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Abstract

Background The Sub-Saharan African food sys-
tem is facing multiple threats, including soil nutrient
depletion, monoculture cereal farming, population
expansion, and climate change. These factors collec-
tively pose a risk to agricultural productivity and food
security in the region.

Scope Bambara groundnut (BGN) (Vigna subterra-
nea [L.] Verdc) yield has been in decline due to vari-
ous abiotic factors such as high temperature, drought,
and salinity, as well as biotic factors like nitrogen-
fixing symbiont host specificity. These challenges
have negatively impacted crop productivity and food
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security. This review highlights the significance of
BGN in addressing food insecurity and explores its
potential advantages for small-scale farmers. BGN
provides a good example for strong effects of the
microbiome, particularly specific symbionts for nitro-
gen-fixing root nodules, on production systems. A
focus of this review is to highlight the potential appli-
cations of nitrogen-fixing symbionts as biofertilizers
for Bambara groundnut.

Conclusion The review emphasizes the potential
of BGN to improve agricultural production and soil
fertility, particularly using inoculation technology,
which could benefit small-scale farmers and contrib-
ute to enhancing food security. Bradyrhizobium inoc-
ulants may have to be designed specifically for the
cultivar level of BGN.

Keywords Bambara groundnut - Vigna
subterranea - Food security - Nodulation -
Inoculants - Bradyrhizobium - Soil fertility

Relevance of Bambara groundnut

Bambara groundnut (BGN) [Vigna subterranea (L.)
Verdc] (BGN) is a drought-resistant, underutilized
crop ranking third in significance of grain legumes
after groundnut (Effa et al. 2019). It is a tropical leg-
ume crop that is native to sub-Saharan Africa and is a
valuable source of food and income for many small-
scale farmers in West and Central Africa. Along with

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11104-024-07194-5&domain=pdf

1054

Plant Soil (2026) 523:1053-1066

high nutritive value, BGN seeds possess gross energy
value even larger than for other common pulses
(Hillocks et al. 2012). BGN provides a balanced diet
due to its high protein, carbohydrate, and fiber con-
tent, along with essential amino acids like lysine and
methionine, which are more abundant than in cereals
and other legumes. It is also a particularly rich source
of magnesium, potassium, and iron compared to other
pulses (Table 1). Apart from nutritional advantages,
new and potential value-added uses of biologically
active compounds in BGN as nutraceutical ingredi-
ents could be further investigated and exploited for
various applications (Okafor et al. 2022).

BGN cultivation and hurdles

BGN production is one of the important practices
among subsistence farmers in West African countries.
In Southern Africa in Namibia, BGN gives promis-
ing yields even in areas with low rainfall and poor
soil (Fig. 1). The optimal temperature for its growth
ranges between 30-35 °C, with a minimum of 15 °C
required for germination, and an annual rainfall
of 600 to 750 mm (Hasan et al. 2018). The Africa-
wide production of BGN has been recorded to be
approximately 0.3 million tons annually, with Nigeria
regarded as the largest producer of BGN in Africa at
0.1 million tons annually (Mayes et al. 2019). From
1999 to 2018, crop productivity in sub-Sahara Africa
remained stagnant and low, ranging from 0.65 t ha™!
to 0.78 t ha~! (Majola et al. 2021).

Inspite of being a drought tolerant legume, BGN
cultivation is still affected by climate change in sev-
eral ways. Rising temperatures can lead to heat stress,
reducing seed germination and plant growth, and neg-
atively impact yields. Although resilient to drought,
inconsistent rainfall can impair the germination or
establishment of BGN seedlings in the early stages
of crop growth. In Nigeria, drought and heat waves
resulted in significant BGN crop losses in the recent
years (Tyoakoso et al. 2019). Also, the photoperiod
controls the yield and sink capacity of BGN (Kenda-
bie et al. 2020). Moreover, the introduction of modern
agriculture practices, such as the use of synthetic fer-
tilizers and pesticides, have led to degradation of soil
quality, making it difficult for BGN to grow (Babalola
et al. 2017).
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Changes in climate can alter traditional plant-
ing and harvesting dates, affecting local agricultural
practices and food security. Warmer temperatures and
changing humidity levels can create favorable con-
ditions for pests and diseases, potentially leading to
increased infestations and reduced crop health (Fati-
mah et al. 2022). Some of the major factors influ-
encing BGN production in Namibia are insects, low
yield, and use of unimproved land races (Valombola
et al. 2021). BGN production can be seriously con-
strained by fungal pathogen Macrophomina phaseo-
lina (Ouoba et al. 2019) and even the parasitic plant
Alectra vogelii (yellow witchweed) (Musango et al.
2022). Lack of training for seed production, poor
crop establishment, incorrect planting depth and plant
spacing, use of unimproved seeds, low soil fertil-
ity, and a lack of effective nodulation technology all
pose challenges to BGN production (Ikenganyia et al.
2017).

Symbiotic association of Bambara groundnut
with Bradyrhizobium

Leguminous crops including BGN [Vigna subterra-
nea (L.) Verdc] and cowpea (Vigna unguiculata L.
Walp) are known for their ability to fix atmospheric
nitrogen through root nodule symbioses with rhizobia
(mainly Bradyrhizobium spp.) (Ajayi et al. 2020a).
Although BGN is growing in marginal soils, with
its promiscuous nodulation properties, it can create
symbiotic association with different strains of soil
bacteria of the genus Bradyrhizobium which exhibit
varied compatibility and nitrogen fixation efficacy
(Puozaa et al. 2017). For example, phylogenetically
highly diverse Bradyrhizobium genospecies nodulate
Bambara groundnut in Ghana (Adjei et al. 2022). The
BGN nodule symbionts from Benin were even resist-
ant against several abiotic stresses including high
temperature, pH and NaCl (Zoundji et al. 2022). BGN
may fix up to 200 kg N per ha (Ibny et al. 2019).

The nitrogen-fixing symbiosis with BGN has not
only been shown to increase plant yield, but also to
improve soil fertility (Yakubu et al. 2010). It is noted
that BGN has a greater residual nitrogen effect than
many other crops (Basu 2021): nitrogen fixed in nod-
ules does not only benefit yield, but also decay of
above-ground biomass and roots including nodules
contribute organic and mineralized nitrogen to soils.
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Table 1 Nutritional composition of examples of important grain legumes in comparison to Bambara groundnuts
Bambara groundnut Cowpea Chickpea Green pea Lentil Lima Bean
Vigna subterranea  Vigna unguiculata Cicer arietinum  Pisum sativum Lens culinaris ~ Phaseolus
lunatus

Composition (g/100 g sample)

Protein 18.8'/19.6 22°

Fat 1.4/55 1.6

Fibre 10.3/4.5 5.3

Ash 29/3.8 3.8
Carbohydrate 53/58 67’
Amino acids (g/100 g protein)

Isoleucine 55740 -

Leucine 10/7.5 44-10.6
Lysine 8.0/6.5 54-175
Methionine 0.6/6.47 1.2-22
Phenylalanine 77155 NR
Threonine 4.4/35 3.0-5.0
Tryptophan 0.6/1.0 0.7-14
Valine 6.2/4.5 42-50
Arginine 751770 45-85
Histidine 3.8/3.0 26-39
Alanine 5.1/4.0

Aspartic acid 14.6/10.0 8.8-16.9
Cysteine 2.4/ 0.5-05
Glutamic acid 217155 16.9 -27.6
Glycine 4.5/4.0 NR
Proline 53725 NR
Serine 6.9/55 NR
Tyrosine 3.1/25 NR
Minerals (g/100 g)

Magnesium 136/ 125-555 1848
Potassium NR /308-2200 1112

Iron 8.8/11-150 8.2

19° 34* 31.4° 29°
6 2.4 12 5.3
17 43 6.8 19
25 3.9 42 44
60 55 57 57
4.1 3.9 9.6 5.3
7.0 7.9 159 8.6
7.7 6.3 12.6 72
1.6 1.6 1.6 12
5.9 52 10.6 6.0
3.6 45 7.6 46
1.1 0.6 ND ND
3.6 5.1 11.6 55
103 79 14.0 55
3.4 2.3 4.0 3.1
44 438 39.8 4.6
114 112 26.1 11.8
13 0.4 0.4 ND
173 185 422 14.8
4.1 438 12.7 43
4.6 4.6 114 4.6
49 5.7 15.6 6.5
3.7 3.3 7.5 3.1
3.2-1917 86* 49* 149°
994-1279 360 240 1340
4553 10 8.5 5.7

! From reference (Yao et al. 2015); 10 samples of a landrace

2 From reference (Atoyebi et al. 2017); data from 20 different landraces

3 From reference (Boye et al. 2010); a review; chickpea: Garbanzo beans

* From reference (El-Adawy et al. 2003); Pisum sativum variety Lencolen and Lens culinaris variety Giza 9

3 From reference (Sahasakul et al. 2022); average of 10 varieties

% From reference (Evans and Boulter 1974); one varitety
7 From reference (Halimi et al. 2019); a review

8 From reference (Affrifah et al. 2022); a review

NR not reported

These increased N-pools in soil can benefit other crops
grown in crop rotations. By adding nitrogen to the soil,
this method lessens the demand for chemical fertilizers.
With the exception of the fungivorous nematode abun-
dance during the wet season, it has been observed that

the presence of legumes greatly enhanced also abun-
dance and variety of soil biota (Gao et al. 2017).
Nitrogen-fixing legumes can also exert a positive
effect in intercropping systems, where roots of the
plants develop and die multiple times over their life
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Fig. 1 Drought tolerant Bambara groundnut seedlings, grow-
ing at Mashare Agriculture Development Institute, Northern
Namibia, three weeks without rain or irrigation

cycle, which causes the release of nitrogen through
mineralization. In order to fully benefit from the
potential of underutilized legumes for increased food
security, there is a lack of knowledge on the mecha-
nism of nutrient transfer between nodulating and
non-nodulating plants. For example in Sorghum,
grain yields increased when it was intercropped
with pigeon pea as well as planted in legume resi-
due (Gebremichael et al. 2019). In cassava-Bambara
groundnut intercropping, more efficient land use and
yield gain was observed depending on differences
in the dates of sowing (Konan et al. 2023). In maize
intercropping, among other legumes BGN produced
considerable yields and increased the overall produc-
tivity of the cropping systems, and even reduced the
plant parasite Striga (Oswald et al. 2002). This indi-
cates that intercropping with legumes may have posi-
tive impact on farming, and it is beneficial to include
legumes crops in management systems. Overall, also
the symbiotic relationship between BGN and rhizobia
is an important contributing factor to its success as a
relevant crop in sub-Saharan Africa that needs to be
explored to a greater extent.

Non-symbiotic interactions in BGN rhizosphere
Non-symbiotic interactions refer to interactions
between plants and other organisms of the rhizos-

phere, a mutualistic relationship different from the
symbiotic nodulation. Legumes generally produce
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phenolics, which assist in pathogen activity declin-
ing, avail nutrients to plants, encourage the growth of
beneficial microbes in the rhizosphere, and contribute
to allelopathy (Weston and Mathesius 2013). Allel-
opathy occurs when plants release chemical com-
pounds into the soil, which can influence the growth
and development of neighboring plants (Weston and
Mathesius 2013). Allelopathic compounds such as
benzoxazinoids, which are known for inhibition of
germination and growth of certain plant species, have
been identified in BGN.

As in all plants, the rhizosphere of BGN is inhab-
ited by a diverse community of microorganisms,
including bacteria, fungi, and archaea which play a
crucial role in nutrient cycling, plant and soil health.
Recent research has shown that certain bacteria in the
rhizosphere of BGN can solubilize phosphorus, mak-
ing it more available for plant uptake (Olanrewaju and
Babalola 2022). Plant growth promoting activity has
also been reported from non-rhizobial nodule iso-
lates of BGN from semi-arid regions of South Africa
(Ayangbenro et al. 2023). Additionally, specific fun-
gal species have been found to enhance the tolerance
of BGN to abiotic stresses, such as drought and salin-
ity (Gopalakrishnan et al. 2015). On the other hand,
rhizobia may also serve as a promising source of
plant growth-promoting molecules and interact with
non-legume and other rhizobacteria (Fahde et al.
2023). Thus, learning more on non-symbiotic interac-
tions in the BGN rhizosphere is important for sustain-
able agriculture and crop management.

The effects of rhizobia inoculant on BGN growth
and yield

Rhizobia inoculation is an affordable effective and
sustainable method for ensuring nitrogen supply in
agronomic practices (Wilson et al. 2021). It is crucial
for legumes in areas with low symbiont abundance.
Tables 2 and 3 illustrate inoculant applications on
BGN varieties in western sub-Saharan African coun-
tries (Table 2) and central, eastern and southern sub-
Saharan countires (Table 3). The effects vary depend-
ing on strains, environmental conditions, and plant
genotype. Peat-based inoculants, known for their
security, longevity, and effectiveness, were commonly
used to inoculate seeds (Fig. 2A). This often reduces
the time of germination of BGN varieties in contrast
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to non-inoculated ones as well as the time to reach
to flowering (Sarkar et al. 2023). In field studies,
Bradyrhizobium inoculant strains enhanced growth,
biomass production and reduced the flowering days in
BGN plants compared to nitrogen fertilizers (Ikeng-
anyia et al. 2017). Also plant height and leaf numbers
of certain BGN varieties were significantly improved
by inoculation (Zoundji et al. 2024). Moreover, seeds
obtained from BGN with inoculant treatment had less
moisture contents which might facilitate longer shelf
life and preservation time (Ajayi et al. 2024).
Furthermore, combining superphosphate and
inoculants improved plant growth and root develop-
ment, leading to increased nodule formation (Fig. 2B)
(Mukakalisa 2010). Inoculants can be applied in dif-
ferent ways; however, the most common procedures
include seed treatments, soil treatments, and root
dipping into bacteria in suspension before or during
planting. While soil-applied rhizobacterial inocu-
lants increased BGN dry weight by 19%—25% com-
pared to seed-applied inoculants, seed application
remained cost-effective and effective for productivity
improvement (Ikenganyia et al. 2017). Overall inocu-
lant strains could effectively colonize the plant roots,
leading to the formation of larger and more numerous
nodules improving nitrogen availability producing
more biomass than non-inoculated plants, as men-
tioned in Tables 2 and 3 (Bitire et al. 2022; 2023a;
Bitire et al. 2023b; Gomoung et al. 2017; Hassen
et al. 2023). It is therefore suggested that inoculation
with highly effective strains is feasible and provides
an environmentally friendly approach for enhanc-
ing grain yield in legumes (Gerrano et al. 2021;
Konan et al. 2023) (see also Tables 2, 3). Moreo-
ver, also seeds quality such as hydration coefficient
and cookability of cowpea can be positively affected
by inoculating plants with specific Bradyrhizobium
strains (Musa et al. 2011). Certain Bradyrhizobium
strains were even found to exhibit antagonistic effects
against fungal diseases, lowering disease incidence
and improving plant health (Kebede 2021; Volpiano
et al. 2019). On the other hand, inoculating BGN
with Arbuscular Mycorrhizal Fungi (AMF), either
amended with poultry manure or with Mulch could
enhance leaf nutrient composition (Uko et al. 2020)
or nodulation and root weight (Odoh et al. 2017),
respectively, as mentioned in Table 2. More nitrogen
and phosphorus were retained in the shoots of BGN
when co-inoculated with B. japonicum and strain of

mycorrhiza Glomus mossea yielding higher plant bio-
mass (Table 2) (Ajayi et al. 2020b). Thus, the phe-
nomenon of rhizobial inoculation (either individual
or co-inoculation) has gained attention because of
its rising contribution to agricultural output. Further-
more, the combination of superphosphate and inocu-
lants was reported to have positive effect on the plant
growth and root development which led to nodule
formation increment (Omari et al. 2022). Apart from
symbionts, low-cost microbial inoculants of other
beneficial microbes can aid in plant development,
heavy metal contamination reduction, and phytopath-
ogen management, all of which contribute to more
sustainable agriculture (Fasusi et al. 2021).

Host-microbe specificity is common in many leg-
umes and plays a key role in the spread of indigenous
rhizobia and inoculant development. Factors influ-
encing host specificity include variations in bacte-
rial nodulation genes, surface polysaccharides such
as exopolysaccharides and lipopolysaccharides, and
plant signaling responses. BGN exhibits promiscu-
ous nodulation with multiple rhizobial species, par-
ticularly from the cowpea miscellany group (Hassen
et al. 2023). Cross-inoculation with symbionts origi-
nating from other legume species has been shown to
improve nodule number, efficiency, and dry weight in
several legumes, including BGN, in field trials across
Guinea-savannah and Sudanian zones (Doloum et al.
2017). Also in Chad, cowpea cross-inoculant group
isolates enhanced BGN growth and yield (Gomoung
et al. 2017).

Challenges for BGN inoculation strategies

It was recognized already 30 years ago (Heller et al.
1997), that tremendous differences occur in the sym-
biotic efficacy of native bradyrhizobia which nodulate
BGN: considerable variation in farm yields of BGN
in Africa are common (600-3000 kg/ha) (Rachie
and Silvestre 1977), and high-yielding cultivars from
one country can perform poorly in another (Council
1979). It is therefore consequential that research on
symbiotic effectiveness is regarded as a way to yield
improvements in African BGN production (Heller
et al. 1997).

Factors like soil type directly affect bacterial
distribution and survival in soil, in turn affect leg-
ume nodulation, nitrogenase activity, and thus N,

@ Springer
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Fig. 2 Inoculant treatment of Bambara groundnut seeds before
sowing in the field and formation of symbiotic root nodules at
the time of harvest. Inoculation of Bambara groundnut seeds
with an efficient Bradyrhizobium strain in a peat-based carrier

fixation (Sepp et al. 2023). Furthermore, factors
such as climate, rainfall, and seasonality affect the
distribution, diversity, and population density of
Bradyrhizobium in African soils, influencing leg-
ume nodulation and nitrogen fixation, which in
turn determines the critical need for inoculation
(Gronemeyer and Reinhold-Hurek 2018). Effec-
tive rhizobia capable of nodulating a diverse range
of host plants is required (Lindstrom et al. 2010).
Furthermore, identifying indigenous rhizobia with
a broader host range that are also resilient to abi-
otic stressors is critical for inoculant production,
particularly in soils lacking effective indigenous
rhizobia (Table 3) (Dlamini et al. 2021). Indige-
nous BGN-nodulating bacteria from different loca-
tions of Cameroon tolerant to some environmental
stresses were better adapted to the respective soils
than introduced inoculant strains (Laurette et al.
2015). Indeed, depending on the biome, inoculants
can fail sometimes because foreign rhizobia com-
pete poorly with indigenous rhizobia for nodule
occupancy (Mendoza-Suarez et al. 2021). Ineffec-
tive or incompatible rhizobial strains as inoculant
on the other hand, may result in diminished nodula-
tion in BGN: The legume plant does not appear to
be able to discriminate between effective and inef-
fective symbionts at the entry level (Westhoek et al.
2017). As a result, choosing the proper inoculant
strain for BGN cultivation is critical for optimizing
nodulation and nitrogen fixation.

@ Springer

before planting (A), and symbiotic root nodules on Bambara
groundnut roots at 60 days after germination (B) at Mashare
Agriculture Development Center, Namibia, 2024

This is further complicated by the high diversity
land races of BGN with respect to grain types: seed
coat pigmentation in BGN landraces, influenced by
phenolic compounds, affects microsymbiont diversity
and nodulation (Puozaa et al. 2021). Black seed coats
appear to serve as markers for improved nodulation and
N, fixation in South African landraces (Puozaa et al.
2021), while symbiont-plant interactions were found
to vary significantly in BGN varieties from Namibia
(Sarkar et al. 2023). In laboratory and greenhouse-
pot studies using purified landraces of three divergent
seed colors (cream, brown, and red), severe differ-
ences appeared to occur in different BGN race — sym-
biont combinations, regarding nodulation, agronomic
traits and competitiveness of the strains (Sarkar et al.
2023). Such a pronounced plant genotype — symbi-
ont genotype dependent response was also detected in
field experiments for BGN. When 10 BGN accessions
were combined with 4 different symbionts in Nigeria
(Bitire et al. 2023a), some Bradyrhizobium strains even
severely decreased the grain yield of certain cultivars
over non-inoculated controls (e.g. strain USDA110 in
TVSu-787, TVSu-1739 or TVSu-1606), while the same
strain strongly increased yields in other cultivars (e.g.
TVSu-710TVSu-305). Similar observations were made
for other symbiont-BGN combinations in this study.
Also in pot experiments using combinations of 12
South African land races and five bradyrhizobia, highly
divergent shoot biomass responses were observed (Has-
sen et al. 2023). For example, strain XBQ5 decreased
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or only slightly improved biomass compared to non-
inoculated controls in races 34 and 42, while growth of
race 38 was strongly elevated. The opposite responses
were induced by strain XS34. Although it is tempting
to speculate that responses may correlate with seed
colors (races 34 and 42 have brown-, 38 cream-colored
seeds), this was not consistent for other combinations in
this study. Thus, more research is required on effective
strain—plant genotype combinations. In contrast, in
cowpea, different bradyrhizobial inoculant strains often
do not show a preference for specific cowpea genotypes
(Nyaga and Njeru 2020).

Conclusion

BGN, an underutilized African legume, could benefit
from Bradyrhizobium inoculants to boost yields, though
challenges arise from its symbiont promiscuity and
genotype effects. Indigenous Bradyrhizobium strains,
more effective and resilient than commercial ones and
resistant to abiotic stresses, often have the potential
to enhance plant performance and yield of BGN lan-
draces. Developing inoculants from local strains for
farmers could sustainably improve BGN growth and
yield as well as soil fertility. More than in other grain
legumes, in BGN effective nitrogen-fixing symbiotic
interactions appear strongly dependent on specific plant-
bacteria genotype combinations. This poses a challenge
to develop inoculants for BGN, which may be further
impeded by the prevalence of landraces over homozy-
gous, well-characterized BGN cultivars. Thus, in mod-
ern breeding programs to elevate this underutilized
legume to a modern crop, attention needs to be paid to
select matching, efficient bacterial symbiont genotypes.
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