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Global food security faces challenges arising from population growth, climate change, and the prevalence of
monoculture agriculture. In addressing these concerns, Bambara groundnut (Vigna subterranean (L.) Verdc.)
emerges as a promising crop due to its nutritional richness and resilience in marginal environments. Despite its
potential, research gaps persist, particularly in the context of South Africa. The study aimed to evaluate the
performance and stability of Bambara groundnut genotypes in two South African agroecological environments.
Field trials were conducted at Brits and Ukulinga, with data collected on grain yield, hundred-seed weight, and
other agronomic traits. Genotypes Acc 179, 184, and 82 demonstrated significant stability and high yields across
both locations, showing promise for future breeding programs. The results suggest that these genotypes can adapt
to diverse agroecological areas, enhancing Bambara groundnut production in South Africa. Future research should

focus on breeding efforts to further improve crop resilience.

Keywords: agroecology, agronomic traits, breeding programs, environmental effects, environmental stability, phenotypic variation

Introduction

There are many challenges threatening global food and
agriculture systems, including rapid population growth,
climate change, and intensive monoculture farming (Tan
et al. 2020). Bambara groundnut (Vigna subterranean (L.)
Verdc.) is considered a promising crop for several reasons,
including its nutritional value, ability to generate income,
and ability to maintain food security (Khan et al. 2020;
Majola et al., 2021). Increasing crop efficiency and finding
suitable environmental sites to meet the demands of an
ever-growing population are challenges faced by farmers
and researchers (Mubaiwa et al. 2018). Legume crops
have long been neglected in breeding programs (Mayes
et al. 2019). Bambara groundnut is indigenous to Africa
and is cultivated throughout the semi-arid regions of sub-
Saharan Africa. It is necessary to explore some value-
added processing methods to provide a further boost to the
utilisation of Bambara groundnut beyond its traditional use
(Oyeyinka et al. 2018). The Bambara groundnut is mostly
grown by smallholder and subsistence farmers in Africa
(Mubaiwa et al. 2018). By preserving the seed on farms
and in conventional storage facilities for the following
growing season, smallholder and subsistence farmers who

cultivate these landraces preserve the genetic variety and
resources of the species (Sidibé et al. 2020). Most farmers
cultivate Bambara using landraces (Nafula et al. 2021).

Research has been conducted on Bambara groundnut
landraces from a variety of locations; however, these valuable
plant genetic resources have not been fully exploited
(Massawe et al. 2005; Uba et al. 2021). Bambara
groundnuts are grown mainly in the KwaZulu-Natal, Limpopo,
Mpumalanga, and Northwest provinces in South Africa under
a variety of climatic conditions (air temperature, rainfall, and
day length) (Mabhaudhi and Modi 2013). Although little
research has been conducted on Bambara groundnut, it is an
important legume in many parts of Africa, regardless of its
lack of intensive study (Akinola et al. 2020). In addition to
improving soil fertility and enhancing microbial diversity,
Bambara groundnut fixes atmospheric nitrogen. Unlike other
crops, it can tolerate adverse air temperatures and provides
yields in acidic and degraded soils (Tan et al. 2020).

For Bambara groundnut production, the production
environment may be a constraint (Unigwe et al. 2016).
Inconsistent yields is one of the characteristics of Bambara
groundnut that has evolved under harsh conditions (Khan
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et al. 2020). Breeders can improve yields and select
genotypes for different agroecological regions by identifying
genotypes adapted to different growing conditions for
Bambara groundnut production (Massawe et al. 2005;
Olanrewaju et al. 2022). Bambara groundnut landraces
have been grown continuously in recent years owing to
their high  productivity under adverse conditions
(Obidiebube et al. 2020). Growing without fertilisers,
irrigation, or pest and disease control, these landraces
have shown a remarkable ability to survive in the poorest
environments (Khan et al. 2020). Bambara groundnut is
adapted to marginal areas characterised by hot and dry
conditions (Chimonyo et al. 2020; Majola et al. 2021).
Bambara plants can grow up to 2 000 m above sea level
on marginal soils (Salazar-Licea et al. 2022). Climate
conditions necessary to grow Bambara plants include air
temperature ranges between 20 and 34°C, average annual
rainfall ranging between 600 and 750 mm, and pH values
between 5.0 and 6.5 (Ayerdi and Marraccini 2022). The
species can also thrive under wetter conditions with an
annual rainfall of more than 2 000 mm and in most soils
with good drainage (Khan et al. 2021). Bambara groundnut
is also adapted to marginal areas characterised by hot and
dry conditions (Chimonyo et al. 2020).

As global food shortages worsen, plant breeders are
researching crop improvement, which involves diversifying
crops, improving crop adaptation to climate change, and
upgrading underutilised crops to better meet global food
demands (Shahzad et al. 2021). To diversify the food supply,
underutilised crops, including Bambara groundnut, must be
bred to overcome environmental, health, and climate
challenges (Sarkar et al. 2019). Owing to the unknown

morphological characteristics of most varieties of Bambara
groundnut, despite its benefits, it needs to be characterised in
terms of its agro-morphological characteristics (Mubaiwa
et al. 2018). Significantly, women grow this crop in cultures
without modern technology and produce high yields with low
input. The rest of their harvest is consumed by them and
between 10 and 40% is sold in the local market and the
women and their families consume the rest of the harvest
(Adzawla et al. 2016).

To the best of our knowledge, South Africa has never had a
comprehensive breeding program for Bambara groundnut
species. The aim of this study was to characterise agronomic
traits, examine trait relationships, and identify promising
genotypes in two South African production environments.

Materials and methods

Plant material

A total of 24 genotypes (Figure 1) of Bambara groundnut were
used in this study. The genotypes were obtained from the
Agricultural Research Council (ARC) GenBank in Pretoria,
South Africa. The 24 genotypes were comprised of 16 seed
coat colours: ochre brown, graphite black, red-brown, sepia
brown, brown beige, mahogany brown, golden yellow, red-
brown, clay brown, jet black, fawn brown, signal brown,
ochre brown, steel blue, terra brown, and brown olive.

Production environments

The genotypes were planted at the Brits (Northwest
Province) and Ukulinga (KwaZulu-Natal Province) research
farms of the ARC and University of KwaZulu-Natal (UKZN),
respectively during the 2018/2019 summer cropping
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Figure 1: Images of 24 different Bambara groundnut genotypes evaluated at Brits and Ukulinga sites
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seasons. Table 1 shows the monthly rainfall in Brits and
Ukulinga during the summer cropping season (2018/2019).
The Brits site lies at 25°36'°S latitude, 27°48'°E longitude at
an altitude of 1 119.1 m a.s.l., with a mean air temperature
of 22.4°C. The maximum and minimum air temperatures
recorded during the cropping period ranged from 14.5 to
30.3°C. The soil type is a clay loam with a pH of 7.08
(ARC-VOPI 2019). Ukulinga lies at 29°24' E latitude and
30°24' S longitudes at an altitude of 840 m a.s.l. The
location receives an average annual rainfall of 750 mm
over 113 rainy days, with 23% of the mean annual
precipitation (MAP) falling during the winter months
(Mabhaudhi et al. 2018). The maximum and minimum
recorded air temperatures at Ukulinga ranged from 14.7 to
26.8°C during the cropping season, with a mean air
temperature of 22.8°C (Mabhaudhi et al. 2018). The soil
type was clay loam.

Experimental design, layout, and treatment structure

At each production environment (site), the experiment was
laid out as randomised complete block design (RCBD) with
24 genotypes as the main factor and replicated three times,
giving a total of 72 experimental units (plots). Each plot
measured 2.5 mx2.0 m, with in-row and inter-row
spacing of 30 mmx45 mm. A smaller plot size was
chosen due to the limitations of land and material
availability. Three rows 4 m in length were planted at
each site. The plant spacing was 0.4 m between the
plants and 1 m between rows. Two seeds were hand-
sown per hole, and the plants were thinned to one after
full seedling emergence. A central row of five randomly
selected plants was used for data collection and analysis.

Data collection

Data collection began during the vegetative growth stages of
the crop. Data collected included leaf length, leaf width, leaf
area, petiole length, plant height, number of pods per plant,
plant canopy, days to maturity, number of seeds per plant,
hundred seed weight, and grain yield (Table 2). The
average daily rainfall data (Table 1) were obtained from the
Agricultural Research Council — Soil, Climate, and Water
Institute, Pretoria, South Africa.

Table 1: Monthly daily rainfall at Brits and Ukulinga during the
summer cropping seasons 2018 and 2019

Brits Research Farm Ukulinga Research Farm

Month Rainfall (mm) Rainfall (mm)
2018 2019 2018 2019
October 49.8 11.9 67.6 67.6
November 19.3 14.7 138.4 138.4
December 5.1 0.5 269.6 269.6
January 67.6 141 36.0 113.0
February 12.2 8.4 87.4 1454
March 0.0 0.5 113.0 100.8
April 0.5 6.9 77.8 345.4
May 0.0 0.0 34.6 3.6
June 9.1 0.0 1.8 12.0
July 11.2 0.5 9.2 4.4

Parameters measured and data analysis

Twelve quantitative morphological characteristics (Table 2)
were measured among the 24 Bambara groundnut
genotypes using the Bambara groundnut descriptor.

Data analysis

The data were analysed using ANOVA. Least significant
difference (LSD) tests were used to compare means at a
significance level of 0.05. To determine the degree of
association between each phenotypic trait and its
correlation coefficient, phenotypic correlation coefficients
were computed. R Version 4.4.1. R Foundation for
Statistical Computing, Vienna, Austria was used for
correlations and heatmap analysis. XLSTAT for Microsoft
Excel, Version 2020.6 (Addinsoft, Paris, France) was used
to perform principal component analysis (PCA), and non-
linear regression. The variability between these two
environmental sites was analysed only using common data
for both sites.

Results and discussion

Plant growth and development in response to the
production environment

Plant growth and development in the two production
environments were compared by measuring petiole length,
leaf width, and plant height. A highly significant (p <0.001)
difference between these two environments was observed
in the petiole length (Figure 2a) and leaf width (Figure 2b)
of the plants. These differences in morphology suggest a
genotype-specific response to environmental effects,
reinforcing the notion that plant genotypes respond
differently to differing growth conditions (Sultan 2017). The
genotype-environment  interactions are crucial for
understanding plant adaptation and can have implications
for agricultural practices, crop management, and breeding
programs (de Leon et al. 2016). The height of the plants
(Figure 3) ranged from 193.3 (Ukulinga) to 307.4 mm
(Brits). Mabhaudhi et al. (2018) reported that plants do not
use water because of reduced soil water accessibility,
therefore height and leaf length decreased. A number of
factors affect plant growth, including solar radiation, air
temperature, soil water, rainfall, soil texture, and nutrition
(Mabhaudhi and Modi 2013). These factors have an impact
on the plant growth hormones, which might cause the plant
to grow rapidly or slowly (Waadt et al. 2022).

There was a significant (p < 0.05) difference in plant height
between the genotypes. Acc 100 (307.4 mm) was the tallest
plant in Brits, whereas Acc 61, with a height of 286.7 mm,
was the tallest in Ukulinga. Reduced leaf canopy size
allows more water to evaporate, although this often results
in a reduced yield potential (Chimonyo et al. 2020). The
plant may experience stress from changes to any of these
factors, which could alter, stunt, or promote growth
(Msimbira and Smith 2020). Oyeyinka et al. (2018) also
reported that air temperature, altitude, soil type, and rainfall
are among the factors that affect the growth of Bambara
groundnuts. Acc 100 from Brits had the longest leaf
(844 mm), followed by Acc 55 (773 mm) from Ukulinga.
Unigwe et al. (2016) also reported similar results. They
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Table 2: List of quantitative morphological characters recorded from 24 Bambara groundnut accessions

Quantitative characters Code Description Measurement type
Days to maturity (count) DM Number of days from emergence to maturity in each plot Counting

Grain yield (g plot™) GY Total weight of seed per plot Weighing balance
Hundred seed weight (g) HSW Weight of hundred seed counts at 12% moisture content Weighing balance
Leaf area (mm?) LA Area of leaf Leaf area meter
Leaf length (mm) LL Length of leaf from base to tip Tape measure
Leaf width (mm) LW Width of leaf at widest point Tape measure

Number of pods plot™" (count) NPP
Number of seeds plot™ (count) NSP

Petiole length (mm) PL Length of panicle from base to tip

Plant canopy area (mm?) PC

Plant height (mm) PH Height of main stalk from ground to tip of main pannicle
Yield plant™ (g) YPP Weight of seed per plant (average of five plants)

Number of pods plant™’
Total count of seeds per five plants

Measuring canopy area, at a height where the canopy was the widest

Counting
Counting

Tape measure
Tape measure
Tape measure
Weighing balance

emphasised that Bambara groundnut accessions should be
characterised agronomically, physiologically, biochemically,
and molecularly to determine their true genetic diversity. At
Ukulinga, the plant canopy area varied from 266.7 to
363.3 mm?. At the Brits site, the plant canopy area varied
from 82 to 336 mm?. Furthermore, Acc 25 had the widest
canopy area at Ukulinga (363.3 mm?), and Acc 175 had the
widest canopy area (82.1 mm?) at Brits.

Yield performance in response to the production
environment

Yield performance was determined in terms of grain yield per
plot and converted to grain yield per hectare and hundred
seed weight. There was a highly significant difference (p <
0.001) between genotypes with respect to grain vyield
(Figure 4a), and hundred-seed weight (Figure 4b). In Brits,
Acc 179 vyielded the highest grain yield (54.2 kg ha™"),
followed by Acc 184 (43.3 kg ha™") and Acc 150 (35.3 kg
ha~'). Breeding programs can use these genotypes to
produce high-quality Bambara groundnut. In Ukulinga, grain
yield ranged between 34.0 and 68.7 kg ha~"', with Acc 190

(a) b
LSD (p < 0.001) = 0.1 (b) LSD (p < 0.001) = 0.2
-~ ) e e—— 320 [
IS
= -+ € 300 -
|_ ~
O 200+ T T
}_
i 0
w = 280
g 2 -
= L L
= o i | T
o 260§
160 ! 240 I
Brits Ukulinga Brits Ukulinga

Figure 2: The variation in petiole length (a) and leaf width (b)
between genotypes observed at the Brits and Ukulinga research
farms. LSD: least significant difference

having the lowest yield and Acc 177 having the highest. The
grain yield of the 24 genotypes tested ranged from 18.9 to
68.7 kg ha™'. Bambara groundnut production at Ukulinga
showed greater yields than in Brits (< 34.0 kg ha™),
implying that environmental conditions were more favourable
at Ukulinga. Obura et al. (2021) highlighted the fact that
seed quality determines seed yield. They emphasised that
proper drying and unshelled storage are just two examples
of effective seed management techniques that contribute to
comparatively high seed quality for high yield.

A hundred-seed weight of 77.5 g for Acc 97 was the
highest recorded at Brits, followed by 72.2 g for Acc 179
and 71.1 g for Acc 150. It has been suggested that
hundred-seed weight plays an important role in
enhancing vyield in morphological trait evaluations
(Unigwe et al. 2016). In this study, hundred seed weight
ranged from 21.7 to 83.7 g. Seed size may be a good
indicator of seed quality in terms of vigour (Mandizvo
and Odindo 2019). In addition to being a valuable
measure of yield, it is an excellent indicator of how the
genotype and environment influence quantitative traits
(Rogé et al. 2016).

A significant level of phenotypic variation was observed
among the genotypes in this study, leading to the
conclusion that breeding programs can benefit from traits
that are genetically diverse within the genotypes. Previous
studies on South African Bambara populations have
reported similar results. Albertazzi (2020) highlighted that
the genetics, environment, and management triangle (G x
ExM) connection governs how plants behave
phenomenally. Numerous genes are known to play a role in
regulating each physical trait of a plant during the course of
its life cycle (Ali et al. 2022).

In this study there was a wide range in grain yield per
hectare, from 34.0 to 68.73 kg ha=! for both sites. A
maximum vyield of 68.73 kg ha™' was recorded at the
Ukulinga site, this being a significant increase over that
reported by Unigwe et al. (2016), who found a yield
variation between 9.9 and 12.6 kg ha~'. According to this
study, the Bambara groundnut genotypes examined had
adapted to the farming conditions in Brits and Ukulinga.
Pesticides are commonly applied to Bambara groundnut
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Figure 3: The variation in plant height between genotypes observed at (a) Brits and (b) Ukulinga research stations

because of its susceptibilty to diseases and insects
(Shahzad et al. 2021). Muhammad et al. (2021) reported
an average yield of 650-850 kg ha~' for Bambara
groundnuts, which varied significantly with location, season,
and genotype. This is consistent with other researchers,
who have reported that grain yield and other traits vary
widely among landraces (Marone et al. 2021). Pod and
seed yields were reported by Berchie et al. (2010) as 4
173.1 and 3 084.4 kg ha™", respectively. Like many plants,

Bambara groundnut grows differently in different
environments (Mabhaudhi et al. 2018), and subsistence
farmers typically experience low yields and encounter
frequent crop failures (Sidibé et al. 2020).

Performance of 24 Bambara groundnut genotypes for
agronomic traits at Brits and Ukulinga sites

It is important to select agronomic traits as key components
of genetic improvement to enhance Bambara groundnut
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Figure 4: Assessing environmental effects on Bambara groundnut
growth: (a) comparative analysis of grain yield and (b) hundred
seed weight at Brits and Ukulinga study sites. LSD: least
significant difference

yields (Khan et al. 2016). Table 3 shows the mean values
of the studied agronomic traits among Bambara genotypes
across the two environments. There was a high level of
significance between the genotypes in HSW (Table 3).
Grain yield, hundred seed weight, leaf width, petiole
length, and plant canopy were highly significant among
locations. Heilmeier (2019) highlighted the fact that the
performance of plants, and thus how they may react to
environmental effects, can be influenced by
characteristics such as leaf size and rooting depth. Plant
characteristics, such as how well they use water, can be
integrated into or connected to a specific functional plant
response (Grossiord et al. 2020). In terms of the
interaction between genotypes and locations, highly
significant differences were observed among the
genotypes for GY, HSW, and PH (Figure 5). Plant height
and leaf length of the genotypes were not significant in
terms of the interaction between genotype and location
(Figure 5). Plants can also differ in a number of traits
(Mathakutha et al. 2019). This may be related to the fact
that phenotypic variation is more likely to be expressed in
the environment than genotypic variation because of its
greater influence on expression (Ralls et al. 2020).

The hierarchical clustering analysis

The hierarchical clustering analysis grouped the genotypes
based on their performance across measured ftraits, as
shown in the two heatmaps (Figure 6). Genotypes were
classified into three clusters (C1, C2, and C3), with red
indicating C1, green for C2, and blue for C3.

At Brits (Figure 6a), genotypes in Cluster 1 showed
predominantly negative values for most traits, such as plant
height (PH), plant canopy (PC), and leaf width (LW) . For
example, Acc 55, Acc 78 and Acc 131 exhibited negative
values across several ftraits, with Acc 78 showing
particularly low scores for LW (-2.5). In contrast, C2
displayed some genotypes with more positive values
across traits including leaf length (LL), leaf width (LW),
plant canopy (PC), grain yield (GY), hundred seed weight
(HSW), and petiole length (PL), as demonstrated by Acc
97, Acc 105, Acc 150, and Acc 179 which performed well in
these traits. Cluster 3 included genotypes with moderate
trait values, such as Acc 100 and Acc 200, with neutral or
slightly positive scores for most traits.

At Ukulinga (Figure 6b), the clustering pattern remained
consistent with some variation in the trait performance
within each cluster. Cluster 1 continued to display some
negative values across traits, while C2 genotypes, such
as Acc 55 which showed strong positive values for LL,
and LW and Acc 177, showed strong positive associations
with LL, and GY, where values exceeded +1.3. Acc 200
showed a strong association with LW. Meanwhile, Cluster
3 contained only one genotype, Acc 199, which had
positive associations for all the traits (LL, LW, GY, HSW,
PL, PH, and PC) with PC, PL, HSW, and LW showing
strong positive associations. Consistently grouped
genotypes with lower performance across key ftraits, as
evidenced by negative values in both heatmaps, suggests
that these genotypes may be less desirable for improving
yield-related traits (Linus et al. 2023). The comparison of
the two heatmaps reveals that the clustering of genotypes
is relatively stable, with consistent groupings across
different conditions. Genotypes that excelled in most of
the traits hold potential as high performers in breeding
programs aiming to enhance crop vyield. Cluster 3
comprises genotypes with moderate or mixed
performance across traits; while these genotypes may not
be top performers, they can still offer valuable traits under
targeted breeding or specific environmental conditions.
The trait contributions within clusters, particularly for PH,

Table 3: Analysis of variance showing mean squares and significant tests for physiological traits of 24 Bambara groundnut

genotypes evalulated at Brits and Ukulinga study sites

Source of variation df GYPlot HSW LL LW PL PC PH
Genotype 23.0 29107.0 324.6** 7.9 43 1.4 174.5 114.7
Location 1.0 3083 472.0** 6 458.9** 0.8 36.4* 23.6** 4 663.6** 19.8
Genotype xlocation ~ 23.0 44 763.0* 234.5* 9.1 2.8 1.5 130.4 166.8*
Residual 94.0 24 525.0 120.1 7.8 2.7 0.9 151.2 101.3
df = degrees of freedom LL = leaf length

GYPIlot = grain yield per plot LW = leaf width

HSW = hundred seed weight PC = plant canopy
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Figure 5: Response of Bambara groundnut for agronomic traits under Brits and Ukulinga conditions: (a) grain yield, (b) hundred seed weight,
(c) plant height, (d) leaf length, (e) petiole length, (f) plant canopy, (g) leaf width. *=p <0.05, **=p <0.01, ns =non-significant

PC, LW, and LL, shifted slightly between the environments.
These changes could be due to genotype-by-environment
interactions or varying experimental conditions influencing
the expression of these traits (Olanrewaju et al. 2021;
Linus et al. 2023)

Understanding the adaptive strategies of these cultivars
could therefore be beneficial in developing resilient
cultivars for agricultural use (Lin 2011).

Principal component analysis

This study examined the associations and comparisons
between Bambara groundnut genotypes based on the traits
measured. We used principal component analysis (PCA) in
order to determine whether trait variation observed
between genotypes was affected by their production
environments (Brits and Ukulinga). Using linear
independent composite traits, the maximum variation of a
set of characters can be separated into linear independent
composite traits. The PCA results with eigenvalues, factor
loadings, and percent variances between 24 Bambara
groundnut genotypes under Brits and Ukulinga conditions
are shown in Table 4. PC 1 accounted for 28.4% of the
total variation and was positively correlated with GY, HSW,
LL, LW, PL, PC, and PH and highly significant with GY,

HSW, LL, and PC. PC 2 also correlated positively with GY,
HSW, LL, LW, PL, PC, PH and contributed 21.1% of the
total variation. PCA has been demonstrated to be useful in
predicting trait relationships in Bambara groundnut
accessions (Khan et al. 2021).

Principal component biplots (Figure 7) were used to
analyse the relationship between Bambara groundnut
genotypes and agronomic traits. Traits represented by
parallel vectors or near one another showed a strong
positive association, whereas those adjacent to each other
(at 180°) showed a strong negative association, and
vectors toward the sides showed a weak relationship. At
Brits, Acc 200, Acc 105, and Acc 82 were grouped together
based on high LL and PL, while Acc 184, Acc 87, Acc 197,
Acc 150, Acc 199, Acc 121, Acc 179, and Acc 150 were
grouped based on high HSW, LW, and GY. Acc 175, Acc
96, Acc 61, and Acc 151 were not associated with any of
the agronomic traits measured. At Ukulinga Acc 177, Acc
117, Acc 61, Acc 96, Acc 97, and Acc 199 were grouped
based on high GY, HSW, PC and PH, while Acc 184, Acc
190, Acc 105, Acc 197, Acc 78, Acc 95, Acc 179, Acc 25,
and Acc 151 were grouped based on high PL. Acc 100,
Acc 150, Acc 200, Acc 131, and Acc 121 were not
associated with any of the traits measured. Further
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research is needed to understand the underlying genetic
mechanisms responsible for the observed traits. The
genotypes identified as being related could be tested
genetically to understand their relationships better. In
addition, the genotypes could be crossed to produce hybrid
plants that could be used to identify genes responsible for
the observed traits (Huang et al. 2015).

Bambara groundnut genotypes were associated across
environmental conditions, showing a pairing orientation,
that is, sharing most of the measured traits. Comparing the
PC analyses and PCA biplots, certain growth and yield
characteristics were found to be shared among genotypes.

Table 4: Principal component analysis showing eigenvectors,
eigenvalues, and percent variability of physiological traits
measures at Brits and Ukulinga study sites

Agronomic traits ~ PC1 PC2 PC3 PC4 PC5

GY 0.7 0.0 0.0 0.1 0.0
HSW 0.7 0.0 0.1 0.1 0.0
PH 0.1 0.2 0.4 0.0 0.2
LL 0.3 0.1 0.2 0.2 0.0
PL 0.2 0.2 0.4 0.0 0.2
PC 21 0.5 0.0 0.2 0.2
Lw 0.0 0.4 0.2 0.2 0.0
Eigenvalue 1.5 14 1.2 0.8 0.7
Variability (%) 284 211 17.2 11.6 9.5

Cumulative (%) 59.5 495 66.7 78.3 87.9

GY = grain yield ha™ PC = plant canopy
HSW = hundred seed weight PH = plant height
LL = leaf length PL = petiole length
LW = leaf width

Bold type = vector loadings greater than or equal to 0.3

Similar findings were reported by Unigwe et al. (2016).
They emphasised that the South African development
initiative will be more effective with knowledge of the
genetic diversity among the local Bambara groundnut
accessions. Molecular markers have been suggested by
Uba et al. (2021) to strengthen these relationships. Their
research has further extended the knowledge base for the
genetic makeup of the African Bambara groundnut, which
will be useful for planning crop management and
conservation efforts. Ntundu et al. (2006) also reported a
strong association between landraces. They recommended
doing a thorough comparison between the large collections
of Bambara groundnut and the new collections in order to
evaluate the genetic diversity of conserved germplasm for
preservation and use in crop improvement.

Non-linear regression

Using non-linear regression, one can simulate a non-linear
relationship between a dependent variable and a number of
independent variables, and plots between measured
agronomic traits reveal a clear nonlinear pattern (Figure 8).
The association between agronomic traits at the Brits and
Ukulinga locations appears to be very strong, however, it is
non-linear. This is shown in Figure 8, where the PH series
exhibited a general downward trend as the GY declined
over time, based on the relationship between GY and PH.
The GY appears to improve as leaf length increases.
However, the agronomic traits seem to be strongly
associated with each other. One reason for the decline in
yield and its variability is climatic variation (Guntukula and
Goyari 2020). Climatic variation is one of the fundamental
causes of yield variability in several crops, including
Bambara groundnut (Olanrewaju et al. 2022). Maqueira-
Lopez et al. (2019) emphasised that in order to maximise
productivity, modern agriculture has a tendency to place
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more emphasis on genotype behaviour in local contexts. In
this sense, it is essential to understand the mechanisms
and processes that control growth and, as a result,
biological and agricultural yield, as well as how weather
affects these factors. All of these aspects can be used to

provide guidance to breeders on how to use inputs more
effectively to create cultivars that are more suited to and
have greater yield potential for particular agro-economic
conditions (Jacquet et al. 2022). Breeders may concentrate
on growth traits during vegetative stages, such as plant
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Figure 8: Non-linear regression diagrams showing the relationship between agronomic traits: (a) grain yield to plant height; (b) hundred seed
weight to plant height; (c) grain yield to leaf length; and (d) plant height to leaf length
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Figure 9: Pearson correlation coefficient among seven traits in Bambara groundnut genotypes for (a) Brits and (b) Ukulinga

foliar surface and dry matter of the third internode, to
increase potential yields (Murchie et al. 2023). Combining
these traits into one cultivar for high yielding capacity has
proven to be a difficult task up to this point (Maqueira-
Lépez et al. 2019).

Pearson correlations for assessed traits under Brits
and Ukulinga conditions

A Pearson correlation coefficient is shown (Figure 9) for
agronomic traits evaluated on Bambara groundnut
genotypes under Brits and Ukulinga conditions. At Brits,
positive correlations were observed between GY and HSW,
GY and PL, GY and LL, GY and LW, HSW and PL, HSW
and LL, HSW and LW, PH and PC, PH and PL, PH and LL,
PC and PL, PL and LL, PL and LW. Negative correlations
were observed between GY and PC, GY and LW, LW and
PC.

At Ukulinga, positive correlations were observed between
GY and HSW, GY and PH, GY and PC, GY and LL, GY
and PL, HSW and PH, HSW and PL, HSW and LL, HSW
and LW, PH and PC, PH and PL, PC and LL, PC and LW,
PL and LL, PL and PW, LL and LW. Negative correlations
were observed between PH and LL, PH and LW.

It is possible that the weak correlations are due to the
changing rainfall conditions in the production environments
(Mabhaudhi et al. 2018). According to Unigwe et al. (2016),
unequal accessions may have different seed sizes and
colours. It is generally believed by farmers that seeds of
large sizes and apartment shapes germinate faster and
grow larger plants than those of small sizes (Mueller 2017).
Atoyebi et al. (2017) highlighted the many potentials of
Bambara groundnut, while they also stated that there is a
need to increase its use and market potentials, particularly
in emerging African countries.

Conclusion

Significant genetic variation among Bambara groundnut
genotypes was demonstrated in response to environmental
conditions at Brits and Ukulinga. Genotypes Acc 179, 184,
and 82 showed stable performance and high yields across
both agroecological areas, making them strong candidates
for breeding programs aimed at improving Bambara
groundnut production in South Africa. There is a need for
continued efforts in breeding to enhance crop resilience
and yield.

Geolocation

Pietermaritzburg: 30°24'S, 29°24'E; Brits: 25°36' S, 27°48' E
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