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Abstract

Bambara groundnut (Vigna subterranea (L.) Verdc) is the third most significant food
legume in Africa after groundnut (Arachis hypogea) and cowpea (Vigna unguiculata). It
is normally grown in poor soils, is drought tolerant, and has a high potential for nitrogen
fixation. Despite that, Bambara groundnut yields are on a gradual decline due to a
combination of abiotic and biotic stresses such as erratic annual rainfall and climate-
induced changes in soil microbial community compositions, which negatively impacting
food security. Thus, the application of rhizobial inoculants at planting significantly
improves yields in many leguminous crops. Moreover, symbiotic inoculants are mainly
used in developed countries to improve nitrogen fixation and improve productivity of
grain legumes. Sub-Saharan African countries like Namibia, however, still under-utilise
the above practice. Three (3) studies were conducted, of which two were conducted in
2021, and in 2021/22 season. The first study was on farmer’s appraisal, which was aimed
to assess Bambara groundnut production systems in Kavango East Region. Bambara
groundnut farming systems, farming inputs, and production constraints were explored in
the two constituencies in Kavango East region. Subsequently, an experiment in a
greenhouse of the ZERI at the University of Namibia using soil from the Kavango region
to ascertain how well the various Bradyrhizobium strains promote nodulation and yield
components among three varieties of Bambara groundnut was conducted. The study also
evaluated the strains that are most competitive to reach the roots and promote nodulation
in a given period. For the greenhouse experiment, the treatments included three different
Bambara groundnut varieties that were inoculated with two types of inoculants (MIX
inoculant with 7 Bradyrhizobium strains [1-7; 3B 4-1; 9-5, 36 1-1; 36 3-2; 55 1-1 and 60
2-1] and inoculant with Bradyrhizobium vignae 9-5 only), both of which were obtained
from the University of Bremen in Germany the third treatment was an absolute control.
The treatments were set up in a randomized complete block design with three replications.
In comparison to the single strain 9-5, the mixed strains were found to be more productive
and contagious (p=0.05). Moreover, the two inoculants outperformed the non-inoculated
cultivars in terms of plant height, shoot dry weight. The brown variety, which was not

inoculated, nevertheless, showed some nodules. Hence, in the next season (field



experiment) the mixed inoculant strains of Bradyrhizobium were applied as single
inoculants. The field experiment was conducted at Mashare Agricultural Development
Institute (MADI) in Kavango East Region. The same three Bambara groundnut varieties
which were used in the greenhouse were treated with chemical fertilizer (urea), 7
Bradyrhizobium strains, and negative control with no treatment. After 130 days of planting
the cultivars were harvested and different yield parameters were assessed. The control
Var03 (red) yielded the greatest grain at 1311.7 kg ha'*, followed by Var01 (brown) treated
with In1-7 at 1237.3kg ha*, while Var01 and Var02 (cream) inoculated with In36 3-2
yielded 1171.3kg ha' each. Based on the results, farmers are advised to consider
inoculating Bambara groundnut seeds with Bradyrhizobium strains prior to planting, as
this has been shown to have a positive impact on nodulation, grain yield, and biomass
production compared to using urea fertilizer which is expensive and environmentally
unfriendly. However, it is important to note that the control variety Var03 performed the
best, likely due to its compatibility with native soil rhizobia. Therefore, it may be
worthwhile for more studies to investigate and identify the unidentified strains used in the
study as potential bio-inoculants. Additionally, it is recommended that farmers monitor
the performance of different varieties in their specific soil conditions and choose the most
suitable one for their crop management. Finally, it is important to adhere to best practices
for inoculant application, such as using high-quality inoculants and ensuring proper
handling and storage.

Keywords: Bambara groundnuts, biofertiliser, Bradyrhizobia, food security, legumes

(Fabaceae), productivity
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Thesis Introduction

Background

Bambara groundnuts (Vigna subterranea (L.) Verdc) is the third most significant
agricultural legume crop in Africa after groundnut (Arachis hypogea) and cowpea (Vigna
unguiculata) (Puozaa et al., 2017). Bambara groundnut is a drought-tolerant but
underutilized legume crop that subsistence farmers in Sub-Saharan Africa plant for its
edible pulses (Egbe et al., 2013). This legume's edible grain contains a high protein content
(20.6%), carbohydrate (56.5%), fat (6.6%), and fiber (6.3%), making it a well-balanced
meal (lbny et al., 2019).

Moreover, Bambara groundnut can form effective root nodules with suitable soil rhizobia
that convert atmospheric nitrogen (N) to ammonia for bacterial and plant usage (Hillocks
et al., 2012; Zielinski and Reinhold-hurek, 2021). Despite its importance, Bambara
groundnut production is hampered by poor crop establishment, low soil fertility, and a

lack of adequate nodulation technology (lkenganyia et al., 2018).

Farmers' efforts to increase soil N levels are limited by the fact that N fertilizers are
expensive, insufficient, and may not be available on time. As a result, research into safer
environmental control approaches has led to the usage of biofertilization techniques
(Yakubu et al., 2010). After careful consideration, rhizobia inoculants were discovered to
be useful and could be an alternate choice for crop growth improvement due to their low
cost and environmental friendliness (Laurette et al., 2015). This technology has not yet
been adopted in Namibia and there is limited information on the most competitive strain

to colonize root nodules of Bambara groundnuts and its close relatives.

Overall research objectives
The overall objective of the study was to assess the effects of different rhizobia inoculant

strains on Bambara groundnut growth in Namibia. This study will contribute to food



security strategies of Namibia through improving yield and productivity of Bambara

groundnut.

Specific objectives

The specific objectives of this study were to:

1. Assess farmers’ perceived production constraints, preferred traits, and the farming
system of Bambara groundnut for northern Namibia.

2. Evaluate how well the different strains of Bradyrhizobium promote nodulation,
apical plant growth, yield and yield components among three varieties of Bambara
groundnut in Namibia.

3. Determine which of the strains have occupied the nodules. That means, which
strains is most competitive to reach the roots and promote nodulation in a specified

period of time.

Research Hypothesis
This study was premised on the hypothesis that seed inoculation with different
Bradyrhizobium strains has an effect on nodulation, apical growth, yield and yield

components of Bambara groundnut crops grown in Namibia.

Significance of the study

The study used Bradyrhizobium spp because they were proven to fix nitrogen and increase
the yield and yield components of Bambara groundnut (Zielinski and Reinhold-hurek,
2021), which is of major scientific interest and economic benefit to the country,

particularly subsistence farmers.
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Chapter 1

Bambara groundnuts (Vigna subterranea (L.) Verdc) production systems in the
Kavango East Region, Northern Namibia

Abstract

The productivity of Bambara groundnut (Vigna subterranea (L.) Verdc) is gradually
decreasing in subsistence farming systems as a result of biotic and abiotic climatic factors
as well as some socioeconomic limitations, amongst others. The objective of this study
was to assess the factors behind the diminishing Bambara groundnut output in Namibia’s
Kavango East Region based on factors such as farming methods, preferred Bambara
groundnut seed colour preference/choice, quantity of farming inputs, and production
constraints. As a result, a participatory rural appraisal study was conducted in two
constituencies of the Kavango East Region, namely Mukwe and Ndiyona, taking four
villages per constituency where the crop is predominantly grown. Primary data was
collected using structured interviews involving 70 households. Results showed that 77.8%
of the farmers allocate less than a hectare for Bambara groundnut planting each year.
About 66.7% of the farmers surveyed claimed their Bambara groundnut yields were low,
with yield averages between 1 and 100 kg per season. On the economic side, 14.3% of
farmers reported that they produced Bambara groundnut for income generation, while
(85.7%) produce Bambara for home consumption. Farmers preferred cream seeded
Bambara groundnuts which they said were early matures, high yielders, and for their ease
of preparation. On the other hand, 8.7% of farmers in the Ndiyona constituencies indicated
that they use artificial fertilizer while 91.3% did not use artificial fertilizer. In Mukwe
constituencies, all farmers (100%) interviewed reported that they do not apply fertilizer in
their Bambara groundnut fields due to the fact that they could not afford it and also due to
lack of availability, while some believed that it was not necessary to apply fertlizers. Field
pests, low yield, lack of improved varieties, expensive labour, and seed costs were cited
as the main production barriers for Bambara groundnuts in these two constituencies. In
some of the areas where the cost of artificial N fertilizer is very high, breeding for
improved varieties as well as inoculant application are some of the approaches anticipated
to boost the output of the Bambara groundnut crop. At the same time simultaneously add

nitrogen to the soil medium for succeeding cropping.



Keywords: Bambara groundnut, subsistence farming, soil fertility

1.1. Introduction

The rate at which world population is growing relative to agricultural expansion suggests
that, alongside population growth, attention should also be paid to the production of
important crops and other previously neglected crops. The Bambara groundnut (Vigna
subterranean (L) Verdc.), which thrived in Africa before the introduction of the peanut
(Arachis hypogea), is one of the latter categories of crops (Aviara et al., 2013; Khan et
al., 2021).

The Bambara groundnut has advantages over more favoured species in terms of nutritional
value and tolerance to adverse environmental conditions (Temegne et al., 2018). In
Namibia, which is a semi-arid country in southwest Africa, 82% of subsistence farming
households grow Bambara groundnuts (Fleissner, 2006). The crop, which is the second
most significant legume after cowpea, is mostly farmed in the northern regions (Figure
1.1) of Omusati, Oshana, Oshikoto, Ohangwena, Kavango West, and Kavango East
(Valombola et al., 2021). Depending on the language, the Bambara groundnut is known
by a variety of vernacular names in Namibia, including ngomene (Gciriku), nyimu

(Thimbukushu), eefukwa (Oshiwambo) among others.

According to Mukakalisa (2010), the crop is commonly used in Namibia as both a source
of income and for domestic consumption. Farmers usually continue using saved seeds
from previous harvests since there is no commercial seed production or sale for this crop
in Namibia. Luchen et al. (2018) claims that most soils in Namibia's northern areas have
poor nutrition as well as poor water retention. Despite the low potential of the poor soils
to produce crops, subsistence farming remains the primary source of livelihood and food
security for the local population. The yield level on farms is currently unclear and is
anticipated to be substantially lower making it necessary for an actions to investigate
strategies for enhanced Bambara groundnut production and improve the soil fertility
(Gronemeyer and Reinhold-Hurek, 2018).



Figure 1.1. Bambara groundnut plant at early flowering (left); Map of Namibia showing the
Northern regions where Bambara groundnut occurs (right)

15°0'0"E 20°0'0°E 25°00"E

Ohangwena

Omusati § Oshikoto _K@vango West Kavango Ea:

>z

2000

25'00'

0 100 200 400

Kilometers

Understanding Bambara groundnut farming systems, variety preferences, choice and
quantities of farming inputs, and production constraints is critical for the development and
widespread acceptance of production technology (Horn et al., 2015). This study was
therefore conducted to assess the Bambara groundnut seed preferences by farmers, as well
as choice and quantity of farming inputs, as well as the production constraints in the
Kavango East Region of Namibia. The Kavango East Region was selected for the study
due to a widely held perception that it could serve as Namibia's "Breadbasket™ if the local
farms were productive (Luchen et al., 2018). Hence, this study focuses on Bambara

groundnut farmers in Kavango East region.



1.2. Materials and methods

This study was conducted among two constituencies in the Kavango East Region, namely
Ndiyona constituency and Mukwe constituency during- August 2021. The study was
conducted at the time when farmers were off season preparing for the new cultivation
period. These constituencies were selected because they are known for their production of
various crops including Bambara groundnut. Kavango East is located in the northeast of
Namibia, with an average annual rainfall between 450600 mm. The average minimum
and maximum temperatures is 23-39 °C (Valombola et al., 2021). In order to identify
Bambara groundnut producers in the Kavango East Region, a systematic sampling
approach was used. Data was collected from four villages from the Ndiyona constituency
(Dumushi, Kakekete, Dosa, Rucara, and Shikoro) and four villages from the Mukwe
constituency (Mbapuka, Tjova, Katenture, and Shamangorwa). The sampling constituted
80 households in total, with 10 Bambara farming homes (samples) in each village. Only
70 households were contacted, as some farmers were not available during the interviews.
A structured questionnaire was used to conduct interviews and gather the data.
Demographic data, Bambara groundnut farming systems (farm size, area planted with
Bambara groundnut, average yield per/ha per year, main uses and seed preference).
Bambara groundnut farming inputs and production constraints made up four sections of
the questionnaire. The interview was contacted in the local languages of Rugciriku and
Thimbukushu while the information was gathered and subsequently translated into
English. The accrued data was analysed using descriptive statistics in the form of cross-
tabulation, frequencies, and graphical display using Statistical Package for Social Sciences
(SPSS) version 23 program. Using Pearson's Chi-squared test, an association/dependence
test without parametric data was carried out.



Figure 1. 2 The researcher (me) with some of the farmers during my studies at Mbapuka

village in the Mukwe constituency. (All pictures taken with the participants consent).

1.3. Results and discussion
The study identified favoured characteristics in the Bambara groundnut farming systems

and farmers' perceptions of production constraints in the two constituencies as presented
in Tables 1.1 to Table 1.5.

1.3.1. Demographic data of participants

No statistically significant correlation was observed between constituency and the farmers
age, according to a cross-tabulation of constituencies by socio-demographics (y2=4.243;
P < 0.374). The study found that, 31.7% of those interviewed were 60 years of age or
older, 30.2% were in the 50-59 age range, 22.2% in the 40-49 age range, 11.1% in the
30-39 age range, and 4.8% in the 20-29 age range. These results are comparable to
Valombola et al. (2021), who reported that the age of the majority of the participants in
their study ranged in the category between 46-60 years. The fact that the majority of
young people moved to urban regions to look for work may have contributed to the
respondents’ age range of 40 to 60 in the present study. On the other hand, older
individuals continued to work as farmers in rural areas. It is argued that one of the main
causes of rural teenagers' migration to urban areas is their negative attitudes toward
agricultural pursuits. Horn et al. (2015), however, said that youth migration to cities could
be reduced if they are motivated to engage in agriculture where they can produce for
income generation purposes. An association was detected amongst gender, however, no

association was detected among household size (Table 1.1).



Table 1.1: Socio-demographics of Bambara groundnut farmers that were interviewed

Variables % of farmers df * p-value
Female 87.3 1 10.279 0.001
Gender Male 12.7
20-29 4.8
30-39 11.1
40-49 22.2 4 4.243 0.374
50-59 30.2
Age (in years) >60 31.7
<10 46.0
11-20 46.0 2 0.639 0.727
Household size >21 7.9

According to the demographic findings, only 12.7% of men compare to a high number
(87.3%) of women interviewed. This result concurred with findings from Karunaratne et
al. (2015) and Valombola et al. (2021). This could be due to the fact that men are not
interested in field cultivation for crop production, as they prioritize other income-
generating activities or occupations that are perceived as more profitable or prestigious
than Bambara groundnut cultivation. Furthermore, in some societies, certain agricultural
activities are traditionally assigned to specific genders. Bambara groundnut cultivation is
perceived as a task traditionally associated with women or not aligned with traditional
male roles, hence, men less likely participate. Consequently, addressing the gender
disparity in Bambara groundnut cultivation may require interventions that tackle these
underlying factors. This could include promoting gender equality and challenging gender
stereotypes, providing training and resources to enhance men's agricultural knowledge
and skills, , and raising awareness about the economic potential and nutritional value of
Bambara groundnut cultivation. Engaging men as active participants in promoting
sustainable agriculture and food security is crucial for achieving inclusive agricultural

development.
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1.3.2. Bambara groundnuts farming systems

The Bambara groundnut farming systems in two constituencies in Kavango East Region
are shown in Table 1.2 below. Statistically significant differences were recorded among
farm sizes in the two constituencies at (P = 0.016), with 65.1% of farmers reported with
farm sizes between two (2) and five (5) ha, while 11.1% of farmers reported of having
farms sizes larger than five (5) ha while 23.8% of the farmers with 1ha or less farm sizes.
There were no statistically significant differences in land sizes between the two
constituencies with regards to the area designated for Bambara groundnut growing (P <
0.576). According to the data analysis, majority of farmers (77.8%) indicated that they
only allocate a small portion of land (less than a ha) for Bambara groundnut cultivation,
while 22.2% indicated that they allocate more than 1ha. Horn et al. (2015) reported that
farmers frequently allocate cropping area based on their preferred or most important crops,
and as a result, majority of farmers in the two constituency could have interest in other
crops than in Bambara as suggested that larger farming areas are usually dedicated to the
crops that are most valuable by the farmer. This was also corroborated by Flesseiner
(2006) finding that 67% of farmers in the Kavango region were involved in Bambara
groundnut cultivation, which was ranked the sixth important crop in that region.
Additionally, in Zimbabwe, the crop also was frequently reported to be receiving a lower

priority when land is allocated among the villages (Hillocks et al., 2012).

The annual average yields of Bambara groundnut were also found to be significantly
different at (P < 0.006). About 42.9% of the farmers reported that they usually harvest less
than 50 kg of Bambara groundnut from their portions annually, 33.3% harvest 100 kg or
more, while 23.8% harvest 50 to 100 kg. The on-farm production level was still unknown
and is anticipated to be substantially low. This is in line with Fleissner (2006) who outlined
that the grain yield levels on research stations in the Kavango region ranged from 400 to
600 kg/ha. Local farmers in Namibia, especially in Kavango region have been cited in
Gronemeyer et al. (2016) as having to deal with low yields and declining soil fertility
which could have a negative impact on the farming communities. Therefore, it is crucial
to look at measures to increase yield and guarantee food security. These expectations
cannot be met sustainably unless soil fertility and production in previously degraded fields

are restored. The utilization of green and farm yard manures, composts, and crop residues,
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as well as crop management options such as natural fallow, intercropping, relay cropping,
cover crops, crop rotations, and dual-purpose legumes, has the potential to reverse the
deterioration in soil health. Among these techniques, legumes are widely recognized as
soil fertility builders and restorers, owing to their relationship with symbiotic nitrogen
fixation (Yakubu et al., 2010; Chanway et al., 2014; Musa et al., 2016). Consequently,
microbial inoculants have been used for generations to improve agricultural production,
soil health, and plant health (Saad et al., 2020). Many studies have demonstrated that
microbial inoculants can boost legumes nodulation, nitrogen fixation, and grain yield in
the fields of real-world subsistence farmers (Thilakarathna et al., 2019; Ibny et al., 2019;
Allito et al., 2021; Gedamu et al., 2021). According to a study done in the Kavango East
Region by Luchen et al., (2018), cowpeas that were subjected to bio-inoculant treatments
yielded a greater grain production in kg ha when compared to the negative control and
fertilizer treatments. This clearly shows that bio-inoculants may provide local subsistence
farmers with a less expensive eco-friendly way to improve output of Bambara groundnuts

and other crops.

Table 1.2: Bambara groundnut farming systems in the two constituencies in Kavango East

region in Namibia

% of
Variables farmers df X2 p-value
< lha 23.8 2 8.304 0.016
Size of the farm 2-5 ha 65.1
>5ha 11.1
i < lha 77.8 1 0.313 0.576
Area planted with BGN
>lha 22.2
<50kg 42.9
Average yield per year 50-100kg 23.8 2 10.171 0.006
>100Kg 33.3
] Home consumption 85.7 1 2.922 0.087
Main uses .
Income generation 143
Black 20.6
Seed color preference
Brown 6.3

12



Red 17.5 4 18.898  0.001

Cream 54
Chocolate 1.6
Early maturing 27
Easy to cook 175
Reasons for seed preference High yielder 22.2 4 27.592  0.000
Size (big) 17.5
other 15.9

It was discovered that Bambara groundnut was grown by 85.7% of farmers just for home
consumption while 14.3% was for income generation. The results revealed that only a
small number of farmers grow Bambara groundnut for the purpose of selling and income
generation, while the majority grow the legume for home consumption. It was also
reported that some farmers sell their fresh produce or seeds unofficially at open
marketplaces to other farmer during planting seasons.

According to the findings and comparisons with other nations, Bambara groundnut is
significantly underutilized and does not receive the attention it merits in Namibia.
Temegne et al. (2018), for instance, noted that Bambara groundnut seeds are fed to pigs
and chickens while leafy stems are used as animal fodder in Eastern Nigeria. Additionally,
the IRAD (Institute of Agricultural Research for Development) in Cameroon mixes
Bambara groundnut flour with cereal to create "baby lion™ porridge. However, there is not

a single commercial Bambara groundnut by-product available in Namibian stores.

Another factor that farmers considered during evaluation in all of the constituencies was
on the choice of colour preferred at sowing. A high statistically significant difference was
observed between constituencies with regard to preferred seed colour of Bambara
groundnut (¥2=18.898; P < 0.001). Indicating that the favoured seed colour of the
Bambara groundnut varied between the two constituencies. In Ndiyona, for example, the
majority of farmers chose the black seeded Bambara groundnut, followed by the red
coloured Bambara groundnut, however in Mukwe, no farmer favoured the brown coloured

seeds, with the majority preferring the cream-coloured Bambara groundnut. Overall,

13



cream-coloured seeds were most popular among Bambara groundnut consumers (54%),
followed by black (20.6%), and chocolate (1.6%). Similar findings were made by
Valombola et al. (2021), who also claimed that cream seeds were the most popular in that
area. In contrast, Hillocks et al. (2012) reported on the red seeds variety popularity in
Zimbabwe than cream seeds variety, and was reported to have high market value than the

cream coloured.

Farmers reported that they choose preferred seed colour based on the variety of
characteristics, including early maturation (27%), easy cooking (17.5%), high yielder
(22.2%), size (large), and other factors including the shoot's resistance to wilting, notably
for the red colour Bambara groundnut. According to the results of the Chi-square test,
there was a highly significant association (2 = 27.592; P < 0.000) between the
constituencies' seed selection criteria. The farmers explained that some Bambara
groundnut colours, like the red ones, are bitter and difficult when cooking or hard when
crushing to make relish. According to Mubaiwa et al. (2017) and Khan et al (2021), the

hard-to-cook phenomenon is the main issue restricting the use of Bambara groundnut.

1.3.3. Traditional dishes prepared from Bambara groundnut
Bambara groundnut is consumed in a variety of ways at various stages of maturity in the
two constituencies in the Kavango East Region (Table 1.3). After boiling for nearly an

hour, newly collected pods are consumed as a snack.

Table 1.3: Traditional dishes prepared from Bambara groundnut in the two constituencies

in Kavango East Region

Traditional dishes from Bambara |Preparation

groundnut in Kavango

1.Stiff porridge "mugombakapindi” [1.1.Boiled dry seeds with mahangu flour

2.Relish/soup 2.1.Fresh seeds/ dry roasted seeds, boiled into soup
3.Snacks "shikuvira" 3.1.Roasted dry seed flour mixed with peanut flour
4, Boiled seeds 4.1.Boiled seeds when fresh or dry, mixed with corn
5.Instant porridge "rutura™ 5.1.roasted dry seed flour with warm water
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Dry Bambara groundnuts can be mashed to make soup or relish or roasted and consumed
as a snack. Additionally, a blend of Mahangu flour and boiled dry Bambara groundnut
seeds is used to make the stiff porridge "mugombakapini.” Bambara groundnuts are
roasted, crushed into flour, and then used to produce "rutura,” an instant porridge. It is
hard to find recipe of these important cuisine in Namibia as most of the information is not
documented. Even though the number of foods made in Kavango is less than in other
African countries, other countries also prepare some of these dishes. For instance,
Mubaiwa et al. (2017) reported that Bambara flour has been used to make both stiff and
thin porridge in Eastern Africa. Dry Bambara groundnut seeds are pulverized and
converted into a delicacy in Eastern Nigeria known as "okpa," which is wrapped in banana
leaves before cooking and consumed as breakfast, lunch, or dinner by a typical low
socioeconomic family (Obidiebube et al., 2019).

1.3.4. Inputs for Bambara groundnut farming

The Chi-square test indicated that there was a statistically significant association (y2 =
3.592; P <0.058) in farmers’ usage of fertilizer in the two constituencies. Indicating that
the usage of fertilizer differed among the two constituencies. For instance, 100% of
farmers in Mukwe constituencies indicated that they do not use fertilizer in their Bambara
groundnut fields, while 8.7% of farmers in the Ndiyona constituencies indicated that they
use fertilizer. The farmers who use fertilizer were identified as one of the leading farmers
in the Deutsche Gesellschaft flr Internationale Zusammenarbeit (GI1Z) programs, hence,

they are given fertilizer and are trained on how to use it (Table 1.4).

Table 1.4: Farmers’ response on the usage of fertilizer in the two constituencies in

Kavango East Region

Constituenc % of farmers with fertilizer% of farmers withoutOI

. 1 P-value
y usage fertilizer usage
Mukwe 0 100 1 3592 0.058
Ndiyona 8.7 91.3

It was clear, nonetheless, that majority of farmers do not utilize fertilizers at (y2 = 6.86; P

<0.032). While all farmers in Mukwe constituency reported that they do not use fertilizer,
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42.5% of them cited unavailability and affordability as the reasons why they do not use it,
while 17.4% of the farmers in Ndiyona cited unavailability only. Fertilizer is not required,
according to 57.5% of farmers in Mukwe and 73.9% of farmers in Ndiyona. This is due
to several factors, including the fact that their forefathers never applied fertilizer on their
field crops including Bambara groundnut which they believed that it did not need
fertigation (Table 1.5). The conclusions regarding fertilizer consumption are comparable
to those of Horn et al. (2015) who reported that most farmers do not have access to
synthetic fertilizers for enhancing soil fertility. Furthermore, these fertilizers are believed
to increase soil acidity and may result in a high reliance on N fertilizer for crop production
(Lindstrém and Mousavi, 2020). As a result, more efficient techniques are required. One
of the techniques is the use of rhizobacteria inoculants to increase leguminous crop
production while reducing the need of synthetic N fertilizer (Laurette et al., 2015).
Rhizobial inoculation is a less expensive and often more successful agricultural strategy

for guaranteeing adequate N supply (Yakubu et al., 2010).

Table 1.5: Reasons for not using fertilizer in the two constituencies in the Kavango East

Region
Constituency Reason for farmers not using fertilizer df 1 P-value
% of farmers who do% of farmers who do not use
not need fertilizer fertilizer due to availability
Mukwe 575 42.5 1 6.86 0.032
Ndiyona 73.9 17.4

1.3.5. Bambara groundnut production constraints

High costs and field pests were cited as major production constraints in Bambara
groundnut production (Table 1. 6). In addition, high labour costs were cited as a constraint
on the production of Bambara groundnuts by 62.5% of farmers and high seed costs were
cited by 37.5% of farmers in the Mukwe constituency. On the other hand, 60.9% of
farmers in Ndiyona constituency, responded that high labour costs, of 30.4% claimed high
seed costs, and 8.7% said high fertilizer costs were a production limitation for Bambara
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groundnuts. Due to low yield of Bambara groundnut, most farmers finishes their harvested
Bambara groundnut before the next planting and harvest, sparing nothing for planting the
following season. As a result, they struggle to obtain enough seeds for planting, and their
only alternative is to borrow or buy from informal markets or neighbours. This is
supported by Valombola et al. (2021) who noted that, the seed production and marketing
system for this crop is not formalised, as farmers continue to acquire seeds informally by
using their own seeds from prior harvests. Some of the farmers claimed that the reasons
for not expanding their production was due to the lack of necessary harvesting equipment.
Some claimed that the cultivation by hand hoeing was limiting their production and urged
for government to avail tractors or oxen to them. Where there is no means of labour to
land tilling, farmers reserve their energy for the cultivation of other vital crops like
Mahangu instead of Bambara groundnut. Grénemeyer and Reinhold-Hurek (2018)
reported that several factors, such as unpredictable yields, the danger of crop failure, and
a lack of financial resources contribute to food insecurity in these rain-fed agriculture
systems in the Kavango Region. This means that farmers also need to be provided with
the required resources to maximize productivity, in addition to the use of microbial
inoculants to boost production or yield. According to Mfilinge et al. (2014) and Santos et
al. (2019), using appropriate inoculant strains in nitrogen-deficient soils may provide an

excellent opportunity for increasing legume growth and development.
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Table 1.6: Bambara groundnut production constraints in the two constituencies (Mukwe

and Ndiyona) in Kavango East

Constituency

Bambara groundnut

. ] % of farmers in% of farmers in Df 12 P-value
production constraints

Mukwe Ndiyona

High cost
fertilizer 0.0 8.7
seed 37.5 304 2 3.693 0.158
labor 62.5 60.9
Field pest
Stem borer 7.5 4.3
Greenburg’s 0.0 21.7 3 13.719 0.003
Aphids (runwamaghadhi) 92.5 65.2
Stem and stalk borers 0.0 8.7

There were statistically significant association between constituencies and field pests (%2
=13.719; P <0.003), that is, the response on field pests as a contributing factor to yield
losses every year was different among the two constituencies (Table 1.6). Most of the
farmers in both constituencies deals with aphids, also known as "runwamaghadhi™ locally
(Fig 1.3). In addition, they also reported of rodents, termites, ants, and cutworms (Agrotis)
as major pests in their field crops. Similar to this finding, Mukakalisa (2010) and Tlankka
et al. (2020) found that insect pests such as aphids (Aphis sp.), leafhoppers (Hilda
patruelis), and bruchids (Callosobruchus maculatus, and C. subinnotatus) limit the output
of Bambara groundnuts. Therefore, efficient agriculturally beneficial microbes (microbial
inoculants) have the potential to play a role in sustainable crop production due to their
immense plant growth promoting attributes, as well as plant protection metabolites
(biopesticides) (Singh et al., 2016; Gedamu et al., 2021). The use of biopesticudes will be
of good use to the farmers as they are less expensive and safer than chemical pesticides
(Babalola et al., 2017; Tsegaye et al., 2017).
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Figure 1.3: Aphids (left) and termites (right), pests observed among Bambara ground,

during growing and harvesting periods.

1.4. Conclusion

This study provided insights on Bambara groundnut farming systems, farmers preferred
seed colour and the reason for their preference, Bambara groundnut farming input, and
production constraints in the two constituencies of the Kavango East Region, in Namibia.
The availability of better seeds and production inputs, which includes fertile soils were
found to be critical factors in increasing Bambara groundnut yield in the country.
Therefore, a healthy and productive soil is essential for agricultural sustainability, food
security, and energy renewal. It is believed that the development of the underutilized
Bambara groundnut is expected to be greatly aided by the adoption of modern technology,
such as inoculants, to improve production and feed the world's expanding population.
Based on the information presented this study, the Kavango Regions could serve as the
Bambara groundnut production hub and could supply the entire Namibia and beyond.
However, this could only be realised if the country's Bambara groundnut productivity is
supported with modern production practices and inputs as well as provision of quality

seeds amongst others.
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Chapter 2: A Review of the literature

Prospects of rhizobial inoculant technology on Bambara groundnut crop
production and growth

Abstract

After peanuts and cowpeas (Vigna unguiculata), the Bambara groundnut (Vigna
subterranea (L.) Verdc) is the third most significant food legume in Africa. It is
characteristically grown in marginal soils, is drought tolerant, and also has the potential
for nitrogen (N) fixation. Despite that, year-on-year Bambara groundnut yields are on a
gradual decline due to a combination of abiotic and biotic stresses such as uneven annual
rainfall and climate-induced changes in soil microbial community compositions,
negatively impacting food security. Thus, the application of rhizobial inoculants at
planting significantly improves yields in many leguminous crops. Moreover, symbiotic
inoculants are well established in developed countries for improving N fixation and
productivity in grain legumes. Sub-Saharan African countries, however, still under-utilise
the above practice. In crop production, N is the most frequently deficient nutrient since it
stimulates root and shoots growth. Whereas N fertilisers can be used to supplement soil N
levels, they are, however, also costly, at times inadequate, may not be timely in supply
and may have deleterious environmental consequences. Hence, rhizobial inoculants are
seen as a cheaper, easier, and safer method for improving N-fixation and crop productivity
in grain legumes. As a result, smallholder farming systems are food secure. Thus,
identifying the most efficient rhizobial strains for biofertiliser production for Bambara

groundnut is of utmost importance to the farming communities.

Keywords: Bambara groundnuts, biofertiliser, food security, legumes (Fabaceae),

productivity, rhizobia
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2.1. Introduction

Leguminosae, which has more than 770 genera and 19,500 species, is the third-largest
land plant family (Liu et al., 2011; Ren, 2018). Additionally, leguminous are the second-
most produced crops after cereal (Belete et al., 2019). There are many native legume
species in Africa where the highest levels of global legume diversity are found (Sprent et
al., 2010). According to Mfilinge et al. (2014), Bichi et al. (2015), Phillips and Saunders
(2016), and other sources, legumes are grown as fodder, seed crops, as cover crops along
cash crops or in conjunction with other crops. The capacity of legumes to fix atmospheric
N has been credited with their ability to dominate many unfavourable and disturbed
ecosystems by enabling the plants to flourish in nutrient-poor soils (Andrews and
Andrews, 2017; Jaiswal and Dakora, 2019; Van Wyk, 2019).

The Bambara groundnut (Vigna subterranea (L.) Verdc), which is one of the historically
grown legume food in Africa, is significant in several areas, including nutrition, medicine,
and agronomical value, yet it is neglected and underutilised (Musa et al., 2016; Babalola
et al., 2017; Gbaguidi et al., 2018; lkenganyia et al., 2018; Khan et al., 2021). After the
well-known groundnut (Arachis hypogea) and cowpea (Vigna unguiculata), it is the third-
grain legume crop grown in the tropical lowlands of Africa (Egbe et al., 2013). The grains
show a variety of colours (Figure 2.1). Bambara groundnut varieties are enjoyed by many
people, especially in Africa, and are consumed in various forms, including dried, freshly
cooked, or in combination with other grains as food (Kanonge-Mafaune et al., 2018). In
addition to other nutritional content, the grain of Bambara is made up of a high percentage
of protein (20.6%), carbohydrate (56.5%), fat (6.6%), and fibre (6.3%) (Hillocks et al.,
2012; Mubaiwa et al., 2017; Ibny et al., 2019). According to Mubaiwa et al. (2017), the
Bambara groundnut has a higher protein quality since its protein score recorded was 80%
as opposed to 74% for soybean, 65% for groundnut, and 64% for cowpea. The lack of
information regarding better seed systems, breeding, agronomic techniques, processing,
and utilisation are amongst the factors restricting the utilisation of Bambara groundnut
(Mubaiwa et al., 2018; Tan et al., 2020). It is well known that Bambara groundnut
cultivation contributes to the preservation of soil fertility through the symbiotic fixation
of N by root nodule-associated bacterial symbionts called rhizobia (Karunaratne et al.,
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2015). Despite its contribution to soil wellbeing, symbiotic N-fixation is affected by some
climatic conditions such as poor rainfall, prolonged drought, as well as high temperatures
that affect rhizobium populations in the soil, and consequently reduce nodulation and
yields of locally cultivated Bambara groundnuts (Gronemeyer et al., 2014). As a
countermeasure strategy, studies have indicated that coating Bambara groundnut seeds
with rhizobial inoculants before planting tends to increase yields (Hillocks et al., 2012;
Ibny et al., 2019). Motivated by the need for adaptation to climate change and to
sustainably stabilise and improve yield of nutritious food in smallholder agriculture facing
challenges to apply N fertiliser (Pulido-Suéarez et al., 2021), this review discusses benefits
of Bambara groundnut and potential of rhizobial inoculation in Bambara groundnut crop
production, and urges on developing adapted inoculants. As a search strategy, we used the
terms ‘Bambara groundnut’, ‘rhizobia’, ‘biofertiliser/inoculants’ or ‘Biological Nitrogen
Fixation’, to screen the relevant journals for recent articles from 2010 to 2022, with the

exception of one article from 1997. The quality areas of selection bias, suitable data

collection and analysis, and generalizability were used to evaluate each study’s quality.

Figure 2.4: Examples of Bambara grounduts. (A) Dehulled grains in various colours, here
from cream to dark brown. (B) Freshly harvested Bambara groundnuts. (C) Symbiotic

root nodules of field-grown Bambara groundnut.

2.2. Origin and distribution of Bambara groundnut

Bambara groundnut is a native African legume grown for generations in sub-Saharan
Africa, primarily in semi-arid areas such as Namibia (lkenganyia et al., 2017; Temegne et
al., 2018). According to Nasse et al. (2019); Mayes et al. (2019) and Khan et al. (2021),
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Bambara groundnut was initially discovered in West Africa and appears to have moved
southwards throughout sub-Saharan Africa. Literature has suggested that the Bambara
groundnut originated in an area named “BAM-BARA”, which is home to an agriculturist
tribe that resided largely in the state of Bambara near Timbukutu in the west African
region of central Mali (Tan et al., 2020), hence the name Bambara groundnut. Currently,
the Bambara groundnut is grown extensively in most of West to southern Africa, Central
Africa, Indonesia, Malaysia, India, Sri Lanka, Philippines, South Pacific, sections of
northern Australia, Papua New Guinea, Central and South America (Aviara et al., 2013;
Karunaratne et al., 2015).

Several semi-arid and sub-Sahara African countries, including Nigeria, Ghana, Cameroon,
Togo, and Mali are now well-known for cultivating the crop. The primary growing regions
for Bambara nuts in Southern Africa, are South Africa and Zimbabwe, while Southeast
Asia, especially Thailand, Indonesia, and Malaysia, make up the secondary growing
region (Khan et al., 2021). The world’s annual production is estimated to be around 330
thousand tons, with the west African countries - Burkina Faso, Cameroon, Mali, Niger,
Togo, and the Democratic Republic of the Congo being the major growing regions, with
annual production at about 300 000 million tons and with Burkina Faso providing the most
extensive yield at around 100 000 million tons per year (Khan et al., 2021). The lower
yields in Sub-Saharan Africa emphasise the need for Bambara groundnut breeding to
enrich varieties, as well as inoculant use to improve agronomic practices and enhance

yields.

2.3. Biological nitrogen fixation

Biological Nitrogen Fixation (BNF) is a fascinating biological phenomenon that involves
the interaction between soil microorganisms, in particular bacteria, and higher plants
(Santos et al., 2019). When the bacteria are in a symbiotic relationship, the BNF process
is mediated by bacteria and the product is readily available to plants (Santi et al., 2013).
During this process atmospheric N2 is reduced to ammonia (NHz) by the action of the
enzyme nitrogenase (Liu et al., 2016). BNF occurs in the rhizosphere of non-leguminous

plants and, in the root nodules of leguminous plants in the soil (Ahemad and Kibret, 2014).
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Rhizobia in the root nodule obtain carbon sources and thus energy from the higher plant
and use them to reduce usable N which is then directly supplied to the plant to produce
biomass and food (Puozaa et al., 2017; Mahmud et al., 2020). Jaiswal et al. (2021) reported
that legume-rhizobia symbiosis is responsible for between one-third and one-half of the
total N added to agricultural land. Similar to this, Kanonge-Mafaune et al. (2018) claimed
that under ideal conditions, grain legumes may fix up to 200 kg of N ha™!, considerably
lowering the need for inorganic N fertilisers. lbny et al. (2019) and Pulido-Suérez et al.
(2021) also argue that the N fixed by legumes can be as high as the amounts of N fertilisers
used in conventional farming practices. This is congruent with Egbe et al. (2013) arguing
that nearly half of the amount of N in inorganic N fertilisers is through symbiotic N
fixation, according to estimates. According to some estimations, Bambara groundnuts
may fix up to 28.42 kg N ha™! in the Sudano-Sahelian zone of Nigeria (Yakubu et al.,
2010). Furthermore, Yusif et al. (2016) noted that fixation by rhizobia recruited from the
soil alone provided additional N of 61.1 mg plant? but soil and inoculated rhizobia
(HISTICK) together gave an additional N input of 124.7 mg plant? in groundnut in
Nigeria. While the above estimates differ in magnitude, the overall observation is that
BNF significantly contributes to soil N build-up, making it a reliable substitute for

inorganic fertilizer application.

Table 2.1 presents some of the benefit increases of legume yields or nitrogen inputs with
different inoculants. The highest N increases have been recorded by Denton et al. (2017)
in Faba bean and Lupin. Furthermore, several reports have as well indicated increased
grain yield with increased N content in the soil. The highest grain yield improvements
have been recorded in cowpea which was inoculated with Bradyrhizobium strains BR
3267 and BR 3262 (EMBRAPA BRAZIL). From the review, it is evident that Bambara
groundnut has been ignored by research given that there are few reports on inoculant use
on Bambara groundnut. However, the information emanating from research findings on

other legume crops is giving support to inoculant technology and its benefit to the plants.
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Table 2.7: Benefit increase of legumes by inoculants

Common name of

Legume crop Variety rhizobia inoculant Benefits increase References
Cowpea Bornoji red 42.68 kg N ha* (N fixation)
.. . 1 L Yakubu, Kwari and
Groundnut KoljiKanuri Three Bradyrhizobium strains (collected 27.19 kg N ha* (N fixation)
Ngala (2010)
Mallum from the same legume cultivars during the
Bambara groundnut Karekare previous experiment) 32.53 kg N ha* (N fixation)
Legumefix with Bradyrhizobium japonicum
strain 532 C (Becker Underwood, UK),
Biofix with B. japonicum strain USDA 110
Soy bean N/A (MEA, Kenya) 19 and 12% (grain yield)
Bradyrhizobium strain BR 3267 and BR
Cowpea N/A 3262 (EMBRAPA BRAZIL) 46 and 37% (grain yield) Ulzen et al. (2016)
grain yield from 0.48 to 1.94 t ha*
(grain yield)
-1 H H
Faba bean N/A Peat- based carrier (BASF, Southbank, 46 to 280 kg N ha™* (N fixation)
Lupin N/A Australia) 175 kg N ha* (N fixation) Denton et al. (2017)
206.9 and 99.3% (shoot dry
Faba bean Moti NSFBR-15 and NSFBR-12 weight) Allito et al. (2021)
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Common name of

Legume crop Variety rhizobia inoculant Benefits increase References

Carrier peat-based Rhizobium strains of

faba bean, EAL 1018 obtained from Soil

Microbiology Laboratory of Holeta Gedamu, Tsegaye and
Faba bean N/A Agricultural Research Centre (HARC) 45.6, 27 and 11.6% (grain yield)  Beyene (2021)
Groundnut Chinese KNUST 1031 24% (seed yield) Wilson et al. (2021)
Groundnut Samnut22 ~ KNUST 1002 16% (seed yield)
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2.4. The rhizobial symbionts

According to Tsukanova et al. (2017), rhizobia are soil-borne bacteria that are part of the
Proteobacteria families a, B, and 6 with the ability to develop nodules on the roots, and
occasionally the stems of host plants, which are mostly legumes (Ahemad and Kibret,
2014; Raissa et al., 2020). The alpha-proteobacteria harbour most bacterial genera of
nodule-forming microsymbionts; for example, the major genera are Rhizobium,
Bradyrhizobium, Azorhizobium, Mesorhizobium, Ensifer (Sinorhizobium), Neorhizobium,
Pararhizobium, and Allorhizobium, collectively referred to as “rhizobia” (Jaiswal et al.,

2021), which can form symbiotic associations with a variety of legumes.

Except for a few studies that have demonstrated that species of the genus Bradyrhizobium
nodulate Bambara groundnut, there is little information available on the biodiversity of
rhizobia nodulating Bambara groundnut in African soils (Ibny et al., 2019). According to
Jaiswal and Dakora (2019), Bradyrhizobium is regarded as one of the most cosmopolitan
and diverse bacterial groups responsible for nodulation in a variety of host legumes
including Bambara groundnut in Africa. However, it is important to remember that the
distribution patterns of rhizobial species vary depending on the geographic region
(Ikenganyia et al., 2017). Hence, they might be other rhizobial symbionts associated with
Bambara groundnut which have not been explored. Despite the need for increased food
legume production, it has been reported that the diversity and distribution of the African
nodulating indigenous legumes that form symbioses with bradyrhizobia and other rhizobia
are not well understood (Ajayi etal., 2020). Nonetheless, research has revealed that
bradyrhizobia nodulates several African dietary legumes (lbny et al., 2019; Ajayi et al.,
2020; Dlamini et al., 2021). This could be explained by the distinctive edaphoclimatic
conditions of the continent’s diverse habitats (Jaiswal and Dakora, 2019). To find rhizobia
that can efficiently nodulate and promote the growth of significant yet underutilised crop
species like Bambara groundnut, it is crucial to constantly investigate new geographic
regions. Further research to facilitate identifying of numerous unique bradyrhizobia
residing in African soils are required, to better understand the biogeography of
Bradyrhizobium strains and their potential for inoculant production. Examples of some of
the rhizobia that have been isolated from different legume crops and more specifically on
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Bambara groundnut are presented in Table 2.2. Amongst at least 10 species of
Bradyrhizobium spp. isolated from nodules or nodulating Bambara groundnut in the
laboratory, there are several that were Namibian isolates recently described as novel
species, such as B. subterraneum (Grénemeyer et al., 2015a), B. kavangense (Gronemeyer
et al., 2015b), B. namibiense (Gronemeyer et al., 2017), or B. vignae (Grénemeyer et al.,
2016). Thus, this host plant appears to be quite promiscuous towards Bradyrhizobium spp.,
suggesting that inoculants that are well-adapted to varieties and environmental conditions

may have to be developed for maximum benefit of yields.
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Table 2.8: Examples of rhizobia isolated from different legumes at different locations

Common name of

Rhizobia species legumes Latin name Crop part Location of isolation Reference
Ensifer fredii virgin and
Soybean Glycine max (L.) cultivated Zambia Kapembwa et al. (2016)
Rhizobium tropici soils
Rhizobium anhuiense, R.
fabae, R. vallis, R. N Panxi, China
Faba bean Vicia faba (L.) Root nodule Chen et al. (2018)

sophorae, Agrobacterium

radiobacter

Bradyrhizobium pachyrhizi,
B. yuanmingense and B.

dagingensees

Bradyrhizobium kavangense

Bradyrhizobium

subterraneum

Cowpea, Bambara
Groundnut, peanut,
Hyacinth bean, and

common bean.

Cowpea and

Bambara groundnut

Bambara groundnut

and Peanuts

Vigna unguiculata, V. Namibian Mashare and

subterranea, Arachis

Root the Angolan Cusseque Grsnemeyer et al.
hypogaea, Lablab
yPos nodules ~ areas (2014)
purpureus, and Phaseolus
vulgaris
] ] Subsistence farmers’
Vigna unguiculata and  Root ) ) Groénemeyer, Hurek and
) fields in the Kavango )
Vigna subterranea nodules Reinhold-Hurek, (2015)

region, Namibia

. Subsistence farmers’  Grénemeyer,
Vigna subterranean and Root ] ] )
fields in the Kavango Chimwamurombe and

Arachis hypogaea nodules ) . ]
region, Namibia Reinhold-Hurek (2015)
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Common name of

Rhizobia species legumes

Latin name

Crop part Location of isolation Reference

Cowpea, Bambara
Bradyrhizobium vignae . groundnut and

peanuts

Bradyrhizobium namibiense Hyacinth bean

Bradyrhizobium vignae, B.

kavangense, B.

Vigna unguiculata,

Vigna subterranea and

Arachis hypogaea

Lablab purpureus

Bambara groundnut Vigna subterranea

subterraneum, B. elkanii and

B. pachyrhizi.

Bradyrhizobium pachyrhizi
B. yuanmingense, B.

arachidis, B. subterraneum

Bradyrhizobium

yuanmingense, Rhizobium

Bambara groundnut Vigna subterranea

Bambara groundnut Vigna subterranea

alamii, R. sullae, and Ensifer

sp.
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Subsistence farmers’ )
Gronemeyer et al

Root noduleFields in the Kavango
(2016)

region of Namibia

Gronemeyer, Blnger

Root o ]

Namibia and Reinhold-Hurek
nodules

(2017)

Ghana and South
Root Africa Puozaa, Jaiswal and
nodules Dakora, (2017)

South Africa and

Root nodule Nougani Mali Ibny et al. (2019)

Root o _
Cote D’ivoire Raissa et al. (2020)
nodules



Rhizobia species

Common name of

legumes Latin name

Crop part Location of isolation Reference

Bradhyrhizobium spp

Bradyrhizobium arachidis,
B. manausense, B.
guangdongense, B. elkanii,

and B. pachyrhizi.

Bambara groundnut Vigna subterranea

Bambara groundnut Vigna subterranea (L)
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Ajayi, Dianda and

Root nodule Nigerian soils
Fagade, (2020)

Eswatini
Root nodule Dlamini et al. (2021)



2.5. Mechanisms of nitrogen fixation by rhizobia

Nitrogen fixation happens through three different processes, including root hair
penetration and infection thread formation, or rhizobia can infect their legume hosts
and induce root or stem nodule formation (Liu et al., 2011). In some plants such as
peanuts, where the infection process does not involve root hairs, the rhizobia can also
enter the host through wounds or lateral root emergence (also known as “crack” entry)
(Boogerd and VVan Rossum, 1997; Ren, 2018); or penetration of root primordia found
on the stem of some plants such as in Sesbania can result in entry (Froussart et al.,
2016). But based on the information at hand, it appears that most species of legumes
have their roots infected by rhizobia through root hair infection (Perrine-Walker et al.,
2014; Wang et al., 2018). According to Lindstrom and Mousavi (2020), the nod, nif
and fix genes dominantly regulate symbiotic nitrogen fixation in rhizobia.
Additionally, other sets of genes in the bacteria regulate various aspects of the
nodulation process (Hong et al., 2012). The “nif” genes which encode the nitrogen-
fixing enzyme nitrogenase subunits and additional proteins required for nitrogenase
synthesis, regulation, and function, and the “nod” genes, which encode proteins for
Nod factor synthesis that induce various symbiotic responses on legume roots, are the
main symbiosis genes being studied (Gopalakrishnan et al., 2015). According to Li
etal. (2017), particular nod genes have been demonstrated to be important
determinants of legume host specificity. Furthermore, Andrews and Andrews (2017)
noted that because rhizobium strains are specialised, one rhizobium strain may infect
some species of legumes but not others. The nif and nod genes, with the exception of
Bradyrhizobium, are frequently carried on plasmids or symbiotic islands. These genes
can be transferred (lateral transfer) between several bacterial species within a genus

but seldom across genera (Shin et al., 2016).

The exchange of signals that enables mutual recognition and the activation of a
signalling cascade is the first step in symbiotic interactions (Lindstrém and Mousavi,
2020). In reaction to the flavonoids released in plant root exudates, rhizobial lipochito-
oligosaccharide signal molecules known as Nod factors are produced (Froussart et al.,
2016). Nodule organogenesis begins when the plant detects the Nod factors. This is
done by the root hair tips curling, which creates an infection thread, mitotic division

of root cortical cells, and the formation of a nodule primordium (Rao, 2014).
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Thousands of living rhizobial symbionts, the majority of which are in the distorted
form known as bacteroids, essentially colonise each root nodule (Ren, 2018). These
bacteroids are encircled by membrane fragments from plant cells. N is fixed in these
structures, known as symbiosomes-like stuctures, which may include numerous
bacteroids or simply one (Babalola et al., 2017). Rhizobia differentiate into N2-fixing
bacteroids that use nitrogenase to catalyze the conversion of atmospheric N into
ammonia (Mahmud et al., 2020; Jaiswal et al., 2021).

2.6. Rhizobia inoculation and its constraints

Various researchers have reported on the application of microbial consortia or single
microbes as inoculum that could be employed in agriculture to remedy degrading soil
conditions; however, the effective transfer of microbial inoculants from the lab to the
field remains a challenge that requires urgent attention (Ahemad and Kibret, 2014;
Pulido-Suarez etal., 2021). The transfer of microbial inoculants to the field is
challenged by numerous factors such as crop species and crop variants, varying
climatic conditions between fields, as well as by the exponential rise in the number of

microbial isolates in recent years (Mfilinge et al., 2014; lkenganyia et al., 2017).

According to Sajid et al. (2011); Singh et al. (2016), and Jaiswal and Dakora (2019),
often regions regarded as geographic origins of legumes correlate with diversity
hotspots of their respective symbionts. In addition, the performance of isolates on
various local hosts varied, according to Gronemeyer et al. (2014), who found that most
Namibian isolates were more effective in inducing nodulation on peanut and hyacinth
bean grown in Namibia as opposed to the Angolan strains when used on the same
varieties. Rhizobial strains frequently perform poorly in environments that are distinct
from their original habitats, and Blinger et al. (2021) recently found that their efficacy
depends on environmental parameters like soil temperature and soil texture, amongst
others. Furthermore, Allito et al. (2020) suggested that soil pH and consequentially the
amount of accessible phosphorus have sizable effects on inoculant success. However,
Kanonge-Mafaune et al. (2018) pointed out that optimising the concentration of
rhizobial cells per unit seed three times in cowpea and four times in beans has
improved responses to inoculation and grain productivity. Comparing the usage of
inoculants in consortia form to individual forms, Moreira et al. (2010) observed that

the use of inoculant in consortia form increased growth of the woody legume species
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Albizia lebbeck (L.) Benth, Enterolobium contortisiliquum (Vell.) Morong, and
Leucaena leucocephala. It has also been discovered that seed coat compounds play a
significant role in nodule development (Redjeki et al., 2013). This could be true as
reported by lbny etal. (2019) that variation in Bambara groundnut seed colour
influences the choice of microsymbiont partners, through the attraction of native and

familiar rhizobia with potential symbiotic efficiency within crop species.

2.7. Concluding remarks

It is anticipated that the adoption of contemporary technology will play a crucial part
in the progress of the underutilised Bambara groundnut in the world and Africa in
particular to increase production to feed the World’s growing populations. Rhizobial
inoculants are one way to boost the production of Bambara groundnut that needs to be
explored and developed for the benefit of the agricultural sector. There is also a need
to develop better strains of inoculants that suits the local environmental conditions and
replace/solve the problem of exotic rhizobial strains whose survival rates in local soils
are low due to severe and difference in the environmental and soil conditions. Since
Bambara is a native crop to Africa, an abundance of native rhizobia that are well
adapted and capable of forming symbiotic relationships with the crop to efficiently
fixing N may be available in local soils. It is suggested that temperature-resistant
Bradyrhizobium strains should be isolated and selected on local soils (Gronemeyer and
Reinhold-Hurek, 2018). Therefore, it is highly recommended for a comprehensive
approach to the use of ‘inoculants’ and this should include diagnostics of the field
environment in relation to the desired crop. Furthermore, a holistic approach that
investigate to determine the best agricultural practices, screening of available culture
collections for inoculants, research in the area of microbiomes, and, integration of all
the possible solutions into large-scale industrial production and field applications can

potentially lead to sustainable agriculture and contribute to the global food security.
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Chapter 3

Evaluation of the effect of Bradyrhizobium inoculation on nodulation and
growth parameters of three Bambara groundnut varieties in the Kavango East
Region

Abstract

Bambara groundnut (Vigna subterranea (L.) Verdc) can efficiently fix atmospheric N,
making it available to plants. Application of rhizobial inoculants have been
demonstrated to greatly increase the yields of several different leguminous crops.
There is, however, limited research on the effect of inoculating grain legumes with
rhizobial bacteria in developing countries like Namibia. To this extent, a study was
conducted at the ZERI greenhouse, University of Namibia during 2020/2021 cropping
season, using soil from the Kavango region to ascertain how well the various
Bradyrhizobium strains promote nodulation and growth parameters among three
varieties of Bambara groundnuts. The study also evaluated the strains’ competitive
ability to colonise the roots and promote nodulation in a given period. All the Bambara
groundnut varieties (brown, cream and red) were grown under three treatments
namely, treatment one in which the groundnuts were treated with a single strain
(Bradyrhizobium 9-5), treatment two in which the groundnuts were treated with a
mixed inoculant consisting of seven Bradyrhizobium strains [1-7; 3B 4-1; 9-5, 36 1-1;
36 3-2; 55 1-1 and 60 2-1], and treatment three was a negative control. The treatments
were set up in a randomized complete block design with three replications. The
findings indicate that the utilization of the two inoculants resulted in superior
performance compared to non-inoculated cultivars, as evidenced by significant
increases in both plant height and shoot dry weight. VVar02 (cream), Var03 (red) and
Var01 (brown) treated with the mixed inoculant (MK) had the highest shoot dry weight
with 1.71, 1.50, and 1.24 g plant™* respectively. Nevertheless, Var01, which was not
inoculated, produced 3.7 nodules. When compared to the single strain 9-5, the mixed

strains were found to be more productive and contagious at 0.05 level of significance.

Keywords:

Bambara groundnuts, biofertilizer, legumes, productivity, rhizobia
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3.1. Introduction

While several agricultural research projects have typically concentrated on staple
crops, scientists in industrialized nations have paid attention to underutilized and
neglected crop species (Ajayi et al., 2020). One such example of an underutilized crop
is the Bambara groundnut (Vigna subterranea (L.) Verdc), a legume crop grown for
human consumption in many parts of the world, particularly in Africa (Nassé et al.,
2019). The Bambara groundnut, like other legumes, can fix N (Hillocks et al., 2012).
This feature gives legumes an advantage over other plant species in N limited soils
because they can convert atmospheric N into forms that plants can use through their
symbiotic relationship with rhizobia (Allito et al., 2021; Zielinski and Reinhold-hurek,
2021). The symbiotic process can provide all or some of the N required by the legume.
It can also help build up the soil's N that can be used by succeeding non-legume crops
(Mohammed et al., 2021).

Despite its importance, the production of Bambara groundnut is hindered by poor crop
establishment, improper planting depth and plant spacing, the use of unimproved
seeds, insufficient soil fertility, and a lack of efficient nodulation technology
(Ikenganyia et al., 2018). For instance, it has been reported that local farmers in
Namibia have experienced low yields and declining soil nutrient levels, leading to low
natural nodulation rates in pulses like Bambara groundnut (Gronemeyer et al,. 2014).
According to Gronemeyer et al. (2014), the decline in soil nutrients is most likely
attributed to heat and drought conditions in recent years. Consequently, inoculation
with an effective and suitable rhizobial strain is necessary to boost Bambara groundnut
output and improve symbiotic nitrogen fixation. It has been reported that inoculation
affects the microbial community by increasing the amount of the chosen rhizobial
strain in the rhizosphere (Mohammed et al., 2021; Pulido-Suérez et al., 2021). Various
researchers including Shin et al. (2016) have reported that rhizobacteria inoculants
could significantly improve yield in many leguminous crops. Moreover, the use of
rhizobia inoculants for improvement in nitrogen fixation and productivity of grain

legumes has been well-established in developed countries (Sajid et al., 2011).

In order for inoculant strains to successfully establish themselves, they must be able to
endure the soil environment and make use of the ecological niche that host plant roots
supply (Ibny et al., 2019). Should ineffective rhizobial strains be used for inoculation,

they would be outcompeted by native rhizobial strains. This is supported by Allito et
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al. (2021) and Sanchez-cafizares et al. (2021) that some native rhizobia in the soil may
be ineffective at root colonisation, and hence nodulation. In such circumstances,
nodulation can be enhanced by inoculating seeds with more potent strains. This
strengthens the hypothesis that strain competitiveness is necessary for successful

inoculation in field settings.

Although some strains of rhizobacteria have been isolated from Namibia (Gronemeyer
et al., 2014; Gronemeyer et al., 2015a; Gronemeyer et al., 2015b; Gronemeyer et al.,
2016; Gronemeyer et al., 2017), this technique has not been implemented in Namibia
yet, nor has there been a study to determine the most competitive strain to colonise
Bambara groundnut roots, as well as those of related crops. This study consequently
sought to assess and examine the effects of seed inoculation with different
Bradyrhizobium strains on nodulation and yield components of Bambara groundnut

crops grown in Namibia.

3.2. Material and methods

3.2.1. Study site and Planting materials

Top soil was collected from the Mashare Research Station of the Ministry of
Agriculture, Water and Land Reform (GPS coordinates of 17° 54’ 08.13” S and 20°
08’ 00.99" E) on a site where no legume crops had been previously cultivated, and no
fertilizer applied. In this experiment, three local Bambara groundnut varieties (brown,
cream and red), henceforth referred to as VarO1 (brown), Var02 (cream) and Var03
(red), were used. Bradyrhizobium sp. 1-7, Bradyrhizobium vignae 3B 4-1,
Bradyrhizobium vignae 9-5, Bradyrhizobium sp. 36 1-1, Bradyrhizobium vignae 36 3-
2, Bradyrhizobium subterraneum 55 1-1, Bradyrhizobium subterraneum 60 2-1
isolated by Gronmeyer et al. (2014) in Namibia were used as inoculants in this study
in two forms. The first form consisted of a single strain (9-5) (Figure 3.1), the second

form was the mixture (Mix) of all the 7 strains.
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Figure 3.5: Bambara groundnut (BGN) varieties used in the study (left) and Inoculant
9-5 with peat as a carrier, then packed in Whirl-Pack® sample bags (right)

3.2.2. Experimental layout and inoculation

The three Bambara groundnut varieties were grown in experimental pots under the
greenhouse environment of the Zero-Emission Research Initiative (ZERI) at the
University of Namibia's main campus (GPS coordinates of 22° 36' 23.99" S and 17°
03'16.20" E). The experiment was performed in a randomized complete block design
with a three-by-three factorial design under three replications. The surface sterilization
of Bambara groundnut seeds was performed following the guidelines of Somasegaran
and Hoben (1994). The observation was done on a daily basis for 60 days and data on

the parameters of interest was captured and analysed.

3.2.3. Data collection
Parameters such as the number of nodules per plant, plant height (cm) and shoot weight

were collected 60 days after planting.

3.2.3.1. Plant height, shoot, and nodules

Plant height was determined at 30 and 60 days after planting (DAP). Plant height was
determined by measuring the plant from the crown to the last leaf. Root nodules were
examined at 60 DAP. The roots were removed using a hand trowel without causing
any nodule damage. The number of young nodules was counted, and the total nodules
per plant recorded. Sampled nodules were then collected and dehydrated in silica gel-
filled vials that were kept at 4 °C until needed. Plant shoots were determined by cutting

out the root and the shoots were weighed immediately to determine the shoot fresh
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weight and after 72-hour oven drying period at 65 °C, on an electronic balance to

determine their dry weight.

3.2.3.2. Bacterial Identification

Identification of bacteria was done by 16S-23S rRNA internally transcribed spacer
(ITS) genotyping. To extract the DNA, dried nodules from each of the three Bambara
groundnut varieties were rehydrated by soaking in sterile distilled water and surface-
sterilized as described by Puozaa, Jaiswal and Dakora (2017). Single nodules were
then crushed in a drop of sterile deionised distilled water in sterilised 2-ml
microcentrifuge tubes using a sterile plastic pestle. Following this, bacterial genomic
DNA was extracted directly from the crushed nodules using NucleoSpin® Tissue
(from MACHEREY-NAGEL: # 740952.50) kit according to the manufacturer’s

instructions.

The ITS was amplified using the non-degenerate primer pairs: FGPS 130 (5°-—
CCGGGTTTCCCCATTCGG-3": 18-mer; Tm 60.5°C) and FGPS 1490 (5'-
TGCGGCTGGATCACCTCCTT-3’; 20-mer; Tm 61.4°C) as described by Laguerre et
al. (1996) with increased annealing temperature at 58°C. The primer pair covers
mostly a-Proteobacteria but is highly specific for Rhizobiaceae.

3.3. Data analysis

The statistical software Genstat® (14th edition, VSN International, UK) was used to
determine significant differences between treatments using the Analysis of Variance
(ANOVA) function. The data were further subjected to mean comparisons and

correlation analysis on all the traits.

3.4. Results

The analysis of variance for days to emergence, plant height, days to flowering,
number of nodules per plant, shoot fresh weight and shoot dry weight of VVar01, Var02
and Var03 of Bambara groundnut is presented in Table 3.1. The results of this study
indicated significant interactions (P<0.05) among the agronomic traits studied (Table
3.1). The mean square values and significance levels (P<0.05) are indicated in the
analysis of variance (ANOVA) tables to discern significant differences.
Corresponding means and ranges, standard errors, least significant differences and
coefficient of variations for various traits are presented in Tables 3.2, and 3.3

respectively.
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Table 3.9: The mean-square values and significance tests of three varieties of Bambara groundnut treated with Bradyrhizobium strains as

bio-inoculant evaluated in pots under greenhouse condition.

Source of df DTE PHT DTF Nodule_Plant SFW SDW
variation
30 DAP 60 DAP

Replication 2 0.59 7.56 15.38 3.37 43.37 0.05 0.00
Variety 2 21.81 *** 1354 ns 46.70 ** 59.70 *** 9093 ns 244 Fk* 0.09  ***
Inoculant 2 9.04 ** 6.57 ns 2.13 ns 959 * 170.48 fale 26.09 *** 0.72  ***
Variety x

Inoculant 4 0.93 ns 180 ns 7.74 ns 6.26 ns 1554 ns 113 *** 0.07  ***
Residual 16 0.84 431 5.22 2.66 18.45 0.54 0.00

d.f.=degrees of freedom; DTE=Days to emergence; PHT= plant height; DTF, Days to flowering; Nodule_plant, Number of nodules per plant; SFW,
Shoot fresh weight; SDW, Shoot dry weight; *, ** and *** denote significant at 5%, 1% and 0.1% probability level, respectively; ns = non-

significant
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3.4.1. Effect of different Bradyrhizobium strains on Agro-morphological Traits in

Bambara groundnut.

3.4.1.1. Nodulation

For the number of nodules statistical analysis, there were statistically significant
differences across the means of the different treatments at the 0.05 level of
significance. On the contrary, there were no statistically significant differences
recorded among the means of the variety and among the interaction of treatment and
variety with nodule number per plant. Furthermore, increased number of nodules were
observed (Figure 3.2) in Var03 treated with inoculant MK (12 nodules plant™),
followed by Var03 inoculated with 9-5K with 11.3 nodule plant™. The non-inoculated
Var02 and Var03 showed no nodules. However, nodules were observed in Var0l

which was not inoculated (Table 3.2).

Figure 3.6 Nodules on selected Bambara ground nut roots, including (a) nodules

observed in the inoculated plants (b) roots without nodules in the non-inoculated plants

3.4.1.2. Shoot biomass and plant height

The statistical analysis of shoot fresh weight and shoot dry weight revealed that there
were statistically significant differences at the (0.05) level of significance among
varieties, treatments, and the treatment-variety interaction (Table 3.1). Plants
inoculated with MK had the highest shoot dry weight, relative to those treated with 9-
5K and the negative control. Var02 with inoculant MK had the highest shoot dry
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weight and Var02 with inoculant 9-5K had the lowest, with 1.71 and 0.874 g plant™,
respectively (Table 3.2).

Furthermore, as shown in Table 4.1 there were statistically significant differences in
plant height at 60 DAP among varieties at the 0.05 level of significance. However,
there were no statistically significant differences in the interaction between treatment
and variety at the 0.05 level of significance.

Table 3.10: The mean values for agro-morphological traits of three Bambara
groundnut varieties treated with Bradyrhizobium strains as bio-inoculant evaluated in

pots under greenhouse condition.

Variety Inoculant DTE PHT DTF Nodule_plant SFW SDW

30DAP 60 DAP

0K 11.30° 13.90°  14.60* 60.70%c 3,70 6.00° 0.90¢9
Var0l  9-5K 9.00¢ 14.50® 14.30* 62.00® 7.70% 6.50¢ 1.00°
MK 10.70*  14.50* 12.20° 59.30° 7.70%® 9.20° 1.20¢
Mean 10.3 143 13.7 60.7 6.3 7.2 1.0
0K 10.00% 15.30%* 15.60%°¢ 62.70®  0.00° 7.70° 1.00¢
Var02  9-5K 8.70¢ 14.10® 14.30 60.00%c 5.70%° 6.00° 0.90"
MK 10.00% 17.10* 18.00% 58.00¢ 8.70% 10.00*  1.702
Mean 9.6 155 16.0 60.2 4.8 7.9 1.2
0K 14.00° 16.80* 17.70* 55.70¢  0.00° 7.30° 1.10¢
Var03  9-5K 11.70° 15.80* 17.80* 56.30¢  7.30%° 7.40° 1.10¢
MK 12.00° 17.80* 19.20* 56.00¢ 13.00° 10.002  1.50°
Mean 12.6 16.8 18.2 56.0 6.8 8.3 1.2
Grand mean 10.8 15.5 16.0 59.0 6.0 7.8 1.2
SED 0.75 1.69 1.87 1.33 3.51 0.19 0.01
LSD (5%) 1.59 3.59 3.96 2.82 7.44 0.40 0.03
CV (%) 8.5 13.4 143 28 72.0 2.9 15

Note: Var01 =brown, Var02 =cream, Var03=red, DTE= Days to emergence; PHT= plant
height; DTF= Days to flowering; Nodule_plant= Number of nodules per plant; SFW= Shoot
fresh weight; SDW= Shoot dry weight; SED= Standard error of difference; LSD= least
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significant difference; CV= coefficient of variation; Values followed by the same letters are
not statistically different LSD test at P < 0.05

3.4.2. Correlation Analysis

Table 3.3 presents pair-wise correlation coefficients among agro-morphological traits

with their levels of significance. In both cases, plant height had positive and significant

association with shoot fresh weight, shoot dry weight at 0.0l1.and 0.05 level

respectively. However, plant height had negative correlation with the number of days

to flowering and days to emergence.

Table 3.11: Pair-wise phenotypic correlation coefficients of agro-morphological traits

among three Bambara groundnut varieties treated with Bradyrhizobium strains as bio-

inoculant evaluated in pots under greenhouse condition.

PHT- PHT-

Variables DTE 30DAP  60DAP DTF Nodule_plant SFW SDW
DTE 1 0.539499 0.52384 -737* -0.1941 0.194951 0.15469
PHT-30DAP 0.539499 1 895**  -730*  0.312151 .726* .796*
PHT-60DAP 0.52384 .895** 1 -700*  0.215294 0.421118 0.581084
DTF - 737* -.730* -.700* 1 -0.32073 -0.44385 -0.51565
Nodule_plant -0.1941  0.312151 0.215294 -0.32073 1 0.547754 0.60212
SFW 0.194951 .726* 0.421118 -0.44385 0.547754 1 .918**
SDW 0.15469 .796* 0.581084 -0.51565 0.60212 918** 1

Traits details given in Tablel, *. Correlation is significant at the 0.05 level (2-tailed).

Correlation is significant at the 0.01 level (2-tailed).
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3.4.3. Phylogenetic characterization of rhizobia

The ITS sequences of the bacterial isolates were aligned with reference nucleotide
sequences (7 Bradyrhizobium strains used as inoculants). The phylogenetic position of
the bacterial isolates was evaluated by constructing a phylogenetic tree using the
Maximum Likelihood (ML) method. This method placed the bacterial isolates in
different clades encompassing members of their species; this was supported with
bootstrap values. Bootstrap values based on 100 replications were listed as percentages
at the branching points

It was found that more isolates from the root nodules clustered with Bradyrhizobium
subterraneum 60 2-1, indicating that this strain is the most competitive to reach the
roots and produce nodulation within a certain time frame. An isolate from non-
inoculated VVar01 was observed clustering with Bradyrhizobium sp. 1-7. Additionally,
most isolates from non-inoculated Var01 nodules are in a different clade from the
reference strains, and even more intriguing is that some isolates from inoculated

nodules are not in the same clade as the reference strains.

KM378537.1 Bradyrhizobium subterraneum strain 55 1-1
KM378541.1 Bradyrhizobium subterraneum strain 60 2-1
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Figure 3.7: Phylogenetic tree based on ITS sequences using Maximum Likelihood
method for bacterial isolates from root nodules and the strains used as inoculants in

the study



The evolutionary history was inferred by using the Maximum Likelihood method and
Kimura 2-parameter model (Kimura, 1980). The bootstrap consensus tree inferred
from 100 replicates (Felsenstein, 1985) was taken to represent the evolutionary history
of the taxa analyzed. Branches corresponding to partitions reproduced in less than 50%
bootstrap replicates are collapsed. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test 100 replicates are shown next
to the branches (Felsenstein, 1985). Initial tree (s) for the heuristic search were
obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix
of pairwise distances estimated using the Maximum Composite Likelihood (MCL)
approach, and then selecting the topology with superior log likelihood value. This
analysis involved 31 nucleotide sequences. There were a total of 2175 positions in the
final dataset. Evolutionary analyses were conducted in MEGA11l (Tamura et al.,
2021).

3.5. Discussion

The Bradyrhizobium strains induced nodulation among the inoculated varieties as
compared to the non-inoculated. This was congruent with the findings of Chen et al.
(2018) who reported that inoculation enhances the number of nodules produced by
ensuring that the presence of the desirable rhizobial strains is close to the root of the
plant. However, nodules were also observed in the non-inoculated var0l, which
provided evidence of the existence of infective resident rhizobia strains in the Kavango
soil. Moreover, the differences in nodule number per plant among the three varieties
of Bambara groundnut indicate that the tested Bambara groundnut varieties respond
differently to the different Bradyrhizobium strains. This result confirms earlier reports
that seed coat compounds have also been noted to play a significant role in nodule
formation (Redjeki et al., 2013). Ibny et al. (2019) claimed that variation in Bambara
groundnut seed colour influences the choice of microsymbiont partners by luring
various rhizobia with various levels of symbiotic efficiency, highlighting the

significant influence of variety within a crop species.

Additionally, the use of native Bradyrhizobium strains for inoculation and the likely

low population densities of native soil -borne bradyrhizobia could have contributed to
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the positive results obtained in the study. Studies carried out in the savanna region of
the Benin Republic revealed that the indigenous rhizobia populations in the soil was
inversely connected to the Bambara groundnut reaction to inoculation and that only
response was shown when the population was < 5 rhizobia cells/g soil (Yakubu et al.,
2010).

The data on shoot dry weight (Table 3.2) revealed that the highest shoot dry weights
were found in Bambara groundnuts Var02, Var03 and varO1 treated with inoculant
MK with 1.71, 1.50, and 1.24 g plant™, respectively. The findings in this study are
similar to Gomoung et al. (2017) who reported that inoculation of Bambara groundnut
with rhizobial strains induced a considerable increase in plant length, fresh weight, and
dry weight. Additionally, it was noted by Gedamu et al., (2021) that strain inoculation
enhances plant dry weight. It was observed that inoculating plants with
Bradyrhizobium strain CB756 and (NC-92) peat-based commercial inoculants led to
considerably increased dry matter yields in South Africa and northern Punjab,
Pakistan, compared to un-inoculated controls (Latif et al., 2014; Mbah and Dakora,
2018). On the other hand, no increase in shoot biomass was observed in Var02 and
Var01 treated with 9-5K. This might be because the introduced strain (9-5) did not fix
enough N at the time of sampling. Another reason could be that strain 9-5 failed to
colonize the roots. The phylogenetic tree shows that Bradyrhizobium subterraneum 60
2-1 was the most competitive of the seven strains utilized in this investigation, as more
isolates from the root nodules clustered with 60 2-1. Gronemeyer et al. (2015) reported
that Bradyrhizobium subterraneum are responsible for the nodulation of Bambara

groundnut.

It is generally believed that many African soils contain a diverse group of indigenous
populations of Bradyrhizobia spp. that can nodulate and fix atmospheric nitrogen in
several legumes (Ibny et al., 2019; Ajayi, Dianda and Fagade, 2020; Dlamini et al.,
2021). From the phylogenetic analysis the isolates in the first and second Clade did
not group with any reference type strain. This suggests that there may be unidentified

rhizobia capable of nodulating Bambara ground nut in the Kavango soil.

3.6. Conclusion
The greenhouse experiment is useful as it is the only way to determine the performance

of pure strains used as inoculants under similar conditions, and thus complement the

58



findings of field experiments. However, the validity of the greenhouse experiment is
limited, because it does not represent varying soil and environmental conditions (Allito
et al., 2021). These results led to the conclusion that a field experiment was required.
Since each Bradyrhizobium cluster contained a specific isolate from the root nodule,
the mixed inoculant used in the greenhouse experiment was going to be applied to the
seeds as a single strain to accurately assess the efficacy of each of the seven

Bradyrhizobium strains in the field.
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Chapter 4

Influence of Bradyrhizobium Inoculants on Dry Matter Accumulation, and Yield
of Bambara Groundnut [Vigna subterranea (L.) Verdc] in Namibia

Abstract

In comparison to several other legumes throughout Africa, the symbiosis between the
legume Bambara groundnut (Vigna subterranea (L.) Verdc.) and rhizobia bacteria has
not been sufficiently explored to enable economic exploitation of the relationship. A
field study was conducted from 2021 to 2022 at the Ministry of Agriculture, Water
and Land Reform (MAWRL), Mashare Agricultural Developments Institute (MADI),
in the Kavango East Region. The goal was to determine the effect of Bradyrhizobium
strains on nodulation rate and yield and yield component of three different Bambara
groundnut varieties (brown, cream and red Bambara). The three Bambara groundnut
varieties were grown under three treatments as follows: chemical fertilizer (urea),
Bradyrhizobium strains [1-7; 3B 4-1; 9-5, 36 1-1; 36 3-2; 55 1-1 and 60 2-1], and
negative control where the Bambara groundnuts were grown without any nutritional
supplement. The Bambara groundnuts were harvested 130 days after planting, and
several yield metrics were evaluated. The control VVar03 (red) yielded the greatest grain
at 1311.7 kg ha'?, followed by Var01 (brown) treated with In1-7 at 1237.3kg ha*, while
Var01 and Var02 (cream) inoculated with In36 3-2 yielded 1171.3kg ha? each.
Inoculating the Bambara groundnut seeds with Bradyrhizobium strains before planting
positively influenced nodulation, grain yield, and biomass production compared to
treating the groundnuts with urea fertiliser. However, VVar03 was highly compatible
with native soil rhizobia, giving it an edge over some of the introduced strains. This

implies that the unidentified strains should be investigated as possible bio-inoculants.

Keywords: Bambara groundnuts, food security, legumes (Fabaceae), productivity,
biofertiliser
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4.1. Introduction

Crop production is threatened by the world population growth and climate change,
especially in dry areas (Santos et al., 2019; Saad et al., 2020; Khaitov et al., 2020).
Namibia is one of the driest countries in the world which is depended on subsistence
farming for food production. Agriculture, especially crop production is mostly
practiced in the northern communal areas including the Kavango region where it is
predominantly dominated by smallholder and subsistence farming, as is typical for
many Sub-Saharan African (SSA) regions (Luchen et al., 2018; Valombola et al.,
2019). According to Gronemeyer and Reinhold-Hurek (2018) about 99, 88, and 59%
of households in Angola, Namibia, and Botswana, practice arable agriculture
respectively. Factors such as variable yields, crop failure risk, a lack of financial
resources, and nitrogen (N) poor, low-fertility soils all contribute to food insecurity
under this rain fed agriculture system (Horn et al., 2015; Grénemeyer and Reinhold-
Hurek, 2018; VValombola et al., 2021). Therefore, there is an urgent need to implement
new management technologies to improve crop quality and increase grain yield. One
of the technologies is to improve soil N content which can be improved through the
incorporation of pulses and legume green manure with biological nitrogen fixation
(BNF) of root nodule symbioses (Gronemeyer and Reinhold-Hurek, 2018). Symbiotic
nitrogen (N2) fixation is a vital biological activity in legumes that promotes plant
development and the production of high-protein seed and forage (Denton et al., 2017).

BNF by rhizobial-legume symbioses offers an environmentally friendly and less
expensive option compared to chemical N fertilizers for legume crops (Thilakarathna
et al., 2019; Gedamu et al., 2021). Therefore, it is thought that inoculating legumes
with effective rhizobia will boost the yield and yield-related traits of legumes while
preserving soil health (Hillocks et al., 2012; Singh et al., 2016; lbny et al., 2019; Allito
etal., 2021; Gedamu et al., 2021).

It is however known that inoculants often fail to outcompete native rhizobia for nodule
occupancy, despite the reduced N fixation capacity of the native rhizobia, ultimately
resulting in low yields (Ulzen et al., 2016). Strains that perform well under controlled
conditions are often selected as inoculants, although it is uncommon to look at how
much faster native strains occupy nodules. According to Sanchez-cafiizares et al.

(2021), the rhizobial inoculants were often found to perform better in the field when
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they are based on native strains with a high capacity to fix N attributable to their
genetic adaptations to the local environment. The effectiveness of native populations
chosen as elite strains may therefore be exploited. Specific host cultivar-rhizobial
strain combinations may be bred using information from laboratory studies, and
assessing competition and understanding how diverse rhizobial strains behave in
combination with assays conducted under field conditions. The objective of this field
study was to assess how three different Bambara groundnut varieties grown in the
Kavango region of Northern Namibia would respond to locally isolated

Bradyrhizobium strains in terms of growth and yield.

Figure 4.8 showing the Bambara groundnut varieties used in the study, from left,
Var01 (cream), Var02 (brown) and Var03 (red)

4.2. Materials and methods

A field experiment was carried out at Mashare Agricultural Developments Institute
(MADI), Ministry of Agriculture, Water and Land Reform (MAWRL) (GPS
coordinates of 17° 54' 08.13"” S and 20° 08’ 00.99” E.) in Kavango East Region. The
experiment was performed under rain fed settings in order to stimulate the area's
natural environmental conditions during the cropping season of 2021/2022. Deep
ploughing, harrowing, and levelling were used to prepare the soil. The space was then
ridged and divided into 4 m by 2 m plot sizes in a split plot design with three
replications in a randomized complete block design (RCBD). Three Bambara
groundnut varieties Var01 (brown), Var02 (cream), and Var03 (red) shown in Figure
4.1 above, were subjected to three distinct treatments, the first of which involved
treatment with chemical fertilizer (urea), the second treatment with seven

Bradyrhizobium strains, while the third was a no treatment negative control.
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Figure 4.9: Bradyrhizobium inoculated (A) and un-inoculated (B) Bambara groundnut

seeds

The inoculant treatment was carried out by obtaining a large number of bacterial
inoculant strains named as Bradyrhizobium 1-7; 3B 4-1; 9-5, 36 1-1; 36 3-2; 55 1-1;
and 60 2-1 (Table 4.1).

Table 4.12: Seven (7) Bradyrhizobium strains, preselected for bio-inoculant

formulation for Bambara cultivation

ID Reference isolate Host plant Country Temp (°C)
1-7 Bradyrhizobium sp. 1-7 PEA NAM 35
3B 4-1  Bradyrhizobium vignae 3B 4-1 BGN NAM 38
9-5 Bradyrhizobium vignae 9-5 BGN NAM 40
36 1-1 Bradyrhizobium sp. 36 1-1 BGN NAM 35
36 3-2 Bradyrhizobium vignae 36 3-2 BGN NAM 38
551-1 Bradyrhizobium subterraneum 55 1-1 BGN NAM 35
60 2-1 Bradyrhizobium subterraneum 60 2-1 BGN NAM 38

The strains were grown in freshly prepared Modified Arabinose Gluconate Medium

with peat as a carrier before being placed in Whirl-Pack® sample bags. The bags were

kept at room temperature and away from direct sunlight for long periods of time. To

sustain the viability of bacterial cells, the inoculation technique was performed before

planting under shade. The inoculant tick slurry was carefully mixed with dried seed so
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that all of the seeds received a thin covering of the inoculant (Figure 4.2). After
allowing the seeds to air dry for a few minutes, they were planted at the appropriate
seeding rate and spacing. To avoid contamination, un-inoculated seeds were planted
first. To maximize the efficacy of the Bradyrhizobium strains and avoid cell death
caused by solar radiation, the seeds were immediately covered with soil after sowing.
50 kg N ha* of Urea (CH4N:0) was applied to the soils where the N fertilizer treatment
was to be performed. In addition, all plots were first treated with a low dose of
phosphorus (superphosphate) at a rate of 20 kg ha. This is because plants require
phosphorus for growth, nodulation, and seed formation, as well as for N fixation,
which is an energy-intensive process (Ikenganyia et al., 2017). All the plots were kept
free from weeds by weeding with a typical hand hoe and the plants were thinned at the
4-6 leafy stage to achieve the desired plant density.

4.2.1. Yield assessment

4.2.1.1. Data collection
The yield of the different Bambara groundnut varieties under the three treatments was

examined by comparing the physiological maturity of the groundnuts.

4.2.1.1.1. Root nodules

Randomly selected plants were gently removed from the gross area in each plot using
a spade during the flowering phase to acquire data on nodulation. To avoid nodule
loss, the entire root system was exposed before uprooting. The soil sticking to the roots
was then gently washed away with water. Nodules from each plant's roots were
removed, collected, and counted. Nodule samples were collected dehydrated in silica
gel-filled vials and kept at 4 °C until needed. Nodules from selected plants were oven-
dried for 72 hours at 65 °C, and then dry weights recorded after.

4.2.1.1.2. Plant shoot

Shoot biomass data was collected during the flowering phase and at maturity. Shoot
biomass was calculated by randomly choosing 5 plants from a net plot of each
treatment. Sampled plants were separated into roots and shoots, and the plant shoots
were weighed on an electronic balance to determine their fresh weight. The shoots
were then placed in paper envelopes and oven-dried for 72 hours at 65 °C for the dry

matter determination of shoots.
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4.2.1.1.3. Soil Plant Analysis Development: leaf chlorophyll measurement (SPAD)
The amount of chlorophyll present in the leaves was determined by a SPAD-502 meter,
taking three young, enlarged leaves of each plant soon before harvest. Three SPAD
value were taken from a single leaf, one about the midway of the leaf blade and the
other two around 1 cm apart from the midpoint. The mean SPAD value of each leaf
was determined by taking the average of the three readings. The means of three leaf

data points were determined for each plant.

4.2.1.1.4. Number of pods

Number of fresh pods were determined at harvest. In determining the number of fresh
pods, a spade was used to carefully scoop out the soil containing the plant roots from
the middle rows in each subplot and the number of fresh pods per plant were then
manually counted. Based on the number of plants on that subplot, this was used to
calculate the average number of pods per plant. This was done for every plot. Fresh
pods per plot were packed in a paper envelope and oven dried for 72 hours at 65 °C,
and the pod dry weights were recorded.

4.2.1.1.5. Number of seeds per pod and 100 seed weight

From fresh pods harvested, 40 were chosen at random and the number of seeds in these
40 pods were counted to determine the average number of seeds per pod. Finally, 100
seeds were chosen from the 40 pod seeds and weighed to determine the 100 seed
weight per subplot. The seed weight per subplot was likewise recorded, and the
procedure described above was repeated for all subplots.

4.2.1.1.6. Grain yield

Seed yield expressed in Kg ha' was evaluated by the following formula as in
(Gomoung et al., 2017):

Y = ((P X 10000))/(S.E)

Where, Y = dry weight of seeds in Kg hal; P = dry weight of seeds per unit of
experimental area; S.E = Experimental surface area (m?); 1 ha = 10,000 m?

4.3. Data analysis
The statistical software Genstat® (14th edition, VSN International, UK) was used to
determine significant differences between treatments using the Analysis of Variance
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(ANOVA) function. The data were further subjected to mean comparisons and

correlation analysis on all the traits.
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4.4. Results and discussion

The results of this study revealed a significant interactions (p 0.05) among the
agronomic traits studied. The mean square values and significance probability level at
5%, 1% and 0.1% are indicated in the analysis of variance (ANOVA) tables to discern

significant differences.

4.4.1. Effect of inoculation on the three different Bambara ground varieties used

in this experiment

4.4.1.1. Nodule number
The number of nodules was evaluated between the three treatments (fertilizer, bio-

inoculant, and the control with no treatment). Tables 4.2 shows the findings of these
comparisons. A statistically significant differences was observed between treatments
and varieties at the 0.05 level of significance. However, there were no statistically
significant differences recorded among interaction between treatments and varieties,
implying that the Bambara groundnut varieties responses to the treatments was the

same in terms of number of nodules recorded.

The highest nodule number was observed in Var03 inoculated with In55 1-1 with 53.25
nodules, followed by Var02 inoculated with In36 3-2 with 43.00 nodules, and Var01
inoculated with In55 1-1 with, 36.00 average nodules number per plant, respectively
(Table 4.3). These result shows that variety inoculation with bradyrhizobia, as opposed
to treating the Bambara groundnuts with urea fertiliser, may be more suited to increase
the nodule number, particularly for Var02 and Var0l in the study area. The results
were expected as it is well known that, symbiotic relationships between rhizobacteria
and Bambara groundnut plants usually results in the initiation and growth of root
nodules, which increases the amount of nitrogen fixation in the crop (Ntambo et al.,
2017). The result from this study is comparable to the findings of Yakubu et al. (2010)
and Raissa et al. (2020), who reported that inoculating Bambara groundnut with
rhizobia increased the number of nodules compared to the control. Allito et al. (2021)
also discovered a considerable rise in Vicia faba, commonly known as faba bean
nodulation after rhizobium inoculation. On the other hand, it is sometimes possible for
the inoculant not to have any effect on the nodulation ability of the variety especially
in the presence of superior native rhizobia than the introduced strains. This has been
reported by Nyaga and Njeru (2020), who outlined that in the presence of superior

native rhizobia, than the introduced strains will have no influence on nodulation as
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compared to un-inoculated varieties. This could be the reasons why the un-inoculated

Var03 in this study had a high number of nodules.

4.4.1.2. Nodule dry weight

A statistically significant difference was recorded across the means of the different
varieties, treatments, and the interaction among varieties and treatments at the 0.05
level of significance for the nodule dry weights, indicating that the response of the
Bambara groundnut varieties to the treatments was different in terms of nodule dry
weight (Table 4.2). Var02 inoculated with strain In60 2-1 showed a highest nodule dry
weight with 0.1915 g plant™, followed by Var03 inoculated with In36 3-2 with 0.1733
g plant™ and Var01 inoculated with In36 3-2 with 0.1210 g plant™, respectively (Table
4.2). This study revealed that inoculating Bambara groundnut with Bradyrhizobium
[60 2-1, 36 3-2] increases nodule dry weight as compared with the control. The current
study's findings are congruent with those of Bejandi et al. (2012), Ulzen et al. (2016)
and Allito et al. (2021), who reported that using rhizobial strains resulted in
significantly greater number of nodules and dry weight in their studies. The increase
in nodule dry weight could be attributed to large size and increased number of nodules

formed by the infection threads of the infected Bambara groundnut.

It has also been noted that when the availability of soil N or application of N fertilizer
is increased, the nodule quantity and size are usually reduced. As a result, the decrease
in nodule dry weight of plants treated with urea fertilizer demonstrates the soil's high
N concentration. Ntambo et al. (2017) also reported that an increase in N levels reduces
nodule quantity as well as nodule dry weight per plant in inoculated plants.
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Table 4. 13: Mean-square values and significance tests of three varieties of Bambara groundnut treated with different Bradyrhizobium

strains as bio-inoculant.

Source of df PHT Nr_Nod NDW  SFW1 SDW SPAD Nr_podsSeeds 40 100 SWPDW C N Grain_yi

variation eld
30DAP 60DAP 60 DAP Mat

Replication 2 14548 0.138 556.2 0.004992 978.5 40.22 46.37 2256 3129.7 43.81 5329 36.31 4.356 58096
46.544" 1334.7" 4638.7" 20.001™

Variety 2 o 28.01"" * 0.004303°100.8™ 2.85™  89.66" 121.79™ * 93.37° 26905 102.96" * 164732"

1581.4™ 101.33"

Inoculants 8 5.099™ 5.445" 272.8" 0.003267"" : 22.42™ 25.21™ 383.7" 7.94™  1959™ 70.62° 3.124" 112991"

Variety x 110.95™

Inoculants 16  1.006™ 3.375" 117.7" 0.003872°482.5™ 26.94™ 79.83™"27.61™ 557.6™ 4133 2023 ~ 3.604™ 177513™

Residual 52 1.391 2552 103.6 0.001316 376.1 17.86 2543 1935 4352 2174 12224 27.78 1.469 44454

d.f=degrees of freedom; PHT=plant height; Nr_Nod=Number of nodules per plant; SFW1= Shoot fresh weight at 60days after planting; SDW=Shoot
dry weight; SPAD value, leaf chlorophyll content; Nr_pods= pod number per plant; seeds_40= number of seeds in 40 pods; 100_SW= 100 seed weight;

PDW-=Pod dry weight; C_N=carbon: Nitrogen*, ** and *** denote significant at 5%, 1% and 0.1% probability level, respectively; ns = non-significant
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4.4.2. Effect of inoculations and micronutrients on agronomic parameters

Figure 4.10: Depicting the Bambara groundnut experimental layout in the field at
Mashare during 2021/2022.

4.4.2.1. Plant height

The plant height was recorded 30 and 60 days after planting. Bambara groundnuts
inoculated with Bradyrhizobium strains had significantly enhanced plant height (Table
4.3) at 30 DAP. A statistically significant difference was recorded at the 0.05 level of
significance in plant height across treatments and among varieties (Table 4.2). As a
result, the tallest plants were Var03-In3B 4-1 and Var02-In3B 4-1 with 13.93 cm and
13.13 cm plant?, respectively. This implies that strain 3B 4-1 may have contributed to
the synthesis of growth hormones that enhanced plant growth in the varieties. The
findings are comparable to those of Gomoung et al. (2017) who discovered that
inoculating cowpea plants with two strains of rhizobia significantly increased the plant
height.

Fertilizer, on the other hand, increased plant height at 60 DAP with 18.73 cm and 18.10
cm in Var03-N and Var01-N, respectively, when compared to the inoculated and
negative controls (Table 4.3). According to Hasan et al. (2018), applying N fertilizer
to the Bambara groundnut enhances plant height and aids vegetative development.
Similar results were obtained in this investigation, which could be attributed to an
insufficient amount of N fixed by the introduced strains at the time of sampling hence,
plant height was increased in the plants were fertilizer was applied.
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4.4.2.2. Soil Plant Analysis Development: leaf chlorophyll measurement (SPAD)
values

As shown in Table 4.2, there were no statistically significant differences observed
between the means of different treatments and the mean of the interaction of treatment
and variety among SPAD values. However, there were statistically significant
differences in the means of distinct varieties with SPAD values at the 0.05 level of
significance. The plant health and N concentration are indicated by chlorophyli
content. Although not statistically significant, the greatest SPAD values were recorded
for Var03-In36 1-1 with 38.40, which is close to the 40.3 found by Musa et al. (2016).
This study's findings contradict those of Bejandi et al. (2012), who reported a higher
SPAD values of inoculated plants higher than those of un-inoculated plants. This
demonstrated that the inoculant boosted nitrogen supply in their study.

4.4.2.3. Number of pod/plants

Inoculating Bambara groundnut with Bradyrhizobium strains did not significantly
increase the number of pods per plant (Table 4.2). However, there were statistically
significant differences of p<.001 of means among different varieties recorded at the
0.05 level of significance. In addition, there were no statistically significant differences
among the mean of interaction of treatment and variety with number of pods per plant
observed. This means that there were no differences in the number of pods recorded

between the inoculated, fertilizer-treated, and negative control.

This suggests that, despite the use of native strains in the study area, the increased
number of pods could be attributed to efficient wild rhizobia strains that interacted
quickly with the host plant, whereas the introduced inoculants were less competitive,

as was the case with Gomoung et al. (2017).

In contrast, Nassé et al. (2019) observed that indigenous strains boosted Bambara
groundnut yield both the number and weight of pods in their experiment. Furthermore,
Gedamu at al. (2021) reported that inoculation with Rhizobium strains increased the
number of pods per plant in their study.

4.4.2.4. Number of seed/pods
There were statistically significant differences recorded at 0.05 level of significance
across the means of the different varieties and in the mean of the interaction of

treatment and varieties in terms of the number of seeds per pod. On the contrary, there
74



were no statistically significant differences among various treatments in terms of the
number of seeds per pod (Table 4.2). Var03 produced most seeds per 40 number of
pods with 46.15, followed by Var01 with 43.52 and 42.56 seeds recorded for Var02,
respectively (Table 4.3). Mfilinge et al. (2014) reported that inoculation with
Rhizobium significantly affected yield components, especially the number of seeds per

pod and 1000-seed weight in common bean and soybean respectively.
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Table 4. 14: Mean values for agro-morphological traits of three varieties of three Bambara groundnut varieties treated with Bradyrhizobium

bio-inoculant

Variety Inoculan PHT Nr Nod NDW  SFW1 SDW (g) SPAD_val Nr_pods Seeds 40100 SW PDW (g) C_ N  Grain_yiel
t (9) (9) ues _pods  (9) d (kg/ha)

60
30 DAP DAP 60 DAP Mat

In1-7 11.67 15.73 28 0.06 57 20.39 1473  25.27 5221 42,67 220 30.93 1437 1237.26
In3B 4-1 10.73 1593 25.83 0.1 82.33 20.36 25,53  27.08 7598 49 205 28.8 13.95 1152.17
In9-5 9.7 13.67 20.75 0.1 4533 1241  14.04 2781 66.77 41 185 12.14 1583 485.71
In36 1-1 9.63 144 2625 0.11 45 13.06 17.38  26.01 56.69 43 2075 1579 1492 631.67

Var0l In36 3-2 9.58 1427 26.42 0.12 5533 1586 2241 245 7711 4033 22333 29.28 1523 1171.33
In55 1-1 8.63 13.73 36 0.12 40 9.85 18.28  23.97 8721  43.67 185 23.2 16.33  928.08
In60 2-1 10.03  13.73 18.75 0.07 55 1488 17.76  24.1 62.71 4133 208.33 25.88 1549 1035
N 1057 181 325 0.06 39 1131 1743 236 7444 4467 195 17.37 1528 694.66
O- 1193 166 3183 0.1 85.67 20.79 1327  24.69 48.69 46 231.67 2195 1392 877.86

Mean 10.28  15.13 27.37 0.09 56.07 1543 17.87  25.23 66.87 4352 206.76 2282 15.04 912.64
In1-7 11.49 1493 29.75 0.15 61.67 1724 2034 2225 41.32  40.67 220 16.21 1559 648.48
In3B 4-1 13.13 1567 28.25 0.1 70 18.31  18.79  23.62 70.75 4167 2475 2232 16.04 892.6
In9-5 11.6 17.27 28 0.1 61 15.71 30.64 25.24 69.71 40 261.67 25.39 14.77 1015.57
In36 1-1 11.17 14.63 24.17 0.09 40.67 11.31 20.34 21.15 53.86 50.33 240 25.94 14.8 1037.71

Var02 In363-2 11.33 16.2 43 0.1 41 10.75  19.18  21.93 7238 4133 275 29.28 154 1171.29
In551-1 10.3 14.33 4275 0.07 26.67 9.1 16.87  23.03 42,79 40 240 26.06 15.1 1042.4
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In60 2-1 10.74  15.87 35 0.19 57.67 19.01 16.65  25.08 5441  41.67 250 2541 1395 1016.33
N 11.87 15.13 19.83 0.06 61.67 13.69 1299  22.68 5558 42 245 18.44 1515 737.79
O- 12.6 152 26.25 0.13 73.67 2039 1391 225 58.76 4533 2325 2738 16.2 1095.12
Mean 1158 1547 30.78 0.11 54.89 1506 18.86  23.05 57.73 4256 24574 2405 1522 961.92
In1-7 13.4 18 30.25 0.16 59.33 1849  18.69  26.74 48.9 49.67 1925 2456  19.89 982.29
In3B 4-1 13.93 17.7 4383 0.1 60.33 1547 1483  26.89 44 4167 3225 2113 16.15 845.04
In9-5 12.67 17 4333 0.11 40 11.31  13.79 239 2587 49.67 3075 1919 17.01 767.78
In36 1-1 1252  16.23 31.83 0.08 33 10.86  10.16  38.4 2745 42,67 2825 184 1573  735.87
Var03 In363-2 12.83  16.73 45.08 0.17 46.67 1297  10.75  25.06 36.3 47.67  266.67 14.02 1582 560.96
In551-1 11.68 164 53.25 0.08 32 9.25 12.12  28.53 26.87 51 2575 17.85 1794 71401
In60 2-1 13.72 1593 32.08 0.09 57 17.33 1537  29.73 36.72 4433 25333 1249 157 499.56
N 12.43  18.73 36.33 0.12 90 22.6 23.37  22.39 56.44 45 293.33 2157 16.41 862.88
O- 1293  16.62 52 0.16 5233 14.8 18.84  24.07 66.63  43.67 2475 3279 1486 1311.71
Mean 12.9 17.04 40.89 0.12 52.3 1479 1532 273 41.02  46.15 269.26 20.22 16.61 808.9
Grand
mean 1159 1588 33.01 0.11 5442 1509 17.35  25.19 5521  44.07 24059 2236  15.62 894.49
SED 0.963 1.304 8.312 0.03 15.834 3.45 4117  3.591 17.033 3.807 28571 4304  0.99 172.152
LSD
(5%) 1932 2618 16.679 0.059 31.774 6.924  8.262  7.207 34179 7.639 57.332 8.636 1986 345.448
CV (%) 10.2 10.1  30.8 33.8 35.6 28 29.1 17.5 37.8 10.6 14.5 23.6 7.8 23.6

Traits details given in Table 4.2

SED= Standard error of difference; LSD= least significant difference; CV=coefficient of variation
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4.4.2.5.100 seed weight

As shown in Table 4.2, there were no statistically significant differences between the
means of different treatments and the mean of the treatment-varieties interaction.
However, at the 0.05 level of significance, there were statistically significant
differences in means of different varieties in 100 seed weight recorded. As a result,
Var03 had a high 100 seed weight with 269.26 g, followed by Var02 with 245.74 ¢
and least was recorded in Var01 with 206.76 g (Table 4.3). The weight difference
obtained in this experiment could be linked to the influence of N biological fixation
on grain filling ability. Moreover, it is possible that the small size of the grains limited
the potential for inoculation to increase seed size, despite the positive correlation
between 100 seed weight and seed size. Other factors such as environmental conditions
and nutrient availability may also play a role in determining seed size (Gedamu et al.,
2021).

4.4.2.6. Biomass

The plant biomass was measured during early flowering and harvest. There were no
statistically significant differences in shoot dry weight at early flowering across means
of different varieties or the mean of the treatment-variety interaction. However, there
were statistically significant differences in means of different treatments at the 0.05
level of significance in shoot dry weight (60 DAP). Var03-N had the greatest shoot
dry weight (22.60g plant?), followed by Var01-O- (20.79g plant?) and Var02-O-
(20.39g plant™). This suggests that inoculation had no observable effect on the dry
weight of the shoots during flowering. In contrast, Nyaga and Njeru (2020) found that
rhizobia inoculation boosted cowpea shoot dry weight at flowering when compared to

control plants.

There were statistically significant differences recorded across the means of different
varieties, means of different treatments, and means of the interaction of treatment and
varieties for shoot dry weight at maturity. Var02-In9-5 had the highest shoot dry
weight at maturity, followed by Var01-In3B 4-1 and Var03-N, with 30.64, 25.53, and
23.37 g plant?, respectively. lkenganyia et al. (2017) obtained similar results,
reporting that inoculation greatly increased plant biomass of Bambara groundnut.
These findings indicate that it is better to use bio-inoculants than to use chemical

fertiliser to increase shoot biomass in VVar01 and Var02.
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In terms of plant biomass yield, it was discovered that the resulting shoot dry weight
measurements varied significantly depending on the type of variety, with a significant
P-value of less than 0.05. Var02 exhibited the highest shoot dry weight when subjected
to all three treatments when compared to the other varieties. Variety 02 could be

recommended for forage or animal feed production due to its high biomass value.

4.4.2.7. CIN ratio

The carbon to nitrogen (C/N) ratio is important in composting because microorganisms
require a proper balance of C and N (range from 25 to 35) to survive (Biichi et al.,
2015). High C/N ratios can cause composting to take longer, whereas low C/N ratios
increase nitrogen loss. The C: N in the seeds was evaluated in this study, and there
were statistically significant differences observed at 0.05 level of significance across
the means of different varieties, means of different treatments, and means of the
interaction of treatment and varieties. The C/N ratio in the present study varied
between 13.92 and 19.89. VVar01 which was not treated (negative control) displayed a
lowest C/N ratio of 13.92, followed by Var02-In60 2-1 with 13.95, Var01-In3B 4-1
with 13.95, and Var01-In1-7 with 14.37. This is comparable to the findings of Bichi
et al. (2015), who found that the mean C/N varied between species from 9.8 in Vicia

pannonica to 32.5 in Lupinus albus.

4.4.2.8. Grain yield

There were statistically significant differences between the means of different
varieties, the means of different treatments, and the mean of the interaction of
treatment and varieties at 0.05 level of significance (Table 3.1). A significant
interaction response implies that bacteria performance differed depending on variety.
The un-inoculated Var03 yielded the most grain at 1311.7 kg ha', followed by Var01-
In1-7 at 1237.3kg ha, and Var01 and Var02 inoculated with In36 3-2 yielded
1171.3kg ha! apiece. Var01-In9-5 had the lowest grain production at 485.7 kg ha™.
This indicates that for Var01 and Var02, the increments in grain yield after inoculation
is due to the reason that the soils N is a limiting factor and the existing rhizobia bacteria
may not be capable to supply N through BNF to the two varieties. Thus, the grain yield
could be strongly improved by means of inoculation. This was not the case for Var03

as more yield were observed in the negative control.
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Grain yield in this study ranged between 485.7 and 1311.7 kg ha™, higher than the
range reported in Chad, with weight between 491.25 and 910.375 kg ha™ (Gomoung
et al., 2017). The findings of this study are in line with the findings of Wilson et al.
(2021) who reported that inoculating groundnut cultivars with efficient native strains
increased grain yield. Although inoculation is site specific, two basic scenarios are
known where rhizobia inoculation is likely to produce a response: when compatible
rhizobia of the host legume are absent and when the native rhizobia population is low
in the experimental area (Ulzen et al., 2016). In this study, it was clear that the

introduced strains were not compatible with native strains for Var03.

Since every subsistence farmer's goal is to boost the grain yield, it is best to advise
Bambara groundnut farmers to make use of bio-inoculant rather than the mineral
fertilizer. This is because the bio-inoculants are both eco-friendly and also a cheaper
alternative. Furthermore, following the bio-inoculant treatment, VarOl and Var02
yielded the highest grain yield of 961.92 and 912.64 kg ha, respectively. As a result,
the findings of this study are relevant in terms of providing subsistence farmers with
bio-inoculants capable of effectively fixing biological nitrogen while in symbiosis

with Bambara groundnut in a low-rainfall climate.
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Table 4. 15: Pair-wise phenotypic correlation coefficients of agro-morphological traits among three Bambara groundnut varieties treated

with Bradyrhizobium strains as bio-inoculant

Variables PHT1 PHT2 Nr_Nod NDW SFW1 SDW1 SDW2 SPAD Nr_pods Seeds 40 100 SW PDW C_N Grain_yield
PHT1 1 .662** 0.333  0.167 0.296 0.336 -0.236 0.193 -533** 0.279 623**  -0.098 0.34 -0.098
PHT2 662** 1 443*  0.153 0.282 0.284 0.086 0.099 -0.25 0.345 507**  -0.029 0.29 -0.029
Nr_Nod 0.333  .443* 1 0.271 -0.332 -0.32 -0.224 0.04 -0.364 0.252 527** 0.042 0.251 0.042
NDW 0.167 0.153 0.271 1 0.211 0.294 0.1 -0.131 -0.003 0.11 0.032 0.071  0.159 0.071
SFW1 0296 0.282 -0.332 0.211 1 .920** 0.344 -0.222 0.234 0.01 0.015 0.186  -0.177 0.186
SDw1 0.336 0.284 -0.32 0.294 .920** 1 0.281 -0.126 0.128 -0.014 -0.035 0.256  -0.157 0.256
SDW?2 -0.236 0.086 -0.224 0.1 0344 0281 1 -0.35 .591**  -0.176 -0.151  .438*  -0.195 .438*
SPAD 0.193 0.099 0.04 -0.131 -0.222 -0.126 -0.35 1 -405*  0.044 0.123 -0.333 0.145 -0.333
Nr_pods -533** -0.25 -0.364 -0.003 0.234 0.128 .591** -405* 1 -0.342 -524**  445%  -0.308 .445*
Seeds 40 0279 0.345 0252 011 001 -0.014 -0.176 0.044 -0.342 1 0.041 -0.085 .409* -0.085
100_Sw 623**  507** 527** (0.032 0.015 -0.035 -0.151 0.123 -.524** 0.041 1 -0.046  0.062 -0.046
PDW -0.098 -0.029 0.042 0.071 0.186 0.256 .438* -0.333 .445* -0.085 -0.046 1 -0.246 1.000**
CN 0.34 029 0251 0.159 -0.177 -0.157 -0.195 0.145 -0.308  .409* 0.062 -0.246 1 -0.246
Grain_yield -0.098 -0.029 0.042 0.071 0.186 0.256 .438* -0.333 .445* -0.085 -0.046  1.000** -0.246 1

Traits details given in Table 4.2; **. Correlation is significant at the 0.01 level (2-tailed); *.

Correlation is significant at the 0.05 level (2-tailed).
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4.4.3. Correlation analysis

Table 4.2 shows pair-wise correlation coefficients and levels of significance for agro-
morphological parameters. The plant height and the number of nodules per plant were
both positively and significantly correlated with 100 seed weight, however, the 100
seed weight showed a negative correlation with the number of pods per plant. The
shoot dry weight showed positive correlation with number of pods and grain
production at maturity. This is comparable to the findings of Gomoung et al. (2017)
who discovered a positive and significant correlation between the number of seeds and

the dry weight of the pods of Bambara at Ngaoundere.

4.5. Conclusion

The response of Bambara groundnut varieties to inoculated strains differed greatly,
which could be attributed to bradyrhizobia-plant genotype specificity. Inoculation with
strain In55, for example, increased nodulation in Var03 compared to Var02.
Furthermore, nodulation in the untreated VVar03 (negative control) was higher than in
the negative controls of Var01 and Var02. This demonstrates that, despite the low
natural rhizobia population, VVar03 was extremely compatible with native soil rhizobia,
providing them with a competitive advantage over some of the introduced strains. The
outcome from this finding shows that bradyrhizobia inoculation is an efficient and
practical method of increasing Bambara groundnut production in Namibia. The
utilization of the most competitive strains as bio-inoculants can be adopted in Namibia,
providing the local farmers with a less expensive and more environmentally friendly
alternative to mineral fertilizers. This will enhance profitability and crop yield because
less money will be spent on chemicals to enrich the poor soils.

5. Overall conclusion of the study

The productivity of Bambara groundnut is decreasing in subsistence farming systems
due to biotic and abiotic climatic factors and socioeconomic limitations. In chapter
one, a study was conducted in Namibia's Kavango East Region to assess factors
contributing to the diminishing output of Bambara groundnut. Results showed that
most farmers allocate less than a hectare for Bambara groundnut planting each year,
and yields were low, averaging between 1 and 100 kg per season. Farmers preferred
cream-seeded Bambara groundnuts and cited field pests, low yield, lack of improved

varieties, expensive labor, and seed costs as production barriers. Breeding for
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improved varieties and inoculant application were suggested as approaches to boost
output and add nitrogen to the soil for succeeding cropping. In the second chapter, a
literature review was conducted regarding the topic Rhizobial inoculants are seen as a
cheaper, easier, and safer method for improving nitrogen fixation and crop
productivity in grain legumes. Identifying efficient rhizobial strains for biofertilizer
production for Bambara groundnut is essential to smallholder farming systems' food
security. In chapter 3 a presentation of a. study conducted at the University of Namibia
to evaluate the effect of two inoculants (a single strain and a mixed inoculant) on the
nodulation and growth parameters of three Bambara groundnut varieties. The results
indicated that both inoculants significantly increased plant height and shoot dry weight
compared to non-inoculated cultivars. The mixed inoculant outperformed the single
strain in terms of productivity and competitiveness, and the cream and red varieties
produced the highest shoot dry weight. In the final chapter results of a field experiment
conducted at MADI in Namibia to determine the effect of different Bradyrhizobium
strains on the nodulation rate and yield of three Bambara groundnut varieties was
presented. The results showed that inoculating the seeds with Bradyrhizobium strains
before planting positively influenced nodulation, grain yield, and biomass production
compared to treating with urea fertilizer. Var03 had the highest grain yield, indicating
that it was highly compatible with native soil rhizobia, while the other varieties showed
better performance with introduced strains. The study suggests that further
investigation into unidentified strains is necessary to develop possible bio-inoculants

for Bambara groundnut.
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Questionnaire

Universitat W UNAM
Bramen

A research in partial fulfitment of the requirements for master of science. Program in biclogical sciences at the
umiversity of Mamibia Questionnaire on Bambara sroundmots production systems in the northemn communal
areas of Mamibia

Bambara groundnuts (Vigna subterranea (L.) Verdc)
production systems in the Northern communal areas of

MNamibia

Survey Questionnaire

A General information Date

Begion Constituency,
Village/sublocation

Mame of respondent M []F

Age (range)

MNumber of Household

B.

L

5

Bambara groundnuts farming systems
What is the approximate size of your farm?
2) Lessthanlbectwre [
b) 2-5 hectare
<) More than Shectwe [ |
On how many hectares do you plant Bambara groundnuts?
Do you plant any improved Bambara groundnuts vanetes
a) Yes
b Ne

. K yes, what improved vaneties do you plant- Names?

a) Eahandje

b) Likerova

¢} Mandenga

d) Mauta pharumbarmba

e} All four

f) Amny other than the list above?

Why do you prefer the mmproved vaneties

a} Eardy matunng
b) High yielders E

Page 1 ofb
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Easy to handle [ ]

Other POiNt------mmmmm e oo

What is your average Bambara groundnuts yield approximately (bag = 50 kg)?

What are the main uses of the Bambara groundnuts you grow?
Home consumption

Animal feed

Income generation

Other e

How many bags of Bambara groundnuts do you require for the family

consumption every year?
Less than 5 bags
6 to 10 bags

More than 10 bags
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5. Do you sell your Bambara groundnuts?

a) Yes

b) No

6. If yes, in which form (wet or dry)?

7. Does seed colour play an important role in selecting a variety for you?

a) Yes

b) No

8. If yes, why----------------- mmmmmmmmemmeeee- mmmmmememm e -
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What seed colour would you prefer and why?

Black

Brown

Red

Cream

Chocolate

Others?......uueeeeennnne.

Farm inputs

1. Do you apply fertilizer to your Bambara groundnuts?

a) Yes

b) No

2. 1IN0, Why NOt?.....cooiiiie e,

3. If yes, what type of fertilizer do you apply and method of application?

Fertilizer

Quantity of bags

Method of application

Kraal Manure

NPK

Lime

Basal fertilizer

Other
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Options 1. Drilling 2. Broadcast 3. Other

4. How much fertilizer do you put per hectare?

5. How many times do you weed each growing season? _

6. What is the cost of labour per weeding?

Bambara groundnuts production Constraints

Bambara groundnuts production constraints

Tick appropriately

High cost of inputs

Fertilizers

Seed

Labor

Storage pests

Weevils (Callosobruchus maculatus)

Larger grain borer

Moths

Field pests

stem borer

Greenbugs

Aphids

Stem and stalk borers

Amanita

Diseases

Downy mildew

Bacterial leaf spot

Rust

Stem rots

Storage rots

Parasitic weeds

Striga

Other

Birds
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Abiotic

Drought

Soil fertility and acid soil

Heat

Policies

Low market prices

Do you experience any Bambara groundnuts diseases on your farm during the

growing seasons?
Yes

No

Which diseases are these?

To what extent do the diseases affect the Bambara groundnuts yield?

Significantly
slightly

Dismally

In which season do you see the symptoms?
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3. Both long and short rains-----------=--=--=-=------- mmmmmmmmmmmmsesmseeeeoeoooooooo
4. Other (Specify)---=--===m-mmmmmm e e e
5. In which season are the symptoms most severe?
1. Prolonged rains
2. Short rains
3. Both long and short rains
4. Other (specify)
5. Do you control the diseases and pests?
1. Yes
2. No
Control measures
1 Chemicals
2 Rotation (cultural measures)
3 Early planting (cultural measures)
4 Timely weeding (cultural measures)
5 Resistant varieties
6 Others...
3. How effective are the control measures that you use? tick one
1. Very effective
2. Effective
3. Not effective at all
4. | do not know

95




5. Does aphid attack the varieties you grow differently?

1. Yes

2. No

3. If so, which varieties are attacked most?
1. Improved varieties
2. Local varieties

Farmers’ expectation from Sustainable solutions to Bambara groundnuts

productions

4. In your opinion, what should be the focus of these research efforts on Bambara

groundnut research?
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