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Abstract: Biplot analysis has emerged as a crucial statistical method in plant breeding and agricul-
tural research. The objective of this research was to identify the best-performing genotype(s) for
the environments in three distinct regions of Nigeria while also examining the characteristics and
magnitude of genotype—environment interaction (GEI) effects on the yield of Bambara groundnut
(BGN). The study was conducted in Ibadan, Ikenne, and Mokwa, utilizing a sample of 30 acces-
sions. The yield of BGN was found to be significantly affected by accessions, environment, and
their interaction through a combined analysis of variance, with a p-value < 0.001. Biplots were
utilized to demonstrate the pattern of interaction components, specifically the genotype’s main effect
and genotype—environment interaction (GEI). The initial two principal components elucidated the
complete variance of the GGE model, encompassing both genetic and genotype-by-environment
interaction effects (PC1 = 87.81%, PC2 = 12.19%). The accessions that exhibited superior performance
in each respective environment, as determined by the “which-won-where” polygon, were identified
as TVSu-2223, TVSu-2236, TVSu-2240, and TVSu-2249 in Mokwa; TVSu-2214 in Ikenne; and TVSu-
2188 in Ibadan. The accessions TVSu-2207 and TVSu-2199 exhibited stability in all environments,
whereas the accessions TVSu-2226, TVSu-2249, TVSu-2209, TVSu-2184, TVSu-2204, and TVSu-2236
demonstrated adaptability. In addition, the accessions TVSu-2240 and TVSu-2283 were stable and
adaptable in all environments. The accessions that were chosen have been suggested as suitable
parental lines for breeding programs aimed at enhancing grain yield in the agro-ecological zones
that were evaluated. This study’s findings identify BGN accessions with adaptability and stability
across selected environments in Nigeria, suggesting specific accessions that can serve as suitable
parental lines in breeding programs to enhance grain yield, thereby holding promise for improving
food security.

Keywords: Bambara groundnut; biplot analysis; genotype—environment interaction; multi-locational
trials; yield

1. Introduction

Vigna subterranea (L.) Verdc., commonly known as Bambara groundnut (BGN), is
a leguminous crop mainly cultivated in semi-arid regions of Africa to ensure food and
nutritional security. According to the FAO, 58,900 metric tons (Mt) of BGN are currently
being grown, and it was expected to be over 100,000 Mt in 2008 [1]. The crop contains
various nutrient and anti-nutrient contents [2-5]. These crops provide an essential source
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of food for humans and cattle [6], and recent investigations have suggested that they may
be used to cure illnesses like diarrhea [3]. The seeds of these crops are also rich in protein,
carbohydrates, fat, minerals, and fiber [2,4,5]. The crop is recognized for its capacity to
withstand drought conditions and generate satisfactory crop yields even in the presence
of drought-induced stress [4,6]. According to various reported studies, BGN exhibits
significant genetic diversity [3,5,7-9]. In addition, indigenous rhizobia populations are
responsible for nodulating the crop, and their molecular diversity and phylogeny have
been evaluated in soils from Ghana and South Africa [10]. As a legume, it has the capacity
to fix nitrogen, hence its importance in mixed cropping systems [11]. The studies on
BGN have concentrated on enhancing agricultural practices and post-harvest techniques,
creating contemporary genotypes that exhibit increased productivity and nutritional value,
augmenting value through processing, and facilitating entry into the marketplace [12]. In
one of such studies, a comparison was made between the nutritional, physicochemical,
and functional properties of protein concentrate and isolate derived from newly developed
BGN genotypes and those of market samples [13]. Another study investigated the impact
of soaking and boiling on the levels of the anti-nutritional factors, oligosaccharide contents,
and protein digestibility of recently developed BGN cultivars [14]. The evaluation of
consumer awareness and acceptance of BGN as a protein source for incorporation into
complementary foods in rural regions has also been reported [15]. BGN is a significant crop
that is crucial in ensuring food and nutrition security in semi-arid regions of Africa.

BGN is still widely cultivated as a landrace because research on developing improved
varieties of the crop is still very much limited when compared with major crops. The
cultivation of Bambara groundnut is not limited to its center of origin in West Africa but
has also been expanded to other regions such as South America, Asia, and Oceania [16].
However, there is still a lack of proper seed systems and widely shared best agronomic
practices for this crop [17]. Research and development efforts are needed to establish
modern crop management techniques and value chains to maximize the economic gains
from Bambara groundnut production [12]. The crop is typically grown in regions with a
dry or semi-arid climate [18,19]. It grows in a wide range of soil types, including sandy,
loamy, and clay soils. However, well-drained sandy or loamy soils are generally preferred,
allowing for better root penetration and water infiltration [18]. It can be planted directly
in the field or in containers for later transplanting. The seeds are sown at a depth of
about 3-5 cm, with 30-40 cm spacing between rows and 10-15 cm between plants [20].
The recommended planting density may vary depending on the specific variety and
local conditions.

A crop variety must have a high yield and adapt to the environment to be success-
fully grown there. However, stability and adaptability are influenced by environmental
conditions, which can lead to the genotype—environment interaction (GEI) phenomenon.
This makes crop trait variability in various situations higher. Plant breeders are becoming
increasingly interested in GEI studies to find long-term answers to factors affecting plant
growth and development and to produce stable and adaptable varieties. In contrast, phe-
notypic analysis does not provide as strong a case for the genotype as does the influence of
the environment on traits, either alone or in conjunction with genotype [21]. Consequently,
assessing the crop’s stability is essential, which is why a plant breeder must conduct GEI
research to validate stable and superior varieties.

The study of genotype—environment interaction is commonly conducted using two
primary techniques: additive main effects and multiplicative interaction (AMMI) and
a genotype plus genotype—environment interaction (GGE) biplot. Two techniques are
employed to produce a basic graphical depiction of a complicated genotype, involving a
two-way table of the environment and principal component analysis [22]. The disparity
between the two techniques can be attributed to handling average values preceding the
application of Singular Value Decomposition (SVD). The Singular Value Decomposition
(SVD) technique is utilized on the data pertaining to additive main effects and multiplicative
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interaction (AMMI), with the exclusion of both genotype and environmental means, as
stated in reference [23]. In this study, we will be using the GGE biplot method.

The GGE biplot methodology employs a graphical representation known as a biplot to
exhibit the two prominent factors, namely genotype and genotype-environment interaction,
responsible for generating variation. The GGE biplot is the most suitable method for assess-
ing genotype performance regarding mean versus stability, discriminating power versus
representativeness of the test environment, and multi-environment analysis, including
the “which-won-where” pattern [24,25]. Since its introduction, several multi-environment
analysis applications utilizing the GGE biplot approach have been documented. The
yield stability of 95 accessions of BGN in four environments in Nigeria was analyzed by
Olanrewaju, Oyatomi, Babalola, and Abberton [21] using the GGE biplot, while Mndolwa
et al. [26] reported on the GGE biplot analysis of yield stability for Andean dry bean acces-
sions grown in Tanzania under various abiotic stress regimes. Dall6 et al. [27] also reported
on soybean performance and stability in a multi-environment trial utilizing GGE biplot
analysis. Furthermore, GGE biplot analysis has been implemented to study the stability of
various crops, including wheat [28-30], soybean [27,31], maize [32], sorghum [33], sweet
potato [34], lemon grass [35], barley [36], cowpea [37], and rice [38].

The aim of this study is to assess the stability of yield among thirty distinct BGN
accessions. The results from this study will enable breeders to advise farmers appropriately
on which accession to use where, provided that the various accessions meet the end-user
quality preferences.

2. Materials and Methods
2.1. Plant Materials

The study involved 30 BGN accessions, as indicated in Table 1. The study locations
comprised the varied geographic regions of Ibadan, Ikenne, and Mokwa, which are within
the confines of the International Institute of Tropical Agriculture (IITA) Ibadan in Nigeria.
The experiment included 30 BGN accessions meticulously chosen from a recent assemblage
of BGN accessions that originated in Cameroon. The accessions were obtained and sub-
sequently conserved at the IITA GenBank, a specialized facility specifically designed to
contribute to the preservation and management of genetic resources.

Table 1. The accessions used and their corresponding serial number.

S/N Accessions S/N Accessions
1 TVSu-2188 16 TVSu-2209
2 TVSu-2190 17 TVSu-2207
3 TVSu-2193 18 TVSu-2204
4 TVSu-2194 19 TVSu-2206
5 TVSu-2199 20 TVSu-2223
6 TVSu-2200 21 TVSu-2226
7 TVSu-2201 22 TVSu-2235
8 TVSu-2184 23 TVSu-2236
9 TVSu-2202 24 TVSu-2240

10 TVSu-2181 25 TVSu-2241
11 TVSu-2285 26 TVSu-2244
12 TVSu-2284 27 TVSu-2249
13 TVSu-2256 28 TVSu-2254
14 TVSu-2221 29 TVSu-2283
15 TVSu-2218 30 TVSu-2214

2.2. Study Site Description

The study was carried out in three distinct agro-ecological zones, namely Ibadan,
Mokwa, and Ikenne (Figure 1). The geographical coordinates 7°40'19.62 N, 3°91'73.13 E
correspond to Ibadan, which has been categorized as a derived savannah. Similarly, Mokwa,
located at 9°12/16.98 N, 5°20’61.09 E, has been classified as a Guinea savannah, while Ikenne,



Agronomy 2023, 13, 2558

40f 15

Legend
4 State

@ Experimental site

situated at 6°51’00.873 N, 3°41/48.528 E, falls under the rainforest region. The study utilized
the field stations established by the International Institute of Tropical Agriculture (IITA) in
Ibadan, Mokwa, and Ikenne. Valuable data were collected during the 2020 planting season
as part of the study. The precipitation levels were meticulously observed throughout the
specified time frame, and the average precipitation measurements were documented as
75.26 mm, 26.4 mm, and 5.74 mm in Ibadan, Mokwa, and Ikenne, respectively. In addition,
the research presents data regarding the lowest and highest recorded temperatures at
the three sites. Ibadan experienced a range of temperatures, with the lowest recorded
temperature being 22.61 °C and the highest temperature reaching 31.73 °C. The recorded
temperature range in Mokwa was between 23.01 °C and 30.07 °C. Finally, it was observed
that in Tkenne, the minimum temperature registered was 24.01 °C, whereas the maximum
temperature attained was 28.91 °C. The choice to conduct the research across multiple
locations, namely Ibadan, Ikenne, and Mokwa, facilitated the evaluation of the selected
BGN accessions under various agro-climatic conditions.
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Figure 1. Map showing the geographical locations of the experimental sites.

2.3. Soil Sampling and Analysis

Topsoil samples were obtained from 0 to 15 cm over the entire plot using the soil auger
and put together to obtain a composite sample before establishing the experiment. The soil
sample was dried under shade and passed through a 2 mm sieve for subsequent chemical
analyses (sand, clay, silt, pH, organic carbon (OC), total N (nitrogen), exchangeable Ca
(calcium), Mg (magnesium), K (potassium), available P (phosphorus), Na (sodium), Mn
(manganese), Cu (copper), Fe (iron), and Zn (zinc)) and particle size distribution at the
onset of the experiment.

2.4. Field Trials and Yield Data

A randomized complete block design was used in the trials to analyze the various
accessions. Thirty mancozeb-treated seeds were included in each accession and were
planted in the 2020 growing season. The accessions were cultivated in triplicate to guarantee
accuracy, leading to a cumulative count of three replicates. Ten plants were chosen from
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every accession in each replicate and assigned to a specific plot. The dimensions of the plots
were made uniform, with a length of 22 m. Each plant within a plot was separated by 2.2 m,
and there was a gap of 2 m between each adjacent plot. A solitary block was established
within each replicate to improve experimental precision and account for potential variability.
The planting activities were initiated on predetermined dates for each research site. The
commencement of planting in Mokwa was initiated on 15 July 2020. The planting dates
for Ikenne and Ibadan were recorded as 29 August and 13 August, respectively. Before
implementing a weekly irrigation schedule, the plants depended solely on precipitation
to fulfill their water requirements. The crops depended on precipitation until rainfall
cessation, at which time an irrigation regimen was instituted. This methodology aimed
to replicate authentic environmental circumstances and facilitate the proliferation and
maturation of the accessions in conventional rainfed and irrigated settings. The formula
following formula was used to convert the weight of the seeds into a yield of the grain:

Yield (kg/ha) = w. This was then converted to hectares. An electronic
balance was used to attain a triplicate of each accession’s total seed weight. Weeding was

carried out manually as required using hoes and uprooting.

2.5. Statistical Analysis

Field data collection was performed using a field book [39], and data entry was
carried out using Microsoft Excel 2016. For stability analysis in this study, the well-known
regression model jointly developed by Eberhart and Russell [40] was applied. Eberhart
and Russell’s model utilizes a joint linear regression approach, where the environmental
indices are regressed against the yield of each genotype. The model characterized the
genotype’s behavior using the equation Yij = pi + Bilj + 5ij. Here, Yij represents the average
performance of genotype I in environment j, pi denotes the overall average performance of
genotype i across all environments, 3i represents the regression coefficient capturing the
response of genotype i to the environmental indeX, Jj is the environmental index calculated
as the difference between the average of each environment and the overall average, and dij
represents the deviation of genotype i from its regression in environment j.

The GGE biplot approach was employed for analyzing genotype-environment inter-
actions and determining yield stability in cases of significant differences. The biplot was
generated from the first two principal components (PC1 and PC2) using the environment-
focused yield [41]. GEA-R version 4.1 [42] was used for the analysis. The fitting of the model
involved applying singular value decomposition (SVD) to PC1 and PC2 [43], resulting in
the following equation:

Yij =+ Bj + ALELIN1] + A2Ei2n2j + €ij. 1)

Yij represents the average trait value for genotype i in environment j, 1 represents
the overall mean, 3j represents the main effect of environment j, and p + 3j represents the
average yield across all genotypes in that environment. The singular values for PC1 and
PC2 are denoted as Al and A2, respectively. The eigenvectors of genotype i for PC1 and
PC2 are &il and &i2, while the eigenvectors of environment j for PC1 and PC2 are nlj and
12j, respectively. The notation ¢ij represents the residual associated with genotype i in that
environment j.

The GGE-biplot analysis was employed to generate graphs for various purposes,
including (i) analyzing mean performance and stability, (ii) identifying the “which-won-
where” pattern, (iii) exploring the relationship among test environments, (iv) assessing
ranking discrimination, and (v) evaluating the representativeness of test environments.
The correlation between the two environments was evaluated by measuring the angles
between the position vectors within the GGE biplot [44].
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3. Results and Discussion

The assessment of variances on GEI has the capacity to function as a stability estimator
within breeding programs. The occurrence of GEI has been recorded in various crops,
including wheat, cotton, and sugarcane [45-47]. Furthermore, applying precise statistical
methodologies, such as the GGE biplot, is a widely used practice in assessing GEI in plant
breeding initiatives [21,25,26,48,49]. In addition, cultivating crops with high productivity
that are well suited to a given environment requires adherence to specific expectations,
including but not limited to efficient nutrient absorption, resistance to weed infestation,
and increased yield.

In contrast to the AMMI model, the GGE biplot method represents the genotypic main
effect as a multiplicative effect with respect to the genotype—environment interaction. The
uniformity of signs observed in the PC1 scores across all locations indicates the presence of
a non-crossover genotype—environment interaction in PC1. The genotypic PC1 scores are
often significantly correlated with the genotype’s main effects, rendering them a practical
substitute for the latter. However, it is essential to note that the two concepts are fundamen-
tally distinct. The genotypic main effect is characterized as a consistent genotypic impact
across all environments. However, the anticipated yield projections from PC1 in the GGE
biplot for a specific genotype exhibit variability. The degree of variation of the observed
phenomenon is directly proportional to the PC1 scores of the corresponding environment.
The notion that the yield response of genotypes is proportional is deemed more reasonable
and biologically tenable compared to the concept of additive main effects.

Furthermore, a distinctive characteristic of this concept is that it identifies locations that
enable the identification of genotypes with a higher main effect. The GGE biplot exhibits a
notable advantage in distinguishing between genotype responses that are proportionate and
disproportionate. This differentiation holds significant implications for both crossover and
non-crossover genotype—environment interactions. The comprehension of the interactions
can be attained by correlating PC1 and PC2 scores with genotypic and/or environmental
covariates.

Therefore, this study aimed to evaluate the stability and productivity of 30 accessions
of BGN across three distinct locations, thus creating three unique environments in Nigeria.
This was achieved through a multi-environmental trial. The study commenced with a
combined analysis of variance (ANOVA) on aggregated data to assess the extent to which
genotype and environment contribute to variance and evaluate GEI'’s statistical significance.
Subsequently, a stability analysis was performed using GGE biplot analysis. This was
achieved by visually examining the connections between the assessed genotypes and
environments, identifying potential mega-environments within the investigated region,
and assigning a ranking to both the genotypes and environments based on their yield.

The substantial differences and high coefficient of variation (94%) in the study’s
findings show significant variability in yield within the chosen population. This variability
can be harnessed to enhance breeding programs. According to earlier studies [50,51],
the availability of traits facilitates choosing the best lines for enhancement through trait-
assisted selection. Yan and Kang [44] have posited that the extent of environmental variation
depends on the number of genotypes and environments. Furthermore, Aremu et al. [52]
asserted that the environment constitutes the primary source of diversity in plants. As
such, it is imperative to consider it in the context of plant breeding.

3.1. Soil Analysis

The soil nutrient composition and properties were lowest pH in Ikenne, followed
by Mokwa and Ibadan, while phosphorous was lowest in Mokwa and highest in Ikenne
(Table 2). Carbon and nitrogen were highest in Ikenne. For the soil properties, Mokwa
contained the highest amount of sand and the lowest amount of clay compared to the other
two locations. At the same time, for the mineral contents, Ibadan had more calcium, mag-
nesium, potassium, sodium, zinc, and manganese than the other two locations. Meanwhile,
Ikenne had the highest amount of copper, and Mokwa had the highest iron content.
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Extensive research highlights the crucial role of soil and climate in influencing crop
yield [53-57]. Various soil types yield different responses from crops. Sandy soil supports
the successful production of BGN despite hindering crop emergence [18]. Its permeable
composition and abundant pores facilitate plant growth. When dry, sandy soil develops
narrow cracks that benefit crops in regions with erratic rainfall [58,59]. Conversely, clay soil
retains water but expands and contracts, stressing plant roots. Understanding these soil—-
climate interactions aids in optimizing agricultural productivity, particularly in semi-arid
areas with unpredictable precipitation patterns.

Table 2. Soil analysis result of the three experimental locations (Mokwa, Ibadan, and Ikenne).

%

Locations P bray P % % % % Ca Mg K Na ppm ppm ppm  ppm
(1:1) (mg/kg) OC N SAND  CLAY SILT (cmol/kg)  (cmol/kg)  (cmol/kg)  (cmol/kg)  Zn Cu Mn Fe
Mokwa 5.51 1.73 0.05 0.01 83.00 10.67 6.33 0.91 0.27 0.02 0.02 2.49 0.43 4124 1303.16
Ibadan 6.30 13.90 0.20 0.10 80.67 13.67 5.67 2.69 0.80 0.54 0.10 4.35 0.34 128.29 83.34
Tkenne 491 22.46 0.30 0.12 76.33 20.00 3.67 1.51 0.40 0.24 0.08 1.20 2.05 116.71 88.29

3.2. Pooled Analysis of Variance

A pooled analysis of variance was conducted to determine the significance of the GEI
(Table 2). However, the large impact of GEI on yield poses a great challenge to identifying
the best genotypes in relation to yield. Hence, breeders should consider quantifying GEI
when developing strategies for complex traits like yield [21]. In addition, to produce
reliable results, genotype and environmental factors should be prioritized in selection
processes. In this study, accessions, environments, and interaction effects were all significant
sources of variation at p < 0.001 (Table 3). This implies that the yield of the accessions
in each environment varies significantly, which agrees with the reports of Olanrewaju,
Oyatomi, Babalola, and Abberton [21] and Chibarabada, Modi, and Mabhaudhi [60], who
found significant interactions between accessions and environments in response to yield.
Specifically, in this study, the reported climate in each location was different, as reported
earlier. With respect to this, the most significant variation observed in this study can
be attributed to the environment (Table 3) which is influenced by the various climatic
conditions in each environment. The climatic condition is an important factor in crop
production and yield. For instance, BGN thrives well in moderate rain and temperature
because high amounts of rainfall affect the pods, which are under the ground [6]. A similar
result was obtained on the grain yield of corn in the studies of Hudson et al. [61] and Azrai
et al. [62]. Their findings attributed the majority of the variations observed to the effect of
the environment. On the contrary, Esan et al. [63] ascribed a larger portion of observed
variation in their study to the BGN genotypes.

Table 3. Variance analysis of yield data collected from BGN trials conducted in Ibadan, Ikenne, and
Mokwa.

Source of Variations Df Sum Sgq. Mean Sq. F value Pr(>F
Rep 2 56,702,056 28,351,028 10.1142 6.912 x 1075 *+*
Env 2 13,354,504 506,677,252 180.757 <2.2 x 10716 #*+
Accns 29 427,984,896 14,758,100 5.2649 1.043 x 10712+
Env:Accns 58 590,078,489 10,173,767 3.6295 2.547 x 10711
Residuals 178 498,949,269 2,803,086

Coefficient of variation = 0.94. DF = degree of freedom. Sum sq. = sum of squares. Mean sq. = mean square.

*** Significant at p < 0.001.

This study reports a significant contribution of GEI (p < 0.001) to the yield of BGN
accessions, hence justifying the need for further analysis.
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3.3. GGE Biplot Analysis

The analysis of MET’s adaptation and stability using the GGE biplot is effective [64].
It enables the evaluation of the environment centered on the GGE view’s capacity for
discrimination and representativeness [48]. This gives it an edge over the AMMI biplot
analysis [65]. Furthermore, the biplot displays a polygon that encompasses all genotypes
within its area, with its vertices representing the genotypes situated at the greatest distance
from the origin. The biplot is partitioned into sectors by perpendicular lines that intersect
each side of the polygon. The vertex genotypes exhibit superior performance in the mega-
environment, while they are considered inferior genotypes for all tested environments
when placed in a sector lacking suitable environments [47]. In this study, the relationship
among the test environments was modeled based on environment-centered (centering, 2)
and environment-metric-preserving (SVP, 2) without the scaling option in the GEA-R
software. The results suggested that the environments could be classified into three mega-
environments. The biplot described all the observed variations, with PC1 (axis 1) explaining
87.81% and PC2 (axis 2) explaining 12.19% (Figure 2). From the biplot, all the accessions
and environments were mostly loading on the first component. Similar findings were
reported by Olanrewaju, Oyatomi, Babalola, and Abberton [21]; Esan, Oke, Ogunbode, and
Obisesan [63]; and most biplot analyses.

lkenne 26
T 19
s 302 19: 2210 188
q ' 21
R 5 e g BB 29 2
2 4 28 1 24
E: 12,13 76 16 27
7 ; 26°
IBadan
T T T T T T
-2 -1 0 1 2 3
AXIS1 87.81 %

Figure 2. GGE biplot graphical representation of the 30 Bambara groundnut accessions in the three
locations.

3.4. Stability Analysis

Plant breeders select genotypes based on yield stability and adaptation. Yield stability
is a cultivar’s ability to provide steady yields in different agro-climatic conditions, while
adaptability is its ability to thrive in specific environmental conditions. A stable, high-
yielding cultivar maintains yields in harsh situations, ensuring food security and reducing
the farmer’s risk. Adaptability is essential for a genotype/accession to function well in
a specific environment or soil type. Farmers need adaptable crop varieties to maximize
their harvests. Therefore, breeders must consider adaptation and production stability while
choosing genotypes/accessions. Yield stability and adaptation can be contrasting, making
it difficult to achieve both. An adaptable genotype/accession in one environment may not
be stable in other environments. Hence, stability and adaptability affect plant varieties’
production efficiency. An accession can be beneficial if it has a high grain output and can
improve productivity in various environments [66].
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Consequently, evaluating adaptability and stability is essential for enhancing crop
production. In addition, stability analysis allows breeders to evaluate and assess the
genotype’s/accession’s productive potentials and limitations in each environment [67].
Stability analysis helps identify genotypes that consistently perform well across a range
of environments, ensuring that the genotypes/accessions are reliable and adaptable [67].
The GGE biplot is helpful in analyzing the stability and adaptability of MET [64]. This
methodology has the capability to ascertain optimal genotypes/accessions that are suitable
for a particular environment. According to the Eberhart coefficient analysis in Figure 2,
accessions TVSu-2207 and TVSu-2199 were stable across all environments, while accessions
TVSu-2226, TVSu-2249, TVSu-2209, TVSu-2184, TVSu-2204, and TVSu-2236 were adaptable,
and accessions TVSu-2240 and TVSu-2283 were both stable and adaptable. However,
accessions TVSu-2193, TVSu-2181, TVSu-2241, and TVSu-2254 were stable and performed
well according to the CV-mean analysis (Figure 3). Multi-environment trials are crucial
in plant breeding to assess the impact of GEI on different genotypes/cultivars. It is
essential to consider the average performance of traits and the stability of genotypes
when selecting desired genotypes. This is important to minimize potential commercial
losses for farmers. Among the accessions evaluated in this study, accessions TVSu-2240
and TVSu-2283 exhibited adaptability and stability across the three locations, making
them the most desirable among the studied accessions. Similar to our result, various
crop accessions/genotypes suitable for improved breeding programs based on their yield
stability have been identified by various studies [21,22,26,28,29,32,35-38,62-64,66,68].

18 2 28 b ey
5 b
i o
o~ 27
. 20 7
1415 18
17
w | 2
23 - ﬁu
= 4 ] 20
g
& o &-10
€ +
3 ® 2
139
4 g w
11 912 o 7 13 19 3
" 7
12
1] 9
= —
o 1
T T T T T -~ 2
1000 2000 3000 4000 5000 - - : ‘ X
Mean -50,000 0 500,000 1,000,000 1,500,000 2,000,000

Varability (S2d1)

Figure 3. Yield stability analysis of the accessions in the environments using the Eberhart and Russell
(bi, S2di) model. (a) Francis (CV) vs. (b) mean biplot for grain yield.

3.5. Environment and Genotype Ranking Analysis and Relationship among Environments

The distance between each environment and the center of the axis determines the
performance of the environment [21]. Hence, Mokwa is the best-ranked environment
among the three environments studied (Figure 4a). It is characterized by moderate rainfall
and temperature. However, the ideal environment is represented by a small circle with an
arrow pointing to it [21]. The best-ranked accessions are those closer to the inner circle,
which are TVSu-2188 (the most ideal) followed by TVSu-2254, TVSu-2199, and TVSu-2200
(Figure 4b). These accessions are the stable accessions. Among the environments, it was
observed that there was a significant variation in the yield of the accessions. Similar results
were reported by Esan, Oke, Ogunbode, and Obisesan [63] and Oladosu, Rafii, Abdullah,
Magaji, Miah, Hussin, and Ramli [22] on the yield of BGN and rice, respectively.
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Figure 4. Ranking of the best (a) environment (b) accession in each environment. Red color represents
environments while black color represents accessions.

3.6. Discriminating and Representativeness and “Which-Won-Where” Analysis

Assessing an ideal environment is crucial in identifying superior genetic types that
are well suited for a particular environment. GGE biplots are utilized to evaluate the
discriminatory effect of an environment in terms of genotype differentiation and its ability
to encompass all other assessed environments [21,68]. The theoretical framework of the av-
erage environment coordination perspective relies on applying singular-value partitioning
with a focus on the interplay between genotype and environment. The magnitude of the
environmental vector is directly proportional to the standard deviation of the average geno-
type across various environmental conditions, as reported by Yan, Kang, Ma, Woods, and
Cornelius [24]. Thus, the discriminatory capacity of a specific environment is determined
by the size of its corresponding vector.

The ability to distinguish due to genetic variances and the capacity to represent target
environments should be considered while selecting test environments [31,49]. Ibadan has
the longest vector and the smallest angle with an ideal environment in the current study;
identifying it as a perfect test environment in terms of discrimination and representative-
ness. However, accession TVSu-2209 is the most discriminating among the accessions
studied (Figure 5a). The angle between accession and the average-accession axis represents
the representativeness of the accession: the larger the angle, the less representative the
accession. Hence, TVSu-2209 is the least representative.

The utilization of the polygonal representation of the “which-won-where” biplot
constitutes a fundamental element of the genotype and environment interaction (GGE)
methodology. This approach facilitates the visualization of the interaction patterns between
genotypes and environments, thereby enabling the identification of crossover GEI, mega-
environment differentiation, and specific adaptation [69]. Identifying mega-environments
for the yield enables us to pinpoint exceptional accessions that excel in specific environ-
ments. Particularly, the accessions located at the corners of the polygons in the biplot
represent the best-performing accessions in that environment. These accessions exhibit
superior performance and adaptability within the environment. Their prominence suggests
that they are highly responsive and exceptional regarding their potential yield within their
respective environments [63]. In determining which accession performed best at which
location, accessions TVSu-2223, TVSu-2236, TVSu-2240, and TVSu-2249 performed very
well in Mokwa. In contrast, accession TVSu-2214 performed best in Ikenne (Figure 5b).
Accession TVSu-2193 performed best in Ibadan, while accession TVSu-2188 performed
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similarly in Ibadan and Ikenne. Accessions at the corners of the polygons in a “which-
won-where” polygon are the outstanding accessions in that environment [69]. Similar
results were reported in various studies, including those by Esan, Oke, Ogunbode, and
Obisesan [63] and Nehe et al. [70].
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Figure 5. (a) Discriminativeness and representativeness of the accessions with the environments.
(b) “Which-won-where” analysis to identify the most suitable accessions for each test environment.
Red color represents environments while black color represents accessions.

Building on these findings, we now discuss suggestions for further enhancing the
utilization of biplot analysis in plant breeding and agricultural research, mainly focusing
on BGN and related crops.

To strengthen the generalizability of our findings, future research endeavors should
encompass a broader spectrum of agro-ecological zones. We can learn more about how
genotype and environment work together by including regions with different environ-
mental conditions. This will help us find genotypes that can adapt to a broader range of
developmental conditions.

Furthermore, expanding the scope of our study to incorporate other significant agro-
nomic traits beyond grain yield is recommended. Disease resistance, drought tolerance,
and nutritional quality are just some traits that should be considered. By evaluating a
broader range of traits, breeders can develop enhanced genotypes that exhibit elevated
yield potential and desirable characteristics for end-users and consumers.

To account for environmental fluctuations and ensure the consistency of our genotypes,
it is necessary to conduct multi-environment trials spanning several seasons. By evaluating
genotypes under varying environmental conditions and over multiple years, we can gain
a more comprehensive understanding of their efficacy and consistency. This approach
will enhance the dependability of our genotype suggestions and further strengthen the
reliability of our research and breeding initiatives.

Finally, we can fully use the power of biplot analysis to speed up the development
and use of better genotypes by incorporating these ideas into future research and breeding
projects. This will contribute to the sustainable progress of crop production and food
security, not only in Nigeria but also in other regions. The benefits of biplot analysis in
plant breeding and agricultural research will be maximized by widening the scope of
research, including more agronomic traits, and adding multi-environment trials. This will
lead to better genotypes that can deal with the many problems that arise in agricultural
systems.



Agronomy 2023, 13, 2558 12 of 15

4. Conclusions

This research utilized biplot analysis to evaluate the impact of genotype—environment
interaction (GEI) and recognize high-performing genotypes of Bambara groundnut (BGN)
in three regions of Nigeria. Ultimately, the findings of this study suggest the potential
for utilizing biplot analysis as a valuable tool in crop breeding programs. The findings
underscore the significance of utilizing biplot analysis in plant breeding and agricultural
research. The recommended parental lines for breeding programs to improve BGN grain
yield based on stability and adaptability in the evaluated agro-ecological zones are TVSu-
2240 and TVSu-2283. These accessions have been selected based on their performance and
characteristics. The results obtained from this investigation offer valuable perspectives
for the enhancement of cultivars and the maximization of agricultural output across the
varied agro-ecological zones in Nigeria. Subsequent research endeavors may utilize these
findings to improve the productivity and resilience of BGN through precise breeding and
cultivation techniques.

To establish delineated mega-environments, gathering data from multiple locations
over cropping seasons is imperative. It is imperative for studies to incorporate a substan-
tial amount of historical data spanning multiple years. To gain a more comprehensive
understanding of the factors influencing the GEI, obtaining soil and meteorological data is
imperative.
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