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Abstract: The knowledge of genetic variability and breeding techniques is crucial in crop improve-
ment programs. This information is especially important in underutilized crops such as Bambara
groundnut, which have limited breeding systems and genetic diversity information. Hence, this
study evaluated the genetic variability and established the relationship between the yield and its
components in Bambara groundnut based on seed weight using multivariate analysis. A field trial
was conducted in a randomized complete block design with three replications on 28 lines. Data
were collected on 12 agro-morphological traits, and a statistical analysis was conducted using SAS
version 9.4 software, while the variance component, genotypic and phenotypic coefficient variation,
heritability, and genetic advance values were estimated. A cluster analysis was performed using
NT-SYS software to estimate the genetic relations among the accessions. The results showed sig-
nificant variability among the accessions based on the yield and yield component characteristics.
The evaluated lines were grouped into seven primary clusters based on the assessed traits using
the UPGMA dendrogram. Based on the overall results, G5LR1P3, G1LR1P3, G4LR1P1, G2SR1P1
and G3SR1P4 performed the best for the yield and yield components. These improved lines are
recommended for large-scale evaluation and utilization in future breeding programs to develop
high-yield Bambara groundnut varieties.

Keywords: inheritance; genetic analysis; yield performance; Bambara groundnut

1. Introduction

Plant breeding is a distinct art of crop improvement; however, the availability of
essential resources and tools, in addition to the inventive act of combination to achieve
identified breeding objectives, is the most important. Therefore, sufficient variability within
the crop of interest is the main resource required to achieve a successful breeding program
target for crop improvement [1]. Furthermore, sufficient knowledge of genetic variability
among germplasm has important implications for the utilization, management and conser-
vation of germplasm resources [2]. The Bambara groundnut (Vigna subterranea (L.) Verdc.)
is an underutilized crop with the potential to help meet global food requirements as an
alternative food with a high nutritional content [1]. However, due to unimproved cultivars
and poor cultural practices, the crop yield remained very low [2]. This crop is native to Sub-
Saharan Africa, and it plays a socioeconomic role in semi-arid regions of the continent [3].
In comparison to cereals (pearl millet, sorghum and maize) and other legumes (peanuts
and cowpeas), the research on this crop is limited [4]. An effective hybridization technique
for Bambara groundnut has only recently been established; one of the major reasons for
this delay is that most cultivated Bambara groundnut uses landraces with low yield [1].
The extent of the genetic variation in the breeding program and the magnitude of the yield
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trait heritability determine crop yield increases [4]. Therefore, genetic variation can be
an option for the selection of appropriate parents. However, quantitative characteristics
are highly influenced by environmental factors; hence, there is a need for the partitioning
of the total variances as heritable and non-heritable components for an efficient breeding
program [5].

The identification of high-yielding varieties with desirable traits can be achieved
through genetic improvement [5]. The selection of suitable parental materials has been
achieved using morphological, molecular and chemical diversity [6]. For many crops,
morphological and agronomic traits are the standard for the evaluation of genetic variation
because they are easily scored, fast and inexpensive [5]. The strategies to increase crops’
yields include: selection based on detected natural variations occurring among native
landraces or accessions; the selection of plants with desirable traits after hybridization
or regulated mating from different parents; the selection of specific recombinants after
monitoring the inheritance of within-genome varietals; and the creation and introduction of
novel variation into genomes through genetic engineering [6]. Selection is the most applied
and efficient way of improving yield in an extreme autogamous crop, and consistently
the Bambara groundnut accessions can be inherently high yielding [7]. The availability of
significant genetic diversity in the crop cultivars for the target characteristic and the degree
to which it is heritable affect the selection success [5]. Selection processes do not require
sophisticated equipment. Furthermore, they are inherited without specific molecular
or biochemical techniques. Therefore, this evaluation could be used to develop reliable
selection criteria for yield and other yield-related attributes in Bambara groundnut.

A crop improvement program is needed to boost the Bambara groundnut’s genetic
potential and achieve the sustainable development of a high-yielding variety. Characteriz-
ing and assessing Bambara groundnut genotypes for the identification of the best parents
are critical for crop improvement [7]. Genetic diversity within accessions and populations
is important for breeding and germplasm preservation [8]. A study carried out by Khan
et al. [7] revealed significant differences among landraces, and evidence of genetic relatives
will be critical for the improvement of Bambara groundnut varietals. Consequently, the
collection, characterization, analysis and conservation of Bambara groundnut germplasms
are important steps in developing a crop enhancement program that will provide appro-
priate parent materials. Presently, the available modern approaches are applied for the
selection of cultivated Bambara groundnut. Dual approaches, such as linking molecular
with conventional breeding, are highly successive over exclusively one method. Hence,
trait improvements that can be made through direct selection are estimated by heritability
and genetic gain. Moreover, heritability influences the magnitude of the selection process,
which is a powerful tool to predict the genetic gain and improve certain traits through
selection. Therefore, this study was conducted to assess the genetic variability among
28 Bambara groundnut lines based on yield and yield-related traits.

2. Materials and Methods
2.1. Plant Materials and Experimental Location

Twenty-eight line accessions of Bambara groundnut were used in this experiment
(Table 1); the lines were sourced from the International Institute of Tropical Agriculture
(IITA), Genetic Resources Centre, Kano state, Nigeria. The seeds were sown in trays with
one seed per cell on a mixed soil of sandy soil and peat moss. After 20 days in the seed trays,
the seedlings were transferred into the experimental field. The field trial was conducted
repeatedly in two different cropping seasons (main and off-season) from August 2019 to
June 2020 at Research Field 15, Faculty of Agriculture, University Putra Malaysia (UPM),
situated between 3◦02′ N latitude and 101◦42′ East longitude, 31 m above sea level. During
the planting season, the temperature (◦C) ranges from 23 to 31, with an average rainfall of
280 mm per month during the cultivation period. The soil PH ranges from 6.5 to 7.5, with
sandy loam to clay loam.
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Table 1. Twenty-eight Bambara groundnut lines.

NO LINES Code Genotype Seed Size

1 G1LR1P3 GIWA Large
2 G2LR3P2 DUNA Large
3 G3LR2P1 CANCARAKI Large
4 G4LR1P1 JATAU Large
5 G4LR1P2 JATAU Large
6 G4LR1P5 JATAU Large
7 G4LR3P3 JATAU Large
8 G5LR1P3 MAIKI Large
9 G5LR3P3 MAIKI Large
10 G5LR3P4 MAIKI Large
11 G2MR1P2 DUNA Medium
12 G3MR1P2 CANCARAKI Medium
13 G3MR1P3 CANCARAKI Medium
14 G4MR1P1 JATAU Medium
15 G4MR1P2 JATAU Medium
16 G4MR1P3 JATAU Medium
17 G5MR1P1 MAIKI Medium
18 G1SR1P3 GIWA Small
19 G1SR2P4 GIWA Small
20 G1SR3P1 GIWA Small
21 G2SR1P1 DUNA Small
22 G2SR1P3 DUNA Small
23 G2SR2P3 DUNA Small
24 G3SR1P1 CANCARAKI Small
25 G3SR1P3 CANCARAKI Small
26 G3SR1P4 CANCARAKI Small
27 G4SR1P2 JATAU Small
28 G5SR1P1 MAIKI Small

2.2. Field Maintenance and Experimental Design

The land was mechanically ploughed and harrowed before the transplanting. The
seeds were planted by category, with a planting distance of 30 × 50 cm at Field 15 using a
Randomized Complete Block Design (RCBD) with three replications. The experimental
unit consisted of 10 plants per replicate for each line. Furthermore, the plants were checked
for insects, pests and diseases. Pesticides and fungicides were applied at different growth
stages in order to control fungi and insect pests at the recommended rates. The experi-
mental fields were irrigated naturally by rainfall and a supplementary sprinkler irrigation
system, while the weeding was controlled by silver shine mulching, and other weeds were
controlled manually at the tendered stage. The fertilizers green (NPK 15:15:15+2S) and
blue (NPK 12:12:17-2+8S+TE) were applied in split doses at the recommended rates two
and six weeks after transplanting.

2.3. Data Collection

Data were collected on the yield and yield-related traits, as described in Table 2. The
quantitative data collected followed the Bambara groundnut descriptors [9].

2.4. Statistical Analysis

An analysis of variance was conducted using Statistical Analysis System (SAS) ver-
sion 9.4 for all of the morphological traits described in Table 3. The means comparison
was performed using Duncan’s New Multiple Range Test (DNMRT) at 5% to separate the
significant differences. The variance component was estimated for each characteristic from
the expected mean squares using proc varcomp with the Restricted Maximum Likelihood
(REML) method in SAS. A Pearson correlation was used to determine the relationships
among the yield and yield component traits using proc corr in the SAS program.
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Table 2. Data collection for the yield and yield component traits.

Characteristic Abbreviation Method of Evaluation

Number of Pods Per Plant (no) Npod At maturity, the number of pods in each plant was counted.
Dried Pods Weight(gr) DPW The weight of total pods per plant was recorded after optimal pod drying.

Number of Large Seeds Per
Plant (no) NLS The number of large seeds in each plant was counted after drying.

Number of Medium Seeds Per
Plant (no) NMS After drying, the number of medium seeds in each plant was counted.

Number of Small Seeds Per
Plant (no) NSS The number of small seeds in each plant was counted after drying.

Total Large-seed weight Per
Plant (gr) TLSW Weight was measured in grams for the total number of large seeds per plant.

Total Medium-seed weight Per
Plant (gr) TMSW The weight was measured in grams of the total number of medium seeds

per plant.
Total Small-seed weight Per

Plant (gr) TSSW The weight of the total number of small seeds per plant was recorded in grams.

100-seeds Weight(gr) 100SW The weight of 100 seeds was determined by weighing 100 seeds from each
genotype randomly and the weight was recorded as 100-seed weight in grams.

Total Seed Weight/Plant TSW The weight was measured in grams of the total number of seeds per plant.
Total Number of Seed/Plant TNS The number of total seeds in each plant was counted after drying.

Yield (ton/ha) Ton/ha The overall pod yield per hectare of the cultivars and seed yield were
calculated. Seeds have been dried and weighted.

Table 3. Keys-out of the ANOVA table base on the genotypes and seed sizes.

Source of Variation df MS EMS

Blocks (R) (r−1) MSB σ2e + Lσ
2

r
Lines (L) (l−1) MSL σ2e + rσ2

L×G + rGσ
2

L
Genotypes (G) (g−1) MSG σ2e + rσ

2
L×G + rLσ

2
G

L(G) (l−1)(g−1) MSL × G σ2e + rσ
2

L×G
Seed Size (S) (s−1) MSS σ2e + rσ

2
L×S + rLσ

2
S

L(S) (l−1)(s−1) MSL × S σ2e + rσ
2

L×S
Error (r−1)(l−1) MSE σ2e

Note: R = blocks, G = genotypes, S = seed sizes, L = lines, MS = mean squares, EMS = expected mean squares, DF = degree of freedom,
SS = sum of squares, SOV = source of variation.

2.5. Genetic Variance, Heritability and Genetic Advance

The estimation of the variance components was determined in order to quantify the
genetic variation among the varieties based on seed weight, and to assess the genetic and
environmental influences on the different traits.

The genotypic, phenotypic and error variance were calculated using the follow-
ing equation:

σ2
g = (MSG−MSE)

r
σ2

p = σ2
g + σ2

e
σ2

e = MSE

where σ2
g is the genotypic variance, σ2

p is the phenotypic variance, σ2
e is the error variance,

MSG is the mean square of the genotypes, MSE is the mean square of error, and r is the
number of replications.

The phenotypic and genotypic coefficients of variation (PCV and GCV) were calculated
as described by Myint et al. [10], as follows:

PCV =

√
σ2

p

X
× 100

GCV =

√
σ2

g

X
× 100

where σ2
p is the phenotypic variance, σ2

g is the genotypic variance, and X is the mean of the
trait. The GCV and PCV values were characterized as low (0–10%), moderate (10–20%) and
high (20% and above), as described by Sarif et al. [11].
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The broad-sense heritability was calculated as the ratio of genetic variance (σ2
g) to

phenotypic variance (σ2
p). The formula for broad-sense heritability is as follows:

h2
B(%) =

σ2
g

σ2
p
× 100

where σ2
g is the genotypic variance, σ2

p is the phenotypic variance, and h2
B is Broad-sense

heritability, which is characterized as low (0–30%), moderate (30–60%) and high (≥60%),
as given by Mat Sulaiman et al. [12].

Regarding the estimated and expected Genetic Advance (GA), the amount of expected
GA (as a percentage of mean) was and the selection intensity (K) was expected to be 5%.
The genetic advance was characterized as low (0–10%), moderate (10–20%) or high (>20%)
by following Mat Sulaiman et al. [12].

GA% = K×

√
σ2

p

X
× h2

B×100

K is the selection intensity (constant 5%, the value is 2.06),
√

σ2
P is the phenotypic

standard deviation, h2
B is the heritability, and X is the mean of the traits.

2.6. Cluster Analysis

A cluster analysis was performed using morphological traits; the data were analyzed
based on the Euclidian distance method and Dice and Jaccard’s similarity coefficients using
the NTSYS-pc software (version 2.1) to determine the genetic relations among the Bambara
groundnut genotypes; the UPGMA algorithm and SAHN clustering were applied. The
individual genotypes were grouped based on the features in the cluster analysis using
relatedness, resemblance and distance.

3. Results and Discussion
3.1. Morphological and Yield Component Traits

The analysis of variance for genotype revealed highly significant (p ≤ 0.01) differences
for most of the parameters studied, except for the dried pod weight, number of large
seeds per plant, number of medium seeds per plant, total large-seed weight per plant,
total seed weight per plant, and yield ton per hectare (Table 4). Significant differences
were observed among the lines for the hundred seed weight and total small seeds per
plant, while no significant differences were recorded for the rest of the traits. For the
seed size, no significant difference was observed except for the hundred seed weight
(Table 4). Among the lines, the mean values for the total small-seed weight trait (TSSW)
ranged from 17.54 g to 2.72 g. Genotype G5MR1P1 showed the highest total small-seed
weight (17.54 g), while G3SR1P3 registered the lowest total small-seed weight (2.72 g)
(Table 5). Onwubiku et al. [13] observed a highly significant difference between the grain
yield and yield-related traits such as the number of seeds per plant, yield per plant and
hundred-seed weight, signifying high genetic variation among these characteristics. For
the hundred-seed weight, G5LR1P3 had the highest 100-seed weight (121.26 g), while the
lowest value was observed in G3SR1P1 (56.13 g), which was statistically similar to the most
of other lines (Table 5). The thousand or hundred-seed weight significantly contributes to
the final yield per hectare. The trait represents the individual seed weights, which could
not be measured because of the size of the individual seeds. The present study showed
that the 100 grain weight varied significantly among the evaluated genotypes, which
could also be due to their differences in genetic makeup and origin. Similar findings in
the agro-morphological differentiation between four agro-ecological Bambara groundnut
populations were reported by Massawe et al. [14] and Shegro et al. [15].
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Table 4. Mean squares for the yield traits.

SOV df Npod DPW NLS NMS NSS TLSW TMSW TSSW 100SW TSW TNS Ton/ha

Blocks 2 271.53 ns 936.96 ns 324.22 * 175.61* 143.89 ns 507.33 ns 110.90 ns 60.02 * 382.09 ns 253.99 ns 277.39 ns 1.13 ns

Lines (L) 27 280.49 ns 432.00 ns 49.14 ns 49.24 ns 112.26 ns 123.36 ns 46.05 ns 27.92 * 994.83 ** 242.67 ns 390.11 ns 1.08 ns

Genotypes (G) (4) 989.32 ** 1058.89 ns 35.10 ns 133.80 ns 261.6 ** 161.26 ns 177.23 ** 59.76 ** 4410.14 ** 773.06 ns 1613.08 ** 3.43 ns

L (G) (23) 157.21 ns 322.97 ns 49.78 ns 29.47 ns 86.78 ns 109.35 ns 21.32 ns 22.45 ns 400.87 ns 150.43 ns 177.42 ns 0.67 ns

Seed Sizes (S) (2) 133.01 ns 150.54 ns 67.20 ns 6.60 ns 138.13 ns 315.17 ns 9.55 ns 16.25 ns 2022.35 * 455.41 ns 77.66 ns 2.03 ns

L (S) (25) 292.29 ns 454.51 ns 48.08 ns 52.34 ns 111.02 ns 109.74 ns 48.45 ns 28.94 * 912.63 * 225.66 ns 415.11 ns 1.00 ns

Error 54 261.92 722.18 88.95 53.99 67.94 188.69 42.31 16.39 458.13 365.36 309.66 1.62

Note: * significant at 5%, ** highly significant at 1%, ns = not significant, SOV = source of variation, df = degree of freedom.

Table 5. Means comparison for the yield traits.

Line Npod DPW NLS NMS NSS TLSW TMSW TSSW 100SW TSW TNS Ton/ha

G1LR1P3 26.00 ± 11.53 63.03 ± 39.34 19.50 ± 17.50 9.00 ± 0.00 10.00 ± 1.00 41.89 ± 38.79 11.16 ± 0.00 5.23 ± 0.13 107.63 ± 46.61 44.09 ± 25.37 22.67 ± 11.67 2.94 ± 1.69
G2LR3P2 48.00 ± 9.75 51.45 ± 9.96 9.11 ± 2.62 13.78 ± 2.89 28.89 ± 8.26 9.90 ± 3.18 9.81 ± 2.00 10.91 ± 3.44 58.85 ± 4.51 30.62 ± 6.37 51.78 ± 10.11 2.04 ± 0.43
G3LR2P1 38.00 ± 11.53 51.49 ± 19.08 14.67 ± 5.17 14.72 ± 7.49 13.11 ± 1.96 15.28 ± 5.68 10.17 ± 5.34 4.92 ± 0.81 69.16 ± 4.56 30.36 ±11.68 42.50 ± 14.35 2.03 ± 0.78
G4LR1P1 41.39 ± 8.50 50.96 ± 9.80 14.83 ± 4.94 15.78 ± 1.54 19.50 ± 2.26 16.65 ± 5.33 13.16 ± 1.51 11.11 ± 3.50 82.62 ± 6.38 40.91 ± 3.99 50.11 ± 6.34 2.73 ± 0.26
G4LR1P2 33.28 ± 5.34 40.89 ± 9.50 13.5 ± 3.00 14.33 ± 5.89 15.83 ± 1.92 15.77 ± 4.08 11.11 ± 4.56 7.22 ± 1.62 69.83 ± 10.51 28.84 ± 9.32 39.17 ± 9.82 1.92 ± 0.62
G4LR1P5 44.67 ± 1.35 54.23 ± 4.81 14.33 ± 2.87 15.11 ± 2.11 14.28 ± 1.93 15.87 ± 3.90 11.04 ± 1.82 5.52 ± 1.60 73.32 ± 3.90 32.42 ± 5.31 43.72 ± 5.29 2.16 ± 0.36
G4LR3P3 46.56 ± 15.98 67.02 ± 19.03 20.22 ± 10.89 14.22 ± 3.30 14.67 ± 2.46 21.44 ± 11.37 11.36 ± 2.49 5.81 ± 1.40 75.89 ± 5.53 38.61 ± 12.59 49.11 ± 12.13 2.60 ± 0.84
G5LR1P3 33.78 ± 2.78 63.78 ± 8.34 14.56 ± 3.90 12.28 ± 2.39 11.44 ± 3.36 26.29 ± 7.88 13.81 ± 3.07 6.27 ± 1.98 121.26 ± 16.54 46.37 ± 10.26 38.28 ± 7.53 3.09 ± 0.68
G5LR3P3 37.50 ± 9.00 75.48 ± 20.20 15.00 ± 4.50 16.50 ± 3.40 13.50 ± 6.87 24.99 ± 6.69 18.72 ± 4.22 7.46 ± 4.92 112.30 ± 4.92 51.17 ± 13.51 45.00 ± 11.27 3.41 ± 0.90
G5LR3P4 29.39 ± 6.98 47.46 ± 9.27 9.67 ± 2.83 11.61 ± 2.85 12.11 ± 2.51 16.54 ± 5.17 12.96 ± 3.49 5.82 ± 1.32 102.57 ± 8.09 35.32 ± 9.53 33.39 ± 7.47 2.35 ± 0.64
G2MR1P2 38.78 ± 2.89 50.30 ± 9.73 9.06 ± 4.48 12.95 ± 2.78 20.00 ± 3.60 12.75 ± 2.46 9.53 ± 1.92 8.48 ± 1.83 73.80 ± 4.28 30.76 ± 1.30 42.00 ± 3.20 2.05 ± 0.09
G3MR1P2 29.67 ± 2.91 30.64 ± 4.96 6.72 ± 1.98 9.22 ± 2.40 13.11 ± 3.30 6.94 ± 2.23 6.56 ± 1.46 4.28 ± 0.94 60.79 ± 6.05 17.77 ± 2.70 29.06 ± 2.55 1.18 ± 0.18
G3MR1P3 39.89 ± 10.16 45.27 ± 9.18 13.83 ±3.49 11.56 ± 3.75 15.06 ± 5.30 15.01 ± 4.16 8.76 ± 3.06 5.62 ± 2.35 73.30 ± 4.28 29.39 ± 7.19 40.45 ± 10.85 1.96 ± 0.48
G4MR1P1 51.89 ± 14.46 71.08 ± 19.93 15.95 ± 4.46 17.61 ± 7.06 22.67 ± 7.33 18.22 ± 5.23 13.78 ± 5.60 9.37 ± 2.91 72.41 ± 3.39 41.37 ± 12.79 56.22 ± 16.75 2.76 ± 0.85
G4MR1P2 41.67 ± 4.017 51.70 ± 2.60 11.44 ± 2.02 15.00 ± 1.35 15.44 ± 4.40 12.39 ± 2.11 11.19 ± 0.75 5.57 ± 1.62 70.71 ± 6.22 29.15 ± 0.88 41.89 ± 4.01 1.94 ± 0.06
G4MR1P3 45.11 ± 7.67 53.21 ± 6.22 13.67 ± 3.00 13.89 ± 1.98 22.67 ± 8.21 14.20 ± 3.60 10.15 ± 1.95 9.47 ± 2.98 63.84 ± 8.82 29.08 ± 5.48 45.67 ± 5.52 1.94 ± 0.37
G5MR1P1 49.33 ± 12.89 65.52 ± 16.63 10.5 ± 0.00 17.33 ± 8.09 31.50 ± 9.82 15.39 ± 0.00 18.19 ± 8.99 17.54 ± 5.70 77.02 ± 12.47 40.86 ± 11.32 52.33 ± 11.88 2.72 ± 0.75
G1SR1P3 17.00 ± 2.08 39.60 ± 6.12 4.50 ± 1.04 4.83 ± 0.17 6.50 ± 1.32 8.83 ± 2.05 5.93 ± 0.76 3.14 ± 0.37 112.51 ± 2.02 17.89 ± 3.09 15.83 ± 2.49 1.19 ± 0.20
G1SR2P4 30.50 ± 11.76 43.22 ± 20.08 9.50 ± 0.00 12.25 ± 8.25 17.17 ± 9.91 18.37 ± 0.00 13.27 ± 8.86 8.29 ± 4.88 74.63 ± 20.84 23.25 ± 11.53 25.17 ± 9.27 1.55 ± 0.77
G1SR3P1 24.67 ± 4.64 43.58 ± 10.53 8.83 ± 6.59 5.67 ± 1.45 14.78 ± 4.33 19.54 ± 14.54 6.71 ± 1.53 6.90 ± 1.61 107.10 ± 10.44 33.14 ± 15.58 29.28 ± 11.21 2.21 ± 1.04
G2SR1P1 46.44 ± 7.79 59.78 ± 9.98 15.5 ± 3.04 16.78 ± 3.96 23.95 ± 4.52 16.80 ± 3.87 12.68 ± 3.47 9.58 ± 2.44 67.95 ± 6.55 39.06 ± 9.07 56.22 ± 9.63 2.60 ± 0.60
G2SR1P3 52.39 ± 10.81 63.15 ± 13.77 12.78 ± 3.89 19.67 ± 5.04 22.00 ± 4.22 13.09 ± 3.99 14.83 ± 3.66 8.32 ± 1.23 65.70 ± 5.82 36.24 ± 8.51 54.44 ± 11.55 2.41 ± 0.57
G2SR2P3 50.33 ± 2.02 62.23 ± 20.01 13.56 ± 3.17 14.44 ± 2.33 23.22 ± 3.28 15.09 ± 3.49 11.46 ± 1.71 8.92 ± 1.50 69.53 ± 3.25 35.47 ± 35.47 51.22 ± 2.83 2.37 ± 0.08
G3SR1P1 42.44 ± 9.94 50.97 ± 9.98 11.75 ± 7.25 11.17 ± 4.04 21.67 ± 2.33 12.48 ± 8.31 8.08 ± 2.77 7.72 ± 0.94 56.13 ± 8.94 24.12 ± 8.04 40.67 ±7.44 1.61 ± 0.54
G3SR1P3 23.17 ± 2.67 27.81 ± 5.16 8.17 ± 2.42 5.06 ± 1.73 8.61 ± 1.63 8.43 ± 2.29 3.34 ± 1.17 2.72 ± 0.86 64.97 ± 5.97 14.49 ± 3.09 21.83 ± 2.62 0.97 ± 0.20
G3SR1P4 50.56 ± 23.08 61.58 ± 35.99 24.67± 20.66 15.89 ± 9.96 16.95 ± 1.82 25.16 ± 21.17 12.37 ± 7.58 7.38 ± 0.09 63.99 ± 11.03 36.52 ± 22.40 49.28 ± 22.63 2.44 ± 1.49
G4SR1P2 39.67 ± 5.06 53.52 ± 18.30 13.89 ± 9.59 13.44 ± 3.09 14.89 ± 4.84 15.75 ± 11.32 10.43 ± 2.19 5.98 ± 1.40 72.50 ± 12.62 32.16 ± 12.86 42.22 ± 11.57 2.14 ± 0.86
G5SR1P1 49.00 ± 3.21 74.17 ± 11.83 13.00 ± 9.00 22.55 ± 5.20 27.89 ± 0.59 19.26 ± 14.27 21.86 ± 5.59 12.64 ± 0.90 76.67 ± 9.36 47.33 ± 14.74 59.11 ± 10.99 3.15 ± 0.98
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Table 5. Cont.

Line Npod DPW NLS NMS NSS TLSW TMSW TSSW 100SW TSW TNS Ton/ha

Genotype

G1 24.54 ± 3.95 47.36 ± 10.15 9.83 ± 4.00 7.22 ± 1.78 12.30 ± 2.89 20.81 ± 8.84 8.40 ± 1.89 5.95 ± 1.36 100.47 ± 12.01 29.59 ± 7.47 23.24 ± 4.27 1.97 ± 0.50
G2 47.19 ± 3.11 57.38 ± 10.47 12.00 ± 1.49 15.52 ± 1.49 23.61 ± 2.08 13.53 ± 1.44 11.66 ± 1.14 9.24 ± 0.88 67.17 ± 2.31 34.43 ± 2.54 51.13 ± 3.41 2.29 ± 0.17
G3 37.29 ± 4.68 44.62 ± 6.75 12.69 ± 2.68 11.27 ± 2.13 14.75 ± 1.41 13.27 ± 2.80 8.21 ± 1.60 5.44 ± 0.59 64.72 ± 2.81 25.44 ± 4.30 37.30 ± 4.76 1.70 ± 0.29
G4 43.03 ± 2.90 55.33 ± 4.26 14.83 ± 1.96 14.92 ± 1.16 17.49 ± 1.57 16.41 ± 2.18 11.53 ± 0.92 7.5 ± 0.79 72.64 ± 2.52 34.07 ± 2.86 46.01 ± 3.09 2.27 ± 0.19
G5 39.80 ± 3.69 65.28 ± 5.93 12.85 ± 1.91 16.06 ± 2.12 19.29 ±3.14 21.45 ± 3.30 17.11 ± 2.26 9.95 ± 1.80 97.97 ± 6.41 44.21 ± 4.78 45.62 ± 45.62 2.95 ± 0.32

Seed Categories

Large 37.86 ± 2.75 56.58 ± 5.00 14.40 ± 1.74 14.07 ± 1.11 15.52 ± 1.44 19.87 ± 3.00 12.41 ± 1.32 7.09 ± 0.79 87.34 ± 5.80 37.87 ± 3.47 41.57 ± 3.04 2.53 ± 0.23
Medium 42.33 ± 3.24 52.53 ± 4.55 11.6 ± 1.34 13.94 ± 1.59 20.06 ± 2.42 13.32 ± 1.40 11.16 ± 1.58 8.62 ± 1.32 70.27 ± 2.56 31.20 ± 2.87 43.95 ± 3.45 2.08 ± 0.19

Small 38.74 ± 3.23 52.69 ± 4.54 12.14 ± 1.92 12.91 ± 1.56 17.97 ± 1.54 15.17 ± 2.41 10.93 ± 1.31 7.42 ± 0.67 75.61 ± 3.92 30.88 ± 3.56 40.48 ± 3.72 2.06 ± 0.22

Mean 39.32 54.04 12.87 13.58 17.64 16.5 11.5 7.61 78.46 33.46 41.74 2.23
SE 1.79 2.75 1.03 0.83 1.01 1.51 0.75 0.51 2.74 1.96 2 0.13
CV 41.65 46.56 69.17 54.77 52.1 78.88 58.43 60.61 32.01 53.7 43.86 53.69

Note: SE = standard error, CV = coefficient of variation, G1 = Giwa, G2, Duna, G3 = Cancaraki, G4 = Jatau, G5 = Maiki.
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For the number of pods per plant, highly significant differences were registered among
the genotypes, but no significant difference was observed among the lines and seed size
categories. This is in accordance with the findings of Séverin et al. [16], who reported a
wide range of variability within each population for vegetative and yield traits; they also
mentioned that the parameters selected were discriminant and very informative. This
phenotypic variation may be used to establish a successful selection strategy for a Bambara
groundnut genetic resource conservation program. The lowest number of pods per plant
(17.00) was found in genotype G1SR1P3, while the highest number pods per plant (52.39)
was recorded in G2SR1P3 (Table 5). The mean values of the genotypes for the number of
small seeds per plant varied from 12.30 g to 23.61 g. G2 had the highest, followed by G4
and G5, while G1 registered the lowest number of small seeds per plant (Table 5). There
was a highly significant difference among the genotypes, but no significant difference was
observed among the lines and seed size categories for the total medium-seed weight per
plant (Table 4). Genotype G5 showed the highest value for the total medium-seed weight
(17.11g), while the lowest value was registered by G3 (8.21), which was statistically similar
to the G1, G2 and G4 genotypes (Table 5). A significant difference was found among
the genotypes for the total number of seeds per plant, but no significant difference was
observed among the lines and seed size categories (Table 4). This result was in agreement
with Séverin et al. [16], who reported significant differences among the characteristics
and stated that the trait that permitted the separation of the population according to
their geographical zones would have greater phenotypic plasticity than the yield traits in
variable climates. These traits’ expression levels demonstrate the Bambara groundnut’s
potential to react to environmental changes and adapt its morphological architecture and
phenology. For the total number of seeds per plant, G2 recorded the maximum total number
of seeds per plant, which was statistically similar to G4 and G5. In contrast, the lowest total
number of seeds per plant was from G1 (Table 5). There were no significant differences
among the lines, genotypes and seed size categories for the dried pod weight, number of
large seeds per plant, number of medium seeds per plant, total large-seed weight per plant,
total seed weight per plant, and yield (tons per hectare) traits (Table 4).

3.2. Genetic Variability, Heritability and Genetic Advance as the Criteria for Morphological Trait
Selection in Bambara Groundnut

The estimation of genotypic variance, including phenotypic and genotypic coefficients
of variation, broad-sense heritability, and genetic advance for yield and yield component
characteristics, was presented in Table 6. The phenotypic coefficient of variation value was
higher than the genotypic coefficient of variation for all of the characteristics, indicating the
influence of the environment on the expression of these parameters. Khan et al. [7] reported
a similar observation in which the phenotypic variances were significantly higher than
the corresponding genotypic variances. The genotypic coefficient of variation (GCV) and
phenotypic coefficient variation (PCV) estimates for the yield and yield components ranged
from 0 to 26.02%, and from 32.12 to 77.59%, respectively (Table 6). A high GCV and PCV
were observed for the total small-seed weight per plant (GCV = 26.01%, PCV = 59.21%)
and the number of small seeds per plant (21.93%, 51.62.01%), while moderate GCV and
high PCV were recorded for the total medium-seed weight per plant (11.95%, 57.41%), the
hundred seed weight (17.09%, 32.12%) and the total number of seeds per plant (12.50%,
43.90%). However, low GCV and high PCV were registered for the other traits (Table 6).
Similar findings were also reported for most of the characteristics of the estimates of genetic
parameters in Bambara groundnut, the variation in the pod yield characteristics, and the
heritability estimates in some cultivars of Bambara groundnut by [7,17].
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Table 6. Estimates of variability, heritability and genetic advances of the yield traits for 28 lines of Bambara groundnut.

Traits σ2
g σ2

e σ2
p GCV (%) PCV (%) h2B% GA%

Npod 6.19 261.92 268.11 6.33 41.64 2.31 1.98
DPW 0 625.45 625.45 0 46.28 0 0
NLS 0 73.8 73.8 0 66.78 0 0
NMS 0 52.35 52.35 0 53.29 0 0
NSS 14.97 67.94 82.91 21.93 51.62 18.05 19.19

TLSW 0 163.82 163.82 0 77.59 0 0
TMSW 1.89 41.7 43.59 11.95 57.41 4.34 5.13
TSSW 3.92 16.36 20.27 26.02 59.21 19.32 23.56
100SW 179.81 455.41 635.22 17.09 32.12 28.31 18.73
TSW 0 322.77 322.77 0 53.7 0 0
TNS 27.2 308.51 335.71 12.5 43.9 8.1 7.33

Ton/ha 0 1.43 1.43 0 53.69 0 0

Note: σ2g = genotypic variance, σ2s = seed weight variance, σ2e = error of variance, σ2p = phenotypic variance, PCV = phenotypic
coefficient of variation, GCV = genotypic coefficient of variation, h2B = broad-sense heritability, GA = genetic advance.

Broad-sense heritability is the proportion of the ratio of genetic variance to the pheno-
typic variance in a given population. A higher GCV, together with high heritability and
high GA, gives better clues than individual characteristics. The broad-sense heritability
for the yield and yield -related characteristics ranged from 0 to 28.31. Previous research
has shown that characteristics with high estimates of heritability and high genetic advance
values can be subjected to direct selection [17].

High genetic advance (GA) was recorded for total small-seed weight per plant (23.56%).
While moderate GA values was observed for the number of small seed per plant (19.19%)
and100-seed weight (18.73%) (Table 6). In the selection processes, these characteristics
were essential, with little influence from the setting. Similar findings on assessments of
genetic parameters in Bambara groundnut, variability in pod yield characteristics, and
estimates of heritability in some Bambara groundnut cultivars were also reported for most
of the characteristics by [7,13,17]. This is consistent with previous heritability research,
which found that characteristic improvement selection is influenced not only by accessible
genetic variation but also by the degree of heritability [5,17]. The current study shows that
improving yield and other related Bambara groundnut parameters can be accomplished
by selecting heritability and genetic advance estimates. Furthermore, the severity of the
variations observed for almost all of the agronomic characteristics was important, which
can be used to plant breeders’ advantage in improving the agronomic characteristics of
this crop.

3.3. Relation between Traits

The correlation coefficients among the yield and its components showed that all of
the characteristics had a significant or highly significant positive correlation with the yield
(ton per hectare) and the total seed weight (Table 7). However, a negative correlation
was recorded for the total small-seed weight per plant and the number of small seeds per
plant with the hundred-seed weight. Similar results to the positive correlations among
and between the various traits recorded by [18] indicated that selecting for any of the
traits will positively affect the selection for the associated traits in a Bambara groundnut
improvement program. Having positive significant correlation coefficients between the
yield and yield-related traits reported in this study was an indication that the morphological
traits measured appropriately predicted the yield and selection for a breeding program to
obtain better heterosis or vigor. The positive correlation also indicates a better exploration
of these traits for the development of desirable genotypes [19].
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Table 7. Correlation coefficient among the 12 quantitative traits for the 28 Bambara groundnut lines.

Traits TLSW TMSW TSSW NLS NMS NSS NPOD DPW 100SW TSW TNS Ton/ha

TLSW 1
TMSW 0.44 ** 1
TSSW 0.10 ns 0.29 ** 1
NLS 0.88 ** 0.50 ** 0.08 ns 1
NMS 0.36 ** 0.93 ** 0.28 ** 0.54 ** 1
NSS 0.06 ns 0.21 ns 0.91 ** 0.08 ns 0.27 * 1

NPOD 0.50 ** 0.68 ** 0.48 ** 0.71 ** 0.80 ** 0.56 ** 1
DPW 0.83 ** 0.75 ** 0.31 ** 0.84 ** 0.71 ** 0.30 ** 0.80 ** 1

100SW 0.69 ** 0.30 ** −0.19 ns 0.36 ** 0.07 ns −0.38 ** 0.002 ns 0.50 ** 1
TSW 0.88 ** 0.78 ** 0.32 ** 0.82 ** 0.71 ** 0.26 * 0.71 ** 0.92 ** 0.60 ** 1
TNS 0.55 ** 0.77 ** 0.51 ** 0.73 ** 0.86 ** 0.57 ** 0.94 ** 0.81 ** 0.07 ns 0.80 ** 1

Ton/ha 0.88 ** 0.78 ** 0.32 ** 0.82 ** 0.71 ** 0.26 * 0.71 ** 0.92 ** 0.60 ** 1.00 ** 0.80 ** 1

* Significant at the 0.05 probability level, ** highly significant at the 0.01 probability level, ns = not significant.

3.4. Cluster Analysis of the Morphological Traits

Cluster analysis, a multivariate technique, was used to assess the genetic diversity of
the quantitative traits, whereby individuals with similar descriptions are mathematically
grouped into the same cluster. The distance, similarity and relatedness of the varieties
are the foundation of this method. There are two groups in the distance-based method,
i.e., as hierarchical and non-hierarchical. The hierarchical group is known as “agglomera-
tive hierarchical”, where similar varieties are grouped into one cluster according to their
similarities. In contrast, dissimilar varieties are grouped into different clusters. The un-
weighted pair group method with arithmetic means (UPGMA) is primarily used among the
different agglomerative hierarchical methods. The non-hierarchical clustering method is
known as K-means clustering, and is based on the sequential threshold, parallel threshold,
or optimization. A dendrogram or tree is not constructed in this method. The non-
hierarchical clustering method is rarely used to analyze intra-specific genetic diversity in
crop plants [20].

The Euclidean distances among the 28 lines were calculated using the standardized
morphological data, and a UPGMA dendrogram was constructed using these values,
as shown in (Figure 1). The 28 Bambara groundnut lines were grouped into seven primary
clusters based on their morphological characteristics. Cluster III had the highest number of
accessions (9), followed by cluster V (7); cluster VI had five accessions, while clusters I, IV,
and VII had two accessions each. However, cluster II only had one genotype. A high degree
of genetic diversity among the Bambara groundnut accessions was documented. Some of
the accessions established relationships based on shared morphological characteristics in
selected Bambara groundnut accessions. The identification and selection of the best parents
for hybridization can be aided by characterizing and clustering the lines based on their
morphological characteristics and genetic similarity [7,13,17]. As a result, the classification
of the lines in the current study using univariate and multivariate analysis methods based
on their similarity provides useful information for Bambara groundnut breeders.
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Figure 1. The figure describes the pattern of clustering which divided the 28 Bambara groundnut genotypes into seven groups at a 0.57 dissimilarity coefficient based on their morpho-
logical traits. Note: The genotype code abbreviation is in Table 1. 
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Figure 1. The figure describes the pattern of clustering which divided the 28 Bambara groundnut genotypes into seven groups at a 0.57 dissimilarity coefficient based on their morphological
traits. Note: The genotype code abbreviation is in Table 1.
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4. Conclusions

It was concluded from this investigation that a significant amount of variation exists
among Bambara groundnut cultivars for yield and yield components. Because genetic
variations allow for recombinants, which are necessary for the development of new geno-
types or lines, the production of Bambara groundnut genotypes that might lead to food
security is solely based on the exploration of genetic aspects of the crop’s quantitative
characteristics. The current study shows that selection based on heritability and genetic
advance estimates improves the yield and other yield-related characteristics in Bambara
groundnut. Additionally, the positive correlation coefficient in this experiment showed
that almost all of the traits positively correlate with the yield per hectare. Finally, using
the UPGMA dendrogram, the evaluated lines were divided into seven primary clusters
based on the traits evaluated. Based on the overall recorded data, the G5LR1P3, G1LR1P3,
G4LR1P1, G2SR1P1 and G3SR1P4 lines proved to be the best in terms of the yield and
yielding component traits. These lines could be used in future breeding programs, and are
suggested for zonal yield trials covering various ecological zones in Malaysia.
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