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Abstract
Bambara groundnut ( Vigna subterranea (L.) Verdc) are a neglected and underutilized crop species that is
in high demand among Sub-Saharan African smallholder farmers. Despite the high demand, there are no
improved varieties available to smallholder farmers in Malawi. This study aimed at characterizing agro-
morphological traits and identifying genetic diversity using Diversity Array Technologies Sequence Low
Density (DArTseqLD) Single Nucleotide Polymorphism (SNP) markers in order to identify unique traits
that can be used in germplasm discrimination for seed production and genomic variation for crop
improvement. Forty germplasm were evaluated at the Crops and Soil Sciences Department's farm of
Lilongwe University of Agriculture and Natural Resources, Bunda College. From forty germplasm, 188
samples were selected for genotyping using DArTseqLD SNP markers. Data on agro-morphological traits
were collected following Bambara groundnut descriptor and subjected to multivariate analysis. Principal
Component Analysis revealed a total variation of 53%. The study generated 1048 DArTseqLD SNP
markers. Analysis of molecular variance (AMOVA) revealed 84% and 13% variation among and within the
Bambara groundnut germplasms respectively, 3% variations was observed among the populations.
Cluster analysis based on genotypic data grouped the 188 samples into 9 clusters. Based on phenotypic
and genotypic data, it can be concluded that there is a signi�cant degree of variation and genetic
diversity in the germplasm evaluated that can be used by farmers in seed production and plant breeders
in crop improvement program.

Introduction
Bambara groundnut (Vigna subterranea (L.) Verdc.) is an underexploited crop with the opportunity to
address some critical food requirements as it is a high-nutritional alternative food (Khaliqi et al., 2021).
Bambara groundnut is a complete food source since the seeds are high in protein (19–25%),
carbohydrate (63%) and �ber (6.5%), as well as essential amino acids important for the human
diet (Gbaguidi et al., 2018, Katungwe et al., 2015, Pungulani et al., 2012). Existing literature on African
orphan crops highlighted the importance of more molecular research to unlock the hidden
potentials (Mayes et al., 2013, Ntundu et al., 2006). Molecular research sheds new light on the population
structure of native Bambara groundnut germplasm which will aid in crop improvement through modern
breeding (Uba et al., 2021). Whereas agromorphological characterization will help to reveal the genetic
diversity that exists among Bambara groundnut and these can be used by farmers to select best
performing germplasm and breeders for crop improvement programs (Umar & Kwon-ndung, 2015). This
will lead to Quality Declared Seed (QDS) being sold by farmers in Malawi. QDS is designed so that
farmers can produce and market seed they produce, offering hospitable environment for farmer-led seed
enterprise (Mastenbroek et al., 2021). Farmer-led seed enterprise can lead to production and marketing of
high-quality fair priced seed at the same time promoting income security among smallholder farmers in
Malawi. However, for the farmers producing and selling seed  to thrive, a conducive policy and regulatory
framework that is inclusive and less stringent is required (Gregory et al., 2019). This research aimed at
characterizing Bambara groundnut agro-morphological traits to help in identi�cation of unique traits that
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can be used to select good performing germplasm by smallholder farmers and that can be promoted for
quality seed production in Malawi. The research also aimed at identifying the genetic diversity that exists
within Bambara groundnut germplasm using DArTseqLD makers. The information will aid plant breeders
who wants to embark on crop improvement program and develop quality and high yielding Bambara
groundnut varieties. Quality seed access in Malawi can be achieved through proper seed characterization
in collaboration with farmers. This initial step will help in identi�cation of quality seed of varieties that
can then be increased by small holder farmers, following QDS steps. This can only be done through
Farmer managed seed systems as this will improve availability of Bambara groundnut seed (Owere et al.,
2014, Pungulani et al., 2012). Through QDS, small holder farmers can produce seed to engage in
integrated seed system, including informal and formal seed systems to meet the various demands on the
market (Mastenbroek et al., 2021, Almekinders & Louwaars, 2002). Currently there is low production of
Bambara groundnut in Malawi (Figure S3) and some of the major reasons for its low production and
productivity is the lack of introduction of high yielding genotypes in areas of cultivation, inadequate
knowledge of taxonomy, lack of genetic improvement and adaptation to speci�c agro-ecological zones (
Pungulani et al., 2012; Uba et al., 2021). Variation within individual gene loci/among alleles of a gene, or
gene combinations, between individual plants or plant populations are referred to as genetic diversity
(Sood et al., 2016). Genetic variability is critical component of any crop improvement program. When
there are more diverse parents, more heterosis in the progeny is achieved and a higher chance of getting
transgressive segregation. Breeders must identify diverse parents with high genetic variability in order to
combine desirable characteristics for development of improved crop varieties over existing cultivated
varieties (Patil & Modha, 2022).

Materials And Methods
Materials

A total of forty germplasm that was collected in Eswazini, Chipala, Kandeu, Manjawira and Mombezi
Extension Planning Area (EPA) (Figure S1). These were identi�ed at a seed fairs where farmer saved
seeds with complete description of their attributes was showcased. Samples of some germplasm was
provided by the National Plant Genetic Resources Centre (NPGRC). 

Experimental site and �eld layout

During the 2020/2021 growing season, the experiment was carried out at the Lilongwe University of
Agriculture and Natural Resources (LUANAR) - Bunda College, Department of Crops and Soil Sciences
Research Farm. The farm is located at an elevation of 1158 meters above sea level with a latitude of
14o35'S and a longitude of 33o 50'E. The average annual temperature ranges from 18oC to 27oC and the
area receives between 800mm to 1031mm of rain per year. In the �eld, the experiment was set up in an
Alpha lattice design with three replications planted at a ridge length of 3m spaced at 0.75meters and
plant spacing of 15 centimeters between with one seedling per station. Weeding, banking, pest and
disease management was all carried out. 
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Phenotypic data collection and analysis

Quantitative data on all agro-morphological traits of Bambara groundnut was collected from vegetative
to the processing stage following Bambara nut descriptor by International Plant Genetic Resources
Institute (IPGRI, 2000) and subjected to multivariate analysis. Principal component analysis and biplot of
principal component analysis were perform using R-statistical package. Qualitative data were presented
using �gures taken from the �eld and percent variation was calculated.

Leaf sampling for DNA extraction

A total of 40 Bambara groundnut germplasms from farmers and NPGRC was used as the source of
samples for DNA extraction. These were planted on 23rd December, 2021 in the Screen house of the
Lilongwe University of Agriculture and Natural Resources (LUANAR). The plants were allowed to grow for
three weeks to allow full establishment. Tender leaves from 188 plants were sampled for DNA extraction.
Leaf samples were sampled using a procedure as described by Intertek (Parmar et al., 2021). Brie�y, the
two leaf discs were collected using a leaf puncher from a fresh clean leaf and placed in the 96 well
Abgene plates until the 94 wells were �lled while two wells were left blank as control. Then the samples
were oven dried at 48 oC for 24 hours. After 24 hours the plates were sealed with silicone mats and sent
to Intertek laboratory in Sweden for DNA extraction process.

DNA extraction and genotyping

High Molecular Weight (HMW) DNA was extracted from the tissue samples and its quality was checked in
Intertek Sweden and then sent for the high-throughput DArTseqLD Single Nucleotide Polymorphism
(SNP) genotyping at the Diversity Arrays Technology Pty Ltd. Canberra, Australia. This entailed subjecting
the DNA samples to complexity reduction by digestion/ligation reactions as described by Kilian et al.
(2012) but replacing the single PstI-compatible adaptor with two adaptors corresponding to PstI and MseI
restriction enzymes’ overhangs. The PstI-compatible adapter were designed to include Illumina �owcell
attachment sequence, barcode region, while the reverse adapter contained �owcell attachment region and
MseI-compatible overhang sequence. Only mixed fragments (PstI-MseI) were effectively ampli�ed in PCR.
Subsequently, equimolar amounts of PCR product from each sample were bulked and sequenced by the
Hiseq2500/ Novaseq6000 (Illumina® Inc., San Diego, CA, USA). Thereafter, the generated sequences were
processed using proprietary DArT analytical pipelines. Approximately 250,000 sequences per
barcode/sample were used in marker call. Identical sequences were collapsed into FASTQCOL �les
followed by SNPs calling using the software package DArTsoft14.

Genotypic data analysis

Germplasm samples data was �ltered for quality using a minor allele frequency (MAF) threshold of 0.05
and call rate cut-off of 0.7 with the rest of the missing calls imputed by mean. Basic diversity metrics for
the germplasm were inferred using the snpReady package (Granato & Fritsche-Neto, 2018). These
included the polymorphism information content (PIC), MAF, Nei’s genetic diversity (GD), and observed
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heterozygosity (Ho). Grouping of the genotypes was evaluated using principle component analysis (PCA)
as computed using the factoextra package (Kassambara & Mundt, 2016). A euclidian distance matrix
was used for dendrogram plotting and further clustering was done by discriminant analysis of principle
components (DAPC) using the adegenet package (Jombart et al., 2010). The analyses was done in the R
software environment (R Core Team, 2021). Analysis of Molecular Variance (AMOVA) was done using
GeneAlEx v 6.5 (Peakall and Smouse 2012) with population groupings deduced from dendrogram and
DAPC clustering.

Results
Terminal lea�et shape and growth habit of Bambara groundnut.

The current study revealed that 22.5% of the total germplasm had Elliptic terminal lea�et type (Figure 1a)
and 37.5% had oval terminal lea�et type (Figure 1b) while Lanceolate terminal lea�et exhibited 40%
(Figure 1c). Semi bunch growth habit exhibited 52.5% of the total Bambara groundnut germplasm (Figure
1d) while 5% had a growth habit which are bunch type (Figure 1e) and 42.5% had a growth habit which is
spreading (Figure 1f).

Seed colour and eye Pattern of Bambara groundnut 

The current study revealed that 67.5% had seed with cream testa colour (Figure 2a) while 17.5% had light
red (Figure 2b) and 15% had dark red seed colour (Figure 2c). The current study revealed that 15 % of the
total Bambara groundnut germplasm had an eye like butter�y (Figures 2d) while 75% had an eyes 2 thin
lines on both sides of the hilum (Figure 2e) while and 10 % had no eye (Figure 2f). 

Testa pattern and seed shape of Bambara groundnut

The study revealed that 52.5% of the total Bambara groundnut germplasm had dotted testa pattern
(Figure 3a) while 20 % had little rhomboid spotting on both side of the hilum (Figures 3b) and 5 % had no
testa pattern (Figure 3c). The study revealed that 62.5% had oval seed shape (Figure 3d) while 30% had
round seed shape (Figure 3e) and 7.5 % had a seed shape with a �at base (Figure 3f).

Principal components analysis (PCA) of Bambara groundnut quantitative traits. 

The qualitative traits for Bambara groundnut were examined to determine which traits account for the
majority of the variation between germplasm. Principle Component Analysis (PCA) revealed a total
variation of 53% (Table 1). The �rst principal component (PC1) with an Eigen value of 6.791, represents a
cumulative proportion of 27.2% and this represents the equivalent of four individual variables. The four
variables that weighted higher and contributed positively to variation than the other is Yield (Kgha-1),
number of pods per plant, number of nodes per stem and number of stems per plant.  The second
principal component (PC2) with an Eigen value of 3.756, represents a cumulative proportion of 15% of
total variation, representing the equivalent of one individual variable. The individual variable that
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weighted higher and contributed positively to variation than the other is the number of days to �owering.
The third principal component (PC3) with an Eigen value of 2.654 and re�ects 10.6% variations exhibited
signi�cant positive effects for terminal lea�et length and internode length making it the major contributor
to the signi�cant germplasm differences for agronomic traits among the Bambara groundnut
germplasms.

 Table 1: Principal components analysis (PCA) of Bambara groundnut quantitative traits

Principal components (PC) PC1 PC2 PC3

Eigen values 6.791 3.756 2.654

Proportion of Variance 27.2 15 10.6

Cumulative Proportion % 27.2 42.1 52.8

Number of days to �rst �owering -0.183 0.318 0.199

Number of days to 50 �owering -0.158 0.287 -0.143

Number of �owers per peduncle 0.129 -0.358 0.195

Petiole length  (cm) 0.224 -0.242 0.174

Number of leaves per plant  0.183 0.237 0.216

Terminal lea�et length (cm) -0.219 -0.217 0.374

Terminal lea�et width (cm) -0.398 0.234 0.182

Plant spread (cm) 0.195 0.285 0.153

Plant height (cm)  0.175 -0.264 0.149

Peduncle  length (cm) 0.196 -0.192 0.123

Internode length (cm)   0.12 0.127 0.652

Number of nodes per stem  0.424 -0.234 0.152

Number of branches per stem 0.37 -0.261 -0.413

Number of stems per plant 0.268 0.2 -0.128

Number of pods per plant 0.38 -0.178 -0.163

Number of seeds per pods -0.179 -0.146 -0.307

100Seed weight (grams)  0.229 -0.133 -0.229

Harvest index                  0.224 -0.365 -0.183

Yield (Kgha-1)   0.351 0.118 -0.175
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Biplot of principal component analysis for Bambara groundnut quantitative traits.

The bi-plot depicts the distribution of germplasm based on different Principal component (PC) scores
(PC1, PC2, and PC3), as well as the relationship between different traits and PC scores. A biplot of the
forty Bambara groundnut germplasms evaluated at Bunda during the 2020/2021 growing season (Figure
4). Based on Principal Component (PC) 1 and 2, yield (Kgha-1), were positively correlated with 100 seed
weight in grams, number of leaves per plant, and petiole length. Therefore these traits are the standard
features that can be used to determine similarities and diversity of species phenotype. Terminal lea�et
width, terminal lea�et length, pods per plant and �owers per peduncle were negatively correlated with
yield and these traits cannot be used to determine similarities and diversity of species phenotype. 

Analysis of Molecular Variance (AMOVA) for the 188 Bambara groundnut germplasm samples
genotyped 

Percent variation exists within and between the Bambara groundnut germplasm (Figure 5). Genetic
analysis revealed that there is a 13 % variation within the genotyped Bambara groundnut germplasm and
84 % variation among the genotyped Bambara groundnut germplasm while 3 % variations were observed
among the populations. 

Pairwise Nei’s standard genetic distance between the ten populations of Bambara groundnut evaluated
using 1048 SNP markers.

Nei genetic distance reveals the closest relationship among the germplasm and the smaller the distance,
the closer the relationship while the larger the distance the wider the relationship (Kumari & Pande, 2010).
The average Nei genetic distances between accessions within each population revealed Pop 5 vs Pop3
and Pop 6 vs Pop 3 had the smallest genetic distance of 0.000 (Table S1). The study also revealed that
the closest distance was observed in Pop 7 vs Pop 6, Pop 8 vs Pop 3 and Pop 8 Vs Pop 5 with a genetic
distance of 0.001. The largest distance were observed in Pop 7 vs Pop 2 with a genetic distance of 0.111.

Cluster analysis of the 188 Bambara groundnut germplasm samples genotyped

Genotypic data grouped the 188 germplasm samples into 9 clusters (Figure S2). Clusters 4 and 6 is the
largest with 34 germplasm each while the smallest cluster has 7 germplasms. Clusters 1 has a total of 17
germplasm samples with NPGRC contributing highly with 7 germplasm samples. Cluster 2 had a total of
34 germplasm samples, cluster 3, 4, 5,6,7,8 and 9 had a total of 17, 27, 15, 34, 7, 27 and 10 germplasm
samples respectively with Kandeu EPA, NPGRC, Chipala and Manjawira EPA contributing highly.

Geographical distribution of the 188 Bambara groundnut germplasm based on cluster analysis

Germplasm per geographical area as revealed by genetic analysis reported that out of the 188
germplasm samples genotyped, NPGRC had a total of 62 germplasm samples followed by Chipala EPA
with 32 germplasm samples and the least was Kasungu with 4 germplasm samples (Table S2). Cluster 1
has a total of 17 germplasm samples with NPGRC contributing highly with 7 germplasm samples. Cluster



Page 9/20

2 had a total of 34 germplasm samples, cluster 3, 4, 5,6,7,8 and 9 had a total of 17, 27, 15, 34, 7, 27 and
10 germplasm samples respectively with Kandeu EPA, NPGRC, Chipala and Manjawira EPA contributing
highly.

Discussions
Bambara nuts qualitative traits variation

The �ndings revealed that there is signi�cant morphological variability in qualitative characteristics such
as terminal lea�et shape, growth habit, seed color, eye pattern, testa pattern and seed shape. Similar
�ndings by Beket et al., 2019 reported that the majority of the accessions with 74.26 % produced elliptic
lea�ets, followed by accessions with oval lea�ets having 17.82 %. Only 6.93% of the accessions had
lanceolate lea�ets, and round lea�ets were uncommon with 0.99 %. In a similar study, the terminal lea�et
shape reported that 64 % were oval, 24% were elliptic and 12% were lanceolate (Valombola et.al., 2022).
The study also reported that 52.5% of the Bambara groundnut germplasm had a semi bunch growth
habit while 42.5% had a growth habit which is spreading and 5% had a growth habit which are bunch
type. This is in agreement with the �ndings by Gbaguidi et al., 2018, in Benin who reported that there were
more bunch landraces among the three types of growth habits. In a similar, Beket et al., 2019 reported
that the spreading type was the most common  with 59.41% among the accessions studied, followed by
the bunch type with 31.68%. The semi-bunch style was less common with 8.91 %. Another study reported
that 44 % were bunch type, 24 % were semi-bunch, and 32 percent were slightly spread (Valombola et.al.,
2022). That could be explained by the fact that the bunch landraces were more advantageous to the
farmer particularly during harvest when the roots and stems were unearthed easily and with less seed left
in the soil (Gbaguidi et al., 2018). 

A study by Judicaëlle et al., 2020 reported that seed color showed a high degree of variability, with cream
seed predominating having 31.11 %. Colors that had the lowest proportions include dark brown seeds,
black, dotted dark brown on a cream background, light brown marbled spots on a cream background and
black rhombic spots on a cream background on the micro hair but not on the hairy ends with 1.11 %.
Similarly, eye patterns were reported to be irregular brown with 3.33 %, circular grey with 2.22 %, thick grey
on both sides with 1.11 %, butter�y grey with 52.22 %, triangular grey with 7.77 %, irregular black with
1.11 %, and dark red butter�y with 6.67 % (Judicaëlle et al., 2020). Another study reported that 64 % of the
accessions had no eye color, 16 % had amber color, and 4 % had brownish, brown, grey, black, or purple
color (Valombola et.al., 2022). It was also reported that Seed testa pattern was 20% for the tan color, 12%
for the red and cream, 8% for the dark tan and purple, and a minimum of 4% for speckled brown, cream,
brown, and black (Valombola et.al., 2022).

Principal components analysis for Bambara groundnut quantitative traits

Principal Component Analysis (PCA) reported a total variation of 53%. The �rst principal component
(PC1) has an Eigen value of 6.791 and represents a cumulative proportion of 27%, representing the
equivalent of four individual variables. The results are in agreement with the �ndings by Olanrewaju et al.,
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2021, who reported that PC1 and PC2 accounted for 42.3 % of all observed variances. PC1 accounted for
24.67% of total variations, while PC2 accounted for 17.63%.  Khan et al., 2020 reported a 45.8% variations
in Bambara groundnut and some of the traits contributing to the variation were yield (Kgha-1). In another
study by Jonah et al., 2014 reported that a 71% of the observed variation in the �rst three principal
components with 100 seed weight as one of the traits contributing positively to the variations while a
research by Mohammed et al., (2020) reported a 79% of the total variations with seed weight and
biomass contributed to the total variations among the Bambara groundnut accessions. A similar study
reported that the �rst three axes expressed 84.01 % of the total variability with yield as one of the traits
that contributed positively to the total variation (Touré et al., 2012).

Biplot of principal component analysis for Bambara groundnut quantitative traits

PCA biplot loading for both variables and germplasm revealed how strongly each trait in�uences a PC
and how they are related. Based on Principal Component (PC) 1 and 2, Yield (Kgha-1), were positively
correlated with 100 seed weight in grams, number of leaves per plant, and petiole length.  Therefore these
traits are the standard features that can be used to determine similarities and diversity of species
phenotype. In other words, they show large variations across the germplasm studied, implying that they
are the best discriminators of the morphological traits under consideration. In a similar study, it was
reported that yield and 100 seed weight was the major contributing traits and these can be used as
discriminant in seed production for Bambara groundnut. Internode length and �owers per peduncle on the
other hand, had the shortest vectors, indicating that they are the least discriminator of the morphological
traits under study (Olanrewaju et al., 2021; Valombola et al., 2019).   A study by Mohammed et al.,
2020 also reported that the PCA biplot revealed a signi�cant variation among Bambara groundnut
genotypes.

Analysis of Molecular Variance (AMOVA) for the 188 Bambara groundnut germplasm samples
genotyped 

Analysis of molecular variance revealed a variation of 13 % within the Bambara groundnut germplasm
genotyped and 84 % variation among the Bambara groundnut germplasm genotyped while 3 % variations
were observed among the populations. This is in contrary with the phenotypic data, which revealed a total
variation of 53 % among the Bambara groundnut germplasm using Principal component analysis. But
the results are in agreement with the study by Uba et al., 2021 where the AMOVA reported that 89% of
genetic variation occurred among the populations, 8% between regions, and 3% between populations. The
greater the genetic diversity of the germplasm, the greater the likelihood of success in breeding desirable
traits. The high percentage value of genetic diversity within-population obtained from AMOVA could be
due to natural adaptation or extensive seed exchange among farmers between collection sites, or it could
be due to the population's common origin, which could have resulted in Bambara groundnut growers
using the same seed continuously, without new introductions. In Malawi, seed sources for planting
Bambara groundnut by farmers includes; farmer-saved seeds, exchange and market purchase (Pungulani
et al., 2012). Due to the crop's autogamous breeding system, this is likely to result in a heterogeneous
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population of landraces and thus higher intra-landrace diversity, as opposed to the homogeneous
population that would be expected.

 Pairwise Nei’s standard genetic distance between the ten populations of Bambara groundnut evaluated
using 1048 SNP markers.

The average Nei genetic distance between germplasm within each population revealed Pop 5 vs Pop3,
Pop 6 vs Pop 3 and Pop 10 vs Pop 2 had the smallest genetic distance of 0.000. The study also revealed
that the closest distance was observed in Pop 7 vs Pop 6, Pop 8 vs Pop 3 and Pop 8 Vs Pop 5 with a
genetic distance of 0.001. The largest distance were observed in Pop 7 vs Pop 2 with a genetic distance
of 0.111. Uba et al., 2021 reported similar �ndings where the closest distance based on geographical
regions were reported to be 0.002.

Cluster analysis of the 188 Bambara groundnut germplasm samples genotyped

Cluster analysis grouped the genotypic data for 188 germplasm samples into 10 clusters with the largest
cluster having 38 germplasm while the smallest cluster having 7 germplasm. The dendrogram based on
geographical distribution of the germplasm revealed that most of the Bambara groundnut germplasm
from the same region did not cluster accurately based on their collection site. This could be due to low
genetic differentiation between populations, implying that the genetic background of Bambara groundnut
population does not always correlate with their geographical origin or region. Uba et al., 2021 reported
that the grouping of some accessions from different regions into the same cluster may indicate the
degree of relatedness between accessions from different regions, which can be attributed in part to the
transfer and exchange of seeds between regions via gene banks and human migration. 

Geographical distribution of the 188 Bambara groundnut germplasm based on cluster analysis

The current study has identi�ed the number of germplasm per geographical area as revealed by genetic
analysis and it has been discovered that out of the 188 germplasm samples genotyped, NPGRC had a
total of 62 germplasm samples followed by Chipala EPA with 32 germplasm samples and the least was
Kasungu with 4 germplasm samples. Similar study by Olukolu et al., 2012 reported that Bambara
groundnut germplasm were grouped into several clusters based on geographical region. Ontong et al.,
2021 also reported similar observation on geographical distribution of Bambara groundnut accessions
using simple sequence repeats (SSR) markers.

Conclusion
Based on the phenotypic and genotypic data analysis, it can be concluded that there is a signi�cant
degree of variation and genetic diversity in the Bambara groundnut germplasm evaluated in this study.
Principal component analysis revealed 53 % phenotypic variation while Analysis of molecular variance
(AMOVA) revealed 84% genetic diversity. Allelic diversity in Bambara groundnut germplasm is high
among the germplasm and geographical origin. The current study's �ndings indicated that the DArT SNP
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marker is informative and selective. Therefore it could be widely used for molecular analysis of Bambara
groundnut. Based on molecular characterization of Bambara groundnut germplasm from various
collection sites, the DArT SNP marker revealed that variation exists among the germplasm and that the
pattern of genetic diversity varied across the collection sites. There are nine major subpopulations of
Bambara groundnut germplasm based on molecular characterization. Integrating conventional breeding
with molecular breeding techniques can accelerate variety development and deployment, particularly for
neglected and underutilized crops species. This could signi�cantly shorten breeding cycles and allow
varieties to be released more quickly. As a result, the �nding will make a signi�cant contribution to the
management, conservation and association mapping of Bambara groundnut for future improvement.
Information on the phenotypic and genotypic variation of various Bambara groundnut germplasm will be
critical for strategic production and recommendations to farmers and breeders who wants to embark of
seed production and breeding programs respectively
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Figure 1

Percent variation terminal lea�et shape (1a) Elliptic terminal lea�et type, (1b) Oval terminal lea�et type
and (1c) Lanceolate terminal lea�et type and growth habit (1d) Semi bunch type, (1e) Bunch and (1f)
Spreading type
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Figure 2

Percent variation in seed colour (2a) Cream, (2b) Dark red and (2c) Light red seed colour and eye pattern
(2d) Eye like a butter�y, (2e) Eye as 2 thin lines on both slides of hilum and (2f) No eye
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Figure 3

Percent variation in testa pattern (3a) Dotted type, (3b) Little rhomboid spotting on both sides of hilum,
 (3c) No pattern and seed shape (3d) Oval seed shape, (3e) Round seed shape and (3f) Seed shape with
�at base
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Figure 4

Biplot of principal component for Bambara groundnut germplasm quantitative traits. PPP (Pods per
plant), SPP (Seeds per pod), NOL (Number of leaves), FPP (Flowers per peduncle), INTL (Internode
length), DTF (Days to 50% �owering), DTFF (Days to �rst �ower), RST (Rust), PWMD (Powderly mildew),
TLL (Terminal lea�et length), TLW (Terminal lea�et width), PHT (Plant height), PLT (Petiole length), PDL
(Peduncle length), HSWT (Hundred seed weight), PSD (Plant spread), LSP (Leaf shape).
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Figure 5

Percentages of Molecular Variance for the 188 Bambara groundnut germplasm samples genotyped
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