response traits (b) Correlation matrix showing the relationship 
among the variables throughout the duration of water stress. 

Figure 4. PCA and scree plot showing distribution of the components. (a) three-dimensional plot 
of the distribution of the accessions along the first three principal components (b) scree plot 
depicting the number of significant PCs. 

Figure 5. clustering and heatmap (a) clustering of the accessions based on the SNP panels using 
neighbor joining method. (b) heatmap of pairwise kinship matrix of the 93 accessions. 

Figure 6. SNP distributions and Manhattan plots (a) Significant SNP distribution on each 
chromosome by both models for each trait at p <0.001. (b) Manhattan plots and Q-Q plots for the 
traits observed in the study. 

6.11 Table legends 

Table 1. Summary statistics of the traits scored across all environments 
Table 2.  ANOVA for the performance of the accessions in response to water stress. 

Table 3. Contributions of traits to the principal components’ axis. 

Table 4. SNPs associated with water stress response traits at a significant level of 0.001. 

Table 5. Putative candidate genes and their annotations. Candidate genes were chosen when the 
entire sequence overlapped with a marker sequence of highly significant QTLs. Physical position 
on the chromosome, the interval of the genes and their annotation are given.



  

136 
 

CHAPTER 7  

General discussion, conclusion, and recommendations 

7.1 General discussion 
The dependence of the global food supply on major crops is a concern for future food availability. 

These crops alone may not be able to sustain the estimated number of people on the planet, which 

will exceed 9 billion by 2050 (Gerten et al., 2020, McKenzie and Williams, 2015). It is therefore 

predicted that an increase in crop yield of around 70% is needed to feed these projected numbers 

of people (Fischer, 2009). In addition, climate change has affected crop yields negatively due to 

changes in temperature and rainfall pattern.  

Plant genetic resources offer a wide range of diversities that can help to improve food and nutrition 

security as well as tolerance against adverse conditions such as drought and high temperatures, 

which are increasing because of climate change (Heller et al., 1995). Most of the genetic diversity 

in crops is very under-used, while some of it has not been used at all. Only a subset of people in 

localities where these crops are grown enjoy the benefits from them. Such crops lack scientific 

insights into their development as they are under-researched (Varshney et al., 2012), so their 

potential is not fully exploited and they are generally referred to as underutilized or orphan crops. 

Bambara groundnut (BGN) is one such underutilized crop cultivated in Africa and parts of Asia. 

This crop harbors a large genetic diversity (Mayes et al., 2019) which is yet to be utilized because 

there is less interest in research on it compared with the other major crops.  

Application of conventional and molecular breeding is important in the improvement of drought 

tolerance, pest resistance, salt tolerance, increased yield, and other traits in crops. With many 

germplasm collections and the availability of GBS (through NGS), it is possible to study the 

phenotypic and molecular responses of crops to different environments and different climatic 
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conditions. Genomic regions controlling various responses can be identified, gene expression can 

be studied, and ultimately, better crop varieties can be developed through MAS. 

In this study, we assessed the genetic diversity of the selected accessions of BGN in terms of 

response to the environment, yield and yield-stability, and the nutrient and antinutrient 

composition. Furthermore, we characterized the responses of the accessions to water stress using 

the GWAS method.  

This study hypothesizes that accessions of BGN are diverse in agronomic performance, 

physiological traits, nutrient, and antinutrient components. It was further hypothesized that the 

BGN accessions used are diverse in their responses to drought stress. To test these hypotheses, 

conventional field experimentation and screen house approaches were adopted. These included 

experiments evaluating the effect of the environment on growth and yield traits, stability in various 

environments, nutrient and antinutrient components, and physiological and molecular responses 

to water stress.  

All accessions showed a high level of diversity for all traits studied, supporting the results of high 

variability in BGN reported in other studies (Gbaguidi et al., 2018, Mohammed et al., 2016, 

Atoyebi et al., 2017) (Chapter 3). The high coefficient of variation observed showed a high level 

of heterogeneity among the accessions. Significance in the genotype-environment interactions for 

all traits showed the impact of the environment and the genetic make-up of the crop on its 

phenotypic traits. The traits were highly correlated with each other. However, not all correlations 

were statistically significant. This study shows that locations affect the performance of each 

accession in the various response traits. Further means of separation of the accessions showed a 

high level of diversity among the accessions in response to the traits. 
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MET is useful in selecting the best environmental conditions and the best plant genotypes in those 

environments. In this study, we were able to determine the best environment for BGN cultivation 

and the best BGN accessions in the various environments studied (Chapter 4). Biplot analysis, 

discriminativeness and stability analysis were used, among others. In the pooled ANOVA for the 

yield, environment, genotype, and interactions were all significant, meaning that both genotype 

and environment determine the yield of each accession. The Eberhart and Russell method for 

stability analysis showed the most stable accession in each environment and the most stable 

environment. This study, with additional research involving more accessions, will help farmers to 

determine the best time and environment to get the best yield output since yield is the trait most 

important to farmers. Among the accessions, TVSu-1943 was the highest yielding accession in all 

test environments, meaning that it can be suggested to farmers who need high yielding accessions. 

However, in terms of the most ideal accessions, TVSu-2020 and TVSu-1649 are the ideal 

accessions and IB2019 is the ideal environment. 

The importance of nutrients in our diets cannot be overemphasized. However, not all crops have 

the required amount of nutrients that are needed for the body to function properly. But in BGN, 

there are sufficient quantities of nutrients that meet the nutrient needs for health. On the other hand, 

BGN also possesses some antinutrient components that are not good for human health. In Chapter 

5 of this study, we were able to show the amount of each nutrient and anti-nutrient component in 

the selected accessions as well as the relationship between them. The accessions were highly 

significant for traits and the means separation showed a high level of diversity in the nutrient and 

antinutrient compositions in the accessions. Cluster, correlation, and PCA analysis were able to 

provide more information on the level of diversity among the accessions. 
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As a drought-tolerant crop, BGN is important for food security in sub-Saharan Africa and parts of 

Asia where it is consumed. In Chapter 6, the different accessions studied responded differently 

based on the duration of the stress. This shows a high level of variations among accessions and 

diversity in their responses. By the end of the experiment, only a few accessions were able to 

recover fully. Chlorophyll content regulates photosynthesis, hence its importance in stress 

adaptation. This chapter reports a positive, significant correlation between the chlorophyll content 

of the accessions and their recovery. Trait associations need to be studied and molecular markers 

detected for improved breeding as a move towards further improvement and positioning of the 

crop as a viable complement to the major crops. Those genomic regions associated with 

chlorophyll content, leaf wilting, stem greenness, leaf senescence, and recovery were reported and 

the chromosome locations of these traits were identified. Different accessions responded to stress 

in different ways and through different mechanisms, showing diversity in plant responses. Putative 

candidate genes regulating these responses were identified using the Arabidopsis database and 

appropriate literature searches. 

7.2 Conclusions 
In conclusion, we identified large variabilities among the accessions for the traits scored. This 

shows that these accessions can be a source of genetic diversities for the improvement of this crop. 

We were also able to determine the best environment from among our "selected" environments, 

allowing farmers to choose the best environment for planting. The most stable and adaptable 

accessions were also identified, meaning that these can be a basis for improved breeding programs. 

The genetic positions on the chromosome controlling water stress response traits scored were 

analyzed through GWAS and the putative candidate genes regulating these water stress response 

traits were identified.  
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Despite its drought tolerance, resistance to pests and diseases, and adaptation to nutrient-poor soils, 

BGN production is still low and its yield is unpredictable. Therefore, developing high-yielding and 

adapted accessions will aid the course of BGN in improving food security. From this study, results 

will be useful in improving BGN cultivation generally, and specifically, as follows. 

• It will help to identify the important traits in BGN that can help in alleviating food and 

nutrition insecurity.  

• It will increase the importance of multilocational trials in crop breeding, which will help in 

selecting the best environment. 

• As one of the key goals of the SDG, the nutritional importance of the crop was further 

established. 

• Although BGN is just entering the genomic era, the identification of SNPs controlling the 

water stress response can be the foundation and catalyst needed for the crop’s potential to 

be fully identified and utilized. No study has yet reported the molecular aspect of the crop’s 

response to water stress. 

7.3 Recommendations 

• In subsequent METs of the crop, many environments should be considered to capture a 

complete environmental response. 

• Many accessions should also be studied to cover a wide range of diversities. 

• Accessions should be assessed for their performance in various environments. Accurate 

records of exact maturity dates should also be taken so that the pods will not overstay in 

the soil before they are harvested. 

• Due to the GEI effect on the traits, most yield components have low heritable variation. 

Therefore, conventional breeding alone will not give much improvement in the yield of the 
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crop. The application of biotechnological tools such as genomics, transcriptomics, and 

proteomics will aid in gene mapping and responses that could help improve the crop. 

• Apart from institutions, researchers hardly ever get funds for this crop. This limits the depth 

and amount of research on the crop. More funding is needed for this crop to be fully 

developed and adequately utilized. 

• Postharvest procedures such as threshing and storage pose another great challenge. There 

is no mechanized way of threshing, but when this process is done manually, most of the 

seeds are destroyed. A large portion of the harvest is lost during threshing. Finding better 

ways to prevent these big losses will be a big boost for output. 

• A comprehensive survey of genetic diversity in landraces and wild relatives of BGN will 

deepen our understanding of the genetic basis underlying domestication and evolution of this 

underutilized orphan crop. The use of the NGS technology and informatics combined with 

information on genetic variation will provide the push needed for BGN to catch up with other 

crops in studies on functional genomics. The time for genomics-assisted BGN breeding is 

finally here. 
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APPENDIX A

 

Plate 1: Planting peg and barcoded label 
 

Plate 2: Field marking and seed planting 

 

Plate 3: Bambara groundnut plants on the field 

 

Plate 4: Mature pods 

 

Plate 5: Harvesting of Bambara groundnut 
pods manually using a hoe 
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Plate 6: Box layout for water stress 
experiment 

 

Plate 7: Gel picture for gel electrophoresis of 
the DNA from the accessions of BGN 

 

 

Plate 8: a. Procheck equipment for checking the water level in the box b. Using the procheck 
equipment 
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Plate 9: Responses of the plants at various stages of the experiment. 
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Linkage disequilibrium decay plot of the association mapping panel plotted against physical 
distance and coefficient of determination (R square).
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APPENDIX G 

 
Figure S1|Boxplot summarizing the vegetative growth parameters in the two locations 

Figure S2|Boxplot summarizing the yield and yield traits in the two locations 
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Figure S3 Figure S4 

Figure S5 
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Figure S6 Figure S7 
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APPENDIX H 

Bambara groundnut accessions and their origin. 

  Accessions Passport data   Accessions Passport data   Accessions Passport data 
1 TVSu-1470 Ghana 33 TVSu-1866 Zimbabwe 65 TVSu-2017 Burundi 
2 TVSu-1538 unknown 34 TVSu-1868 Zimbabwe 66 TVSu-2018 Burundi 
3 TVSu-1547 unknown 35 TVSu-1874 Botswana 67 TVSu-2019 Burundi 
4 TVSu-1557 unknown 36 TVSu-1879 Botswana 68 TVSu-2020 unknown 
5 TVSu-1574 unknown 37 TVSu-1892 Botswana 69 TVSu-2021 unknown 
6 TVSu-1589 unknown 38 TVSu-1895 Botswana 70 TVSu-2022 unknown 
7 TVSu-1649 Senegal 39 TVSu-1898 unknown 71 TVSu-2025 unknown 
8 TVSu-1663 Senegal 40 TVSu-1899 unknown 72 TVSu-2030 unknown 
9 TVSu-1664 Senegal 41 TVSu-1905 unknown 73 TVSu-2031 unknown 

10 TVSu-1680 Togo 42 TVSu-1912 Cameroon 74 TVSu-2032 unknown 
11 TVSu-1701 Togo 43 TVSu-1915 Cameroon 75 TVSu-2034 unknown 
12 TVSu-1706 Zambia 44 TVSu-1918 Cameroon 76 TVSu-2038 unknown 
13 TVSu-1724 Zambia 45 TVSu-1920 Senegal 77 TVSu-2042 unknown 
14 TVSu-1733 Zambia 46 TVSu-1921 Malawi 78 TVSu-2043 unknown 
15 TVSu-1739 Zambia 47 TVSu-1923 Zimbabwe 79 TVSu-2045 unknown 
16 TVSu-1740 Zambia 48 TVSu-1930 Zimbabwe 80 TVSu-2046 unknown 
17 TVSu-1742 Zambia 49 TVSu-1937 Zimbabwe 81 TVSu-2048 unknown 
18 TVSu-1745 Malawi 50 TVSu-1939 Zimbabwe 82 TVSu-2051 unknown 
19 TVSu-1758 Malawi 51 TVSu-1941 Zimbabwe 83 TVSu-2055 unknown 
20 TVSu-1763 Malawi 52 TVSu-1943 Zimbabwe 84 TVSu-2056 unknown 
21 TVSu-1764 Malawi 53 TVSu-1945 Zimbabwe 85 TVSu-2060 unknown 
22 TVSu-1765 Malawi 54 TVSu-1951 Zimbabwe 86 TVSu-2065 unknown 
23 TVSu-1785 Malawi 55 TVSu-1952 Zimbabwe 87 TVSu-2067 unknown 
24 TVSu-1787 Cameroon 56 TVSu-1956 Zimbabwe 88 TVSu-2068 unknown 
25 TVSu-1823 Niger 57 TVSu-1957 Zimbabwe 89 TVSu-2071 unknown 
26 TVSu-1836 Niger 58 TVSu-1959 Swaziland 90 TVSu-2074 unknown 
27 TVSu-1839 Zimbabwe 59 TVSu-1962 Swaziland 91 TVSu-2075 unknown 
28 TVSu-1843 Zimbabwe 60 TVSu-1964 DRC 92 TVSu-2076 unknown 
29 TVSu-1850 Zimbabwe 61 TVSu-1972 DRC 93 TVSu-2083 unknown 
30 TVSu-1851 Zimbabwe 62 TVSu-1979 Burundi 94 TVSu-2085 unknown 
31 TVSu-1859 Zimbabwe 63 TVSu-2000 Burundi 95 TVSu-2086 unknown 
32 TVSu-1863 Zimbabwe 64 TVSu-2003 Burundi       

 

Mean±standard deviation of the responses of each trait on the accessions. 

Accns CHLCON WTN LS SG Rec 
TVSu-1470 33.244±12.29g-p 3.222±1.09 a-g 0.889±0.6 b-f 2.111±2.37 b-f 0.111±0.33 cd 
TVSu-1538 31.122±10.57 j-p 3.556±1.33 a-d 1.556±0.73 a 2.889±2.26 abc 0.111±0.33 cd 
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TVSu-1547 33.056±9.01 g-p 2±1.22 jk 0.444±0.53 fg 1.667±2.5 ef 0.333±0.5 a-d 
TVSu-1557 41.522±14.44 a-h 2.889±0.93 b-j 0.667±0.5 d-g 2±2.12 b-f 0.444±0.53 abc 
TVSu-1574 38.033±11.5 a-m 2.778±0.97 c-k 0.556±0.53 efg 1.889±2.37 c-f 0.444±0.53 abc 
TVSu-1589 33.944±12.52 e-p 2.667±1.32 d-k 1.333±0.71 abc 2.333±2.4 a-f 0.333±0.5 a-d 
TVSu-1649 35.056±14.65 b-p 3.111±1.05 a-h 0.667±0.71 d-g 2±2.45 b-f 0.444±0.53 abc 
TVSu-1663 35.1±15.52 b-p 3.333±1.22 a-f 1±1 a-f 2.667±2.55 a-e 0.333±0.5 a-d 
TVSu-1664 30.633±8.38 k-p 3.222±1.3 a-g 1±0.87 a-f 2.333±2.35 a-f 0.111±0.33 cd 
TVSu-1680 36.311±18.04 a-o 3.778±1.09 ab 1.111±0.78 a-e 2.444±2.4 a-e 0.333±0.5 a-d 
TVSu-1701 38.167±13.15 a-m 3±1.12 b-i 1±0.87 a-f 2.222±2.64 a-f 0.222±0.44 bcd 
TVSu-1706 32.978±9.35 g-p 2.444±1.67 f-k 0.444±0.53 fg 2.333±2.24 a-f 0.333±0.5 a-d 
TVSu-1724 36.767±8.78 a-o 3.333±1.12 a-f 0.889±0.93 b-f 2.444±2.4 a-e 0.111±0.33 cd 
TVSu-1733 35.989±10.3 a-p 3±1.5 b-i 0.889±0.78 b-f 2.333±2.35 a-f 0.222±0.44 bcd 
TVSu-1739 40.511±12.32 a-i 3.444±1.13 a-e 1.333±0.71 abc 2.778±2.22 a-d 0.222±0.44 bcd 
TVSu-1740 34.633±6.29 c-p 3±1.41 b-i 0.667±0.87 d-g 2.111±2.37 b-f 0.444±0.53 abc 
TVSu-1742 39.656±13.04 a-k 3.222±0.97 a-g 1.111±0.33 a-e 2.333±2.24 a-f 0.333±0.5 a-d 
TVSu-1745 36.889±18.82 a-o 4±1.12 a 1.333±0.87 abc 2.778±2.28 a-d 0.222±0.44 bcd 
TVSu-1758 35.689±10.06 b-p 2.333±1.22 g-k 0.556±0.73 efg 1.333±2.18 f 0.444±0.53 abc 
TVSu-1763 40.167±20.36 a-j 2.778±1.48 c-k 0.778±0.83 c-g 2±2.45 b-f 0.222±0.44 bcd 
TVSu-1764 34.8±12.56 b-p 3.667±0.87 abc 1.222±0.97 a-d 2.778±2.22 a-d 0.222±0.44 bcd 
TVSu-1765 35.078±4.5 b-p 2.556±1.51 e-k 0.889±0.78 b-f 2.556±2.51 a-e 0.444±0.53 abc 
TVSu-1785 34.678±15.85 c-p 3.667±1.12 abc 1±0.93 a-f 2.111±2.37 b-f 0.444±0.53 abc 
TVSu-1787 34.767±11.72 b-p 2.111±1.27 ijk 0.556±0.53 efg 2±2.45 b-f 0.222±0.44 bcd 
TVSu-1823 41.467±18.91 a-h 1.889±1.17 k 0.778±0.83 c-g 1.889±2.42 c-f 0.333±0.5 a-d 
TVSu-1836 36.956±5.5 a-o 3.444±1.24 a-e 1±1 a-f 2.556±2.46 a-e 0.333±0.5 a-d 
TVSu-1839 37.967±13.52 a-m 3.111±1.27 a-h 1±0.87 a-f 2.111±2.37 b-f 0.444±0.53 abc 
TVSu-1843 35.733±14.74 b-p 3.667±1.22 abc 1.222±0.83 a-d 3.222±2.44 a 0.222±0.44 bcd 
TVSu-1850 32.933±12.15 g-p 2.889±1.27 b-j 0.556±0.53 efg 2.222±2.33 a-f 0.333±0.5 a-d 
TVSu-1851 32.533±8.46 h-p 2.333±1.12 g-k 0.222±0.44 g 2±2.45 b-f 0.333±0.5 a-d 
TVSu-1859 35.122±13.06 b-p 3.111±1.27 a-h 0.778±0.97 c-g 2.556±2.46 a-e 0.444±0.53 abc 
TVSu-1863 31.867±9.2 i-p 2.444±1.01 f-k 0.556±0.53 efg 1.778±2.44 def 0.556±0.53 ab 
TVSu-1866 35.933±13.69 a-p 2.111±0.93 ijk 0.222±0.44 g 1.778±2.44 def 0.222±0.44 bcd 
TVSu-1868 39.7±21.74 a-k 2.889±1.17 b-j 0.778±0.83 c-g 2.111±2.52 b-f 0.667±0.5 a 
TVSu-1874 34.489±6.83 d-p 2.667±1.22 d-k 0.556±0.53 efg 2.222±2.33 a-f 0.222±0.44 bcd 
TVSu-1879 36.456±15.79 a-o 2.444±1.13 f-k 0.778±0.44 c-g 1.778±2.44 def 0.333±0.5 a-d 
TVSu-1892 40.5±13.6 a-i 2.556±1.13 e-k 0.556±0.73 efg 1.778±2.22 def 0.444±0.53 abc 
TVSu-1895 33.6±11.46 g-p 2.111±0.93 ijk 0.556±0.53 efg 1.667±2.5 ef 0.333±0.5 a-d 
TVSu-1898 32.6±7.49 h-p 3±1 b-i 0.889±0.33 b-f 2.667±2.4 a-e 0.444±0.53 abc 
TVSu-1899 34.611±9.86 c-p 2.778±1.56 c-k 0.778±0.83 c-g 2.444±2.51 a-e 0.333±0.5 a-d 
TVSu-1905 35.633±10.51 b-p 3.222±0.97 a-g 1.111±0.78 a-e 2.889±2.26 abc 0.222±0.44 bcd 
TVSu-1912 35.756±9.39 b-p 3.111±1.62 a-h 0.889±0.93 b-f 2.667±2.55 a-e 0.222±0.44 bcd 
TVSu-1915 26.822±8.45 p 3.333±1.32 a-f 1±1 a-f 2.333±2.4 a-f 0±0 d 
TVSu-1918 29.478±8.81 m-p 3.111±1.62 a-h 1±0.71 a-f 2.333±2.55 a-f 0.111±0.33 cd 
TVSu-1920 36.3±10.02 a-o 1.889±1.36 k 0.556±0.53 efg 1.778±2.22 def 0.333±0.5 a-d 
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TVSu-1921 35.944±7.38 a-p 3.222±1.39 a-g 1.222±0.83 a-d 2.222±2.44 a-f 0.556±0.53 ab 
TVSu-1923 41.744±19.03 a-h 2.889±1.54 b-j 1±0.71 a-f 2.444±2.4 a-e 0.111±0.33 cd 
TVSu-1930 35.544±11.11 b-p 2.444±1.59 f-k 0.667±0.87 d-g 1.889±2.42 c-f 0.222±0.44 bcd 
TVSu-1937 38±7.25 a-m 2.778±1.56 c-k 1±1 a-f 2.667±2.55 a-e 0.222±0.44 bcd 
TVSu-1939 38.244±15.07 a-m 2.778±0.97 c-k 0.889±0.6 b-f 2.111±2.37 b-f 0.444±0.53 abc 
TVSu-1941 35.011±6.82 b-p 2.667±1.41 d-k 0.778±0.83 c-g 2.111±2.52 b-f 0.222±0.44 bcd 
TVSu-1943 36.133±13.71 a-o 2.667±1.12 d-k 0.556±0.53 efg 1.778±2.44 def 0.333±0.5 a-d 
TVSu-1945 34.822±12.69 b-p 3.333±1.41 a-f 0.889±0.93 b-f 1.889±2.42 c-f 0.111±0.33 cd 
TVSu-1951 36.478±6.89 a-o 3.444±0.88 a-e 0.889±0.78 b-f 2.556±2.51 a-e 0.222±0.44 bcd 
TVSu-1952 36.956±12.61 a-o 3.778±1.2 ab 1.444±0.88 ab 2.778±2.33 a-d 0.222±0.44 bcd 
TVSu-1956 34.322±10.75 e-p 3±1.73 b-i 1.111±0.78 a-e 2.667±2.55 a-e 0.111±0.33 cd 
TVSu-1957 29.922±9.09 m-p 3.333±1.12 a-f 1±0.87 a-f 2.444±2.4 a-e 0.111±0.33 cd 
TVSu-1959 37.978±15.22 a-m 3.111±1.05 a-h 0.667±0.71 d-g 2.333±2.4 a-f 0.222±0.44 bcd 
TVSu-1962 34.333±11.05 e-p 2.778±1.56 c-k 1.222±0.83 a-d 2.556±2.3 a-e 0.444±0.53 abc 
TVSu-1964 36.067±8.55 a-o 3.111±1.05 a-h 1.111±0.93 a-e 2±2.35 b-f 0.333±0.5 a-d 
TVSu-1972 37.122±7.1 a-o 2.556±1.13 e-k 0.667±0.5 d-g 1.667±2.5 ef 0.667±0.5 a 
TVSu-1979 45.144±23.79 a 3.222±1.3 a-g 1±1 a-f 2.556±2.46 a-e 0.333±0.5 a-d 
TVSu-2000 32.844±7.23 g-p 3±1.58 b-i 1±0.87 a-f 2.111±2.52 b-f 0.222±0.44 bcd 
TVSu-2003 43.633±14.36 a-d 3.222±1.72 a-g 1±1 a-f 2.556±2.46 a-e 0.333±0.5 a-d 
TVSu-2017 42.867±15.3 a-f 2.556±1.42 e-k 0.444±0.53 fg 1.778±2.11 def 0.556±0.53 ab 
TVSu-2018 35.111±11.1 b-p 3.667±1 abc 0.889±0.6 b-f 2.222±2.44 a-f 0.222±0.44 bcd 
TVSu-2019 43.9±16.64 ab 3.333±0.71 a-f 1.111±0.93 a-e 2±2.35 b-f 0.556±0.53 ab 
TVSu-2020 33.756±12.32 f-p 3.778±1.09 ab 0.778±0.83 c-g 2.556±2.3 a-e 0.111±0.33 cd 
TVSu-2021 30.744±12.15 k-p 2.667±1.66 d-k 0.667±0.87 d-g 2.333±2.55 a-f 0.333±0.5 a-d 
TVSu-2022 34.878±13.19 b-p 3±1 b-i 1.111±0.6 a-e 2.222±2.28 a-f 0.222±0.44 bcd 
TVSu-2025 28.278±8.08 op 3.333±1.5 a-f 1±0.87 a-f 2.111±2.37 b-f 0±0 d 
TVSu-2030 33.689±9.5 f-p 3.333±1.32 a-f 1±0.87 a-f 2.556±2.51 a-e 0.444±0.53 abc 
TVSu-2031 34.489±9.03 d-p 3.111±1.45 a-h 0.889±0.93 b-f 2.556±2.46 a-e 0.111±0.33 cd 
TVSu-2032 34.744±12.89 b-p 2.889±0.93 b-j 0.556±0.53 efg 2±2.45 b-f 0.444±0.53 abc 
TVSu-2034 43.711±6.85 abc 2.444±1.67 f-k 0.778±0.83 c-g 2.222±2.64 a-f 0.444±0.53 abc 
TVSu-2038 30.633±10.39 k-p 2.556±1.81 e-k 1±0.87 a-f 2.444±2.4 a-e 0.222±0.44 bcd 
TVSu-2042 30.911±12.45 k-p 2.889±1.62 b-j 1.111±0.93 a-e 2.556±2.51 a-e 0.111±0.33 cd 
TVSu-2043 39.222±13.6 a-l 2.444±1.42 f-k 0.778±0.83 c-g 2±2.24 b-f 0.556±0.53 ab 
TVSu-2045 37.856±13.99 a-n 2.889±1.05 b-j 1±0.71 a-f 2.667±2.35 a-e 0.333±0.5 a-d 
TVSu-2046 35.589±11.99 b-p 3.222±0.97 a-g 1.111±0.6 a-e 2.444±2.01 a-e 0.333±0.5 a-d 
TVSu-2048 42.011±22.15 a-g 3.333±1.5 a-f 1.222±0.97 a-d 2.556±2.46 a-e 0.333±0.5 a-d 
TVSu-2051 37.356±13.39 a-o 3±1.12 b-i 1±1 a-f 2.111±2.52 b-f 0.222±0.44 bcd 
TVSu-2055 33.067±8.05 g-p 3.667±1.22 abc 1.333±0.87 abc 2.889±2.26 abc 0.111±0.33 cd 
TVSu-2056 37.056±15.59 a-o 3±1.41 b-i 1.111±0.78 a-e 2±2.45 b-f 0.556±0.53 ab 
TVSu-2060 28.678±10.07 nop 3.222±1.39 a-g 1.333±0.87 abc 2.778±2.64 a-d 0.222±0.44 bcd 
TVSu-2065 34.178±5.88 e-p 3.444±1.13 a-e 1.111±0.78 a-e 2.556±2.46 a-e 0.111±0.33 cd 
TVSu-2067 30.822±10.43 k-p 3.444±1.81 a-e 1.556±0.88 a 3±2.35 ab 0.111±0.33 cd 
TVSu-2068 31.411±11.79 i-p 2.444±1.24 f-k 0.889±0.6 b-f 1.889±2.2 c-f 0.222±0.44 bcd 
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TVSu-2071 31.633±5.78 i-p 2.222±0.83 h-k 0.889±0.6 b-f 1.889±2.42 c-f 0.111±0.33 cd 
TVSu-2074 29.778±6.85 m-p 3.444±1.51 a-e 1±1 a-f 2.333±2.35 a-f 0.111±0.33 cd 
TVSu-2075 37.722±8.24 a-n 3±1.41 b-i 0.556±0.73 efg 2.444±2.4 a-e 0.333±0.5 a-d 
TVSu-2076 30.267±7.89 l-p 2.889±1.36 b-j 0.556±0.53 efg 1.778±2.44 def 0±0 d 
TVSu-2083 37.367±16.72 a-o 3.333±1.32 a-f 1.333±0.87 abc 2.667±2.55 a-e 0.333±0.5 a-d 
TVSu-2085 37.344±18.63 a-o 3±1.12 b-i 0.556±0.73 efg 1.778±2.44 def 0.222±0.44 bcd 
TVSu-2086 43.056±12.06 a-e 2.222±0.97 h-k 0.556±0.73 efg 2.222±2.33 a-f 0.444±0.53 abc 
Day 7 43.812±13.72 a 1.972±0.87 c 0.345±0.5 c 0.011±0.1 c 0.611±0.49 a 
Day 10 36.256±7.04 b 2.905±1.09 b 0.951±0.82 b 1.884±1.8 b 0.211±0.41 b 
Day 13 26.909±8.57 c 4.039±0.98 a 1.386±0.61 a 4.93±0.44 a 0.06±0.24 c 

Numbers representing means±standard deviation in a column followed by the same letter are not significantly 
different according to Fischer’s least significant difference (LSD) test (p<0.05). 

 
Climatic data of the screen house throughout the period of the water stress experiment. 
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Contributions of the traits and accessions to the principal components in response to stress 
treatment 

 

Hierarchical clustering of the trait responses at each period of water stress (a) day 7 (b) day 10, 
and (c) day 13 
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Correlation analysis of the trait responses at each period of water stress (a) day 7 (b) day 10, and 
(c) day 13 
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