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ABSTRACT 

Bambara groundnut (Vigna subterranea L. Verdc) is a pulse crop cultivated mostly by 

smallholder farmers in Africa and ranked the third most important legume crop after groundnut 

(Arachis hypogaea L.) and cowpea (Vigna unguiculata (L.) Walp.). Grain legumes such as 

Bambara groundnut form nitrogen-fixing association with bacteria in the roots collectively 

called rhizobia in a process that supplies sufficient nitrogen (N) for legumes and other crops 

under crop rotation and intercropping systems. Sustainable agriculture depends greatly on these 

mutualistic relations, especially a balanced interaction between a diversity of rhizosphere 

microorganisms, plants, and soil physical and chemical properties. Rhizosphere 

microorganisms perform a variety of functional processes that enhance the soil and promote 

plant growth, while the plant reciprocates this by providing the microbial communities with 

conducive endo and exo-microenvironment. The diversity and functional roles of rhizobia 

associated with Bambara groundnut rhizosphere have not been extensively studied. Hence, the 

aim of the current study was to (i) determine the incidence and diversity of the rhizobacterial 

associated with communally produced Bambara groundnut in Mpumalanga, KwaZulu Natal, 

and Limpopo provinces, South Africa, (ii) identify nutrient-cycling activities of rhizobacteria, 

and (iii) assess nutrient status, and enzyme activities of Bambara groundnut rhizosphere soil. 

Roots and soil samples from Bambara groundnut were collected from communal fields in 

Mpumalanga and Limpopo provinces. In KwaZulu-Natal province, soil samples were gathered 

from Bambara groundnut farmers' fields before planting the crop. Bambara groundnut root 

nodules were sterilized, crushed, and streaked on Nutrient Agar (NA) media to isolate bacteria, 

which were identified using morphological traits and 16S rRNA gene sequencing. The gene 

sequences were confirmed via BLASTn at NCBI. Nitrogen and phosphorus cycling activities 

of the bacterial isolates were tested, and the diversity of rhizobia in the samples was assessed 

using Shannon-Wiener, Simpson, and Pielou’s indices. Morphological characterization of the 



xxi 
 

isolates resulted in the identification of 209 isolates, with 43 different isolates identified in all 

three provinces. About 89 % (186) of isolates from the root nodules tested positive for nitrogen 

cycling and 11 % (23) tested negative, while all isolates obtained from nodules in all three 

provinces tested negative for phosphate solubilization. The 16S rRNA gene sequences of the 

selected 153 isolates revealed a distinct evolutionary lineage mostly related to the genera 

Enterobacter, Leucobacter, Bacillus, Spingobacterium, Lysinibacillus, Stenotrophomonas, 

Cellulosimicrobium, Kaistella, Neorhizobium, Proteus, Micrococcus, and Mammalicoccus. 

with a significant E-value (≤ 0.000).  In this study, 22 bacterial species (14.38%) were closely 

associated with Enterobacter absuriae, 19 (12.42%) with Leucobacter chromiiresistens, 18 

(11.76%) with Bacillus pumilus, 14 (9.15%) with Sphingobacterium faecium, 13 (8.50%) each 

with Lysinibacillus sphaericus and Stenotrophomonas lactitubi, and 11 (7.19%) with 

Stenotrophomonas pavanii. Other species were associated with varying percentages, with the 

least common being Lysinibacillus pakistanensis, Mammalicoccus sciuri, and 

Sphingobacterium multivorum at 0.65% each.The N-cycling tests indicated that 186 (89 %) of 

isolates from the root nodules could fix nitrogen and 23 (11 %) could not, whereas all isolates 

from root nodules could not solubilize phosphate. Mpumalanga province had the highest 

number of bacterial isolates (107) from root nodules, followed by KwaZulu-Natal province 

(87) and last was Limpopo province (15). In Mpumalanga province, the University of 

Mpumalanga had the highest bacterial isolates at 40 and the highest species richness of 21, 

while Casteel and Mkhuhlu had 5 isolates each and lowest in species abundance. Hazyview 

had the least species richness (3). In KwaZulu-Natal province, the University of Zululand had 

higher number of isolates, 64, and 23 species richness when compared to Nhlangenyuke that 

had 23 isolates and 14 richness score. In Limpopo province, Gabaza village had 15 isolates and 

10 richness score. In Mpumalanga province, the University of Mpumalanga had the highest 

genetic diversity index (H’) score of 2.81, followed by Hlamalani at 1.79, Nkomazi at 1.77, 



xxii 
 

Boschfontein and Bushbuckridge at 1.63, and Hazyview had the lowest score of 1.01. The trend 

was different for Simpson index (D) scores, with Hazyview having the highest score index of 

0.27, while the lowest diversity score of 0.05 was recorded at the University of Mpumalanga. 

When rhizobia evenness (J) was studied, Casteel had a score closest to even level at 0.83, while 

Hazyview and Boschfontein both had scores of 0.56. In KwaZulu-Natal province genetic 

diversity (H’) of the microbial population was higher at the University of Zululand at 2.85 and 

Nhlangenyuke had lower H’ index of 0.5. Simpson index also indicated higher diversity (D) 

score of 0.94 at the University of Zululand and lower at Nhlangenyuke with a diversity (D) 

score of 0.04. The physicochemical properties of soil samples collected from Bambara 

groundnut fields in three provinces were assessed at the KwaZulu-Natal Department of 

Agriculture and Rural Development’s Analytical Services Unit, Cedara, South Africa. 

Phosphorus (P), total nitrogen (N), potassium (K+), calcium (Ca2+), magnesium (Mg2+), zinc 

(Zn), manganese (Mn), copper (Cu), pH, organic carbon (OC), organic matter (OM), clay, 

exchangeable acidity, and acid saturation in the soils were determined using previously 

described methods. Phosphorus and nitrogen enzyme cycling activities (acid phosphatase, β-

glucosidase, β-glycosaminidase, and alkaline phosphatase) were determined according to the 

method adapted from Jackson, Tyler, and Millar (2013) and conveyed in nmolh-1 g-1 using 5 g 

of each soil sample, while nitrate reductase activities method was adapted from Bruckner, 

Wright, Kampichler, Bauer and Kandeler (1995). Collected data were subjected to analysis of 

variance (ANOVA) using Statistix 10 software. Mean separation was achieved using Fisher’s 

Least Significant Differences (LSD) at 5 % probability. All physico-chemical properties such 

as pH, total nitrogen, organic clay content, magnesium, manganese, soil density, exchangeable 

bases, effective cation exchange capacity (ECEC), zinc, and copper were statistically (P ≤ 0.05) 

different among localities, except for phosphorus, exchangeable acidity, acid saturation and the 

soil enzyme activities (acid phosphatase, β-glucosaminidase, and alkaline phosphatase). The 
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pH of the soil in all sample sites was acidic, ranging from 4.5 to 5.8 with Hazyview, 

Bushbuckridge, and Nkomazi being slightly acidic, and University of Zululand and 

Mpumalanga pH were rated as strongly acidic. Nhlangenyuke had the highest percentage of 

soil organic carbon and organic matter of 1.86 % and 3.20 %, respectively. Nhlangenyuke soil 

had a high K+ value of 0.45 cmolc kg-1 when compared to the other sample sites. Hazyview had 

the highest clay content, Ca2+, and effective cation exchangeable capacity (ECEC) of 38.00 %, 

4.98 cmolc kg-1, and 6901.9 cmolc kg-1, respectively. Copper (Cu), magnesium (Mg2+), and 

manganese (Mn) of 9.39 mg kg-1, 2.11 mg kg-1, and 49.55 mg kg-1, respectively, were high in 

soils collected from Gabaza village whereas Boschfontein had the lowest Cu, Mg2+, Ca2+, K+, 

ECEC, and clay content of 0.30 mg kg-1, 0.23 mg kg-1, 0.99 cmolc kg-1, 0.10 cmolc kg-1, 1344 

cmolc kg-1, and 7.50 %, respectively. The University of Zululand had the lowest Mn at 6.01 mg 

kg-1. Soil collected from Casteel had a high Zn level of 28.47 mg kg-1 and the lowest Zn of 0.22 

mg kg-1 was found in Hlamalani. Nhlangenyuke soil had the highest N of 1.10 mg kg-1 whereas 

the lowest N of 0.43 mg kg-1 was in Hlamalani. Soil enzyme activities; N-cycling and P-

cycling, which involves acid phosphatase, β-glucosidase, β-glycosaminidase, and alkaline 

phosphatase were not different among localities. Hlamalani soil had the highest nitrate 

reductase of 19710 nmolh-1 g-1 and Bushbuckridge was the lowest nitrate reductase of 6243.33 

nmolh-1 g-1. In conclusion, rhizobia isolates identified in root nodules varied amongst the 

locations with Mpumalanga province having the highest number of isolates followed by 

KwaZulu-Natal province and the least was Limpopo Province. In all three provinces nodules 

had both nitrogen cycling bacteria and non-cycling bacteria with no isolates able to solubilize 

phosphate. The physico-chemical soil properties varied with the location. Hlamalani had the 

highest nitrate reductase and Bushbuckridge the lowest. The current study indicated that there 

is a huge diversity of rhizobacterial organisms associated with Bambara groundnuts with 

potential for commercialisation after testing their efficiency in nutrient cycling. 
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CHAPTER ONE 

INTRODUCTION  

  

1.1 Background 

Globally, food and nutritional security are among the greatest challenges that need to be 

overcome, especially in the 21st century (Temegne et al., 2020; Cook, 2017). In South Africa, 

20 % of households have inadequate access to food and nutrition daily (Cook, 2017). 

According to Smyth (2020), ‘food security happens when all individuals at all times have 

access to safe, sufficient, and nutritious food to meet their dietary needs for a healthy and active 

lifestyle’. Food insecurity may be caused by low yield due to soil nutrient deficiency in 

agricultural farming systems, especially in communal areas (Unigwe, Gerrano, Adebola & 

Pillay, 2016). The rapid reduction of soil nutrients most importantly nitrogen (N) and 

phosphorus (P) in agricultural land is caused by human activities that include overcultivation, 

uncontrolled burning, and overgrazing (Blair, Nippert & Briggs, 2014). To increase yield, most 

farmers rely heavily on N fertilizers, however, most resource-poor smallholder farmers in Sub-

Saharan Africa cannot afford these chemical fertilizers (Oruru, Njeru, Pasquet & Runo, 2018). 

In addition to being expensive, fertilizers also contribute extensively to environmental 

pollution (Adesemoye & Kloepper, 2009).  

Legumes can be included in agricultural farming systems as they promote the conversion of 

atmospheric N to the reduced form of ammonia, which is easily accessible to plants, through 

biological nitrogen fixation (BFN) (Jaiswal & Dakora 2019; Oruru et al., 2018). Vigna 

subterranea (L.) Verdc, commonly known as Bambara groundnut, is an indigenous African 

legume crop that can be incorporated into cropping systems due to its ability to fix atmospheric 

N. It is mainly grown by subsistence farmers in sub-Saharan Africa (Cook, 2017; Unigwe et 

al., 2016). Moreover, it is highly rich in carbohydrates (55.6 %), protein (21.2 %), fats (7 %), 
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and fiber (6.3 %) making it a comprehensive meal (Cook, 2017). Bambara groundnut grows 

well in acidic soil, and it is highly tolerant to severe drought conditions (Cook, 2017). 

Moreover, can form a symbiotic and non-symbiotic relationship with phosphate solubilizing, 

nitrogen-fixing, and Nitrogen cycling bacteria (Oruru & Njeru 2016). The symbiotic 

association involves the interaction between soil microbes and plants such as Rhizobia bacteria 

and leguminous plants and Frankia with non-leguminous plants (Zoundji, Houngnandan, Boko 

& Toukourou, 2020). In a symbiotic association, these bacteria infect the roots and stems of 

leguminous plants, causing lumps and nodules (Mir, Nagabhushanam, Quadriya, Kumar & 

Hameeda, 2020). In addition, microorganisms found in the soil also produce extracellular 

enzymes that transform and hydrolyze polymeric compounds into readily available nutrient 

assimilation of microbes and plants (Lucas et al., 2008). The extracellular enzyme plays a role 

in mineral regulation and the cycling of nutrients such as carbon, phosphate, and nitrogen. 

Enzymes such as asparaginase and β-glycosaminidase hydrolyze chitooligosaccharides and 

convert asparagine into ammonia and aspartic acid (Nanda, Andrio, Marino, Pauly & Dunand, 

2010). This influences nitrogen bioavailability, increasing assimilation of nitrogen by plants 

(Henriksson, Sild, Szabó, Pettersson & Johansson, 1988). For instance, Bacillus has been 

isolated from root nodules and shown to solubilize phosphate and synthesize hydrolytic 

enzymes, polyamines, and lipopeptides (Maymon et al., 2015). For example, Bacillus isolated 

from root nodules shown to synthesize hydrolytic enzymes, lipopeptides, polyamines, and 

solubilize phosphate (Maymon et al., 2015). 

 

1.2. Problem statement  

Bambara groundnut, like other legume crops, develops some root nodules, which host 

phosphate solubilization, nitrogen-fixing, and nitrogen-cycling bacteria that enhance the 

growth of plants and improve soil fertility (Sharma, Kaur & Sharma, 2020). In South Africa, 
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Bambara groundnut is mainly cultivated in KwaZulu-Natal, Mpumalanga, and Limpopo 

provinces (DAFF, 2016). Moreover, BG thrives in nutrient deficient soils because of its 

symbiosis with nitrogen fixation, phosphate solubilization, and nutrient-cycling bacteria 

(Sharma et al., 2020). However, less is known about the rhizosphere microbes that form a 

symbiont with nutrient cycling functions in legumes such as Bambara groundnut in the natural 

soil of Mpumalanga, KwaZulu-Natal, and Limpopo province, and their contribution to soil 

fertility is not well understood. Hence, Therefore, there is a need to characterize and identify 

soil microbes that are mainly associated with Bambara groundnut and the role they significantly 

play in the enhancement of nutrient acquisition. There is a clear enticement to exploit the 

diversity of microbes and to isolate, at the same time developing functional microbes that can 

be used, in effect, as targeted fertilizers as an alternative to traditional fertilizer applications 

(Zilli et al., 2019). Furthermore, no studies have assayed enzyme activities in Bambara 

groundnut rhizosphere soil in the three different provinces. 

 

1.3. Justification  

It has been found that production of high yield tends to decline with poor soil fertility, 

especially N resulting in poor crop production (Jaiswal et al., 2019; Valentine, Kleinert & 

Benedito, 2017). Studies have shown that the productivity of soils in South Africa is restricted 

by insufficiency of nutrients such as phosphorous (P), nitrogen (N), and potassium (K), the 

problem compounded by low organic matter (Mulinganya, 2016). Small-scale farmers have 

increased land use while using minimal nutrients, resulting in a decrease in crop yields and an 

increase in nutrient removal (Nyaauthii, 2017; Mulinganya, 2016). Biological nitrogen fixation 

by legume plants might enhance fertility of soil sustainably and more cheaply. The use of 

synthetic fertilizer to increase soil fertility is very costly for small-scale farmers and harms the 

environment (Ali, Rahman, Khatun, Yasmin & Rashid, 2019; Li et al., 2017). The efficient use 
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of biological nitrogen fixation is hindered by a shortage of P in the soil which characterizes 

most subtropical and tropical ecosystems (Valentine, Benedito & Kang, 2018). Since there are 

high deficiencies of N, P, and K in soil due to nutrient mining in agricultural production land, 

there is a need to supplement these nutrient elements by using biological fertilizers to optimize 

crop production because they are less expensive and environmentally friendly (Ramakrishnan, 

2015). Moreover, the use of biofertilizers is a practice that supports the three pillars of 

sustainable agriculture: social, environmental, and economic. Characterizing naturally 

occurring rhizobia associated with Bambara groundnuts in the root and rhizosphere soil of 

Bambara groundnut, analyzing the fertility status of different soil, and assessing enzymatic 

activities will therefore aid in guiding the greatest strategy to boost agricultural production.  

 

 1.4. Purpose of the study 

1.4.1 Aim and Objective  

This study seeks to characterize naturally occurring rhizobia associated with Bambara 

groundnut root and rhizosphere soil, analyze physicochemical properties of the rhizosphere as 

a potential influence of rhizobia diversity, and quantify enzymatic activity in N-cycling and P-

cycling to improve Bambara groundnut yields in the communal farming communities of 

Mpumalanga, Kwazulu-Natal, and Limpopo province. With high deficiencies of N, P, and K 

in soil due to nutrient mining in agricultural production land, it is necessary to supplement these 

nutrient elements by using biological fertilizers to optimize crop production.  The study will 

provide information on the most efficient nitrogen fixing bacteria associated with Bambara 

groundnut (Ramakrishnan, 2015). 

For this purpose, the following objectives are devised: 



5 
 

i. To determine the incidence and diversity of rhizobacteria associated with communally 

produced Bambara groundnut roots in Mpumalanga, KwaZulu-Natal, and Limpopo 

Province and their N-cycling and P-cycling ability. 

ii. To assay soil nutrient status and enzyme activities of Bambara groundnut rhizosphere 

soil in Mpumalanga, KwaZulu-Natal, and Limpopo Province. 

1.4.2. Hypotheses 

i. The incidence, diversity, N-cycling, and P-cycling ability of root nodule inhibiting 

bacteria associated with communally produced Bambara groundnut will differ in 

Mpumalanga, KwaZulu-Natal, and Limpopo province.  

ii.  Soil physico-chemical properties and enzyme activities on Bambara groundnut 

rhizosphere will differ in Mpumalanga, KwaZulu-Natal, and Limpopo province. 

 

1.5. Reliability, validity, and objectivity 

Reliability refers to a variable measured repeatedly without any chances and the instrument 

used to measure produces consistent results (Leedy & Ormrod, 2005). Statistical analysis 

provides different reliability levels. Various reliability checks on the data are provided by 

statistical analysis (Berenson & Levine, 1996). Reliability was guaranteed in this study's 

numerous experiments by assessing the variance explained by models as measured by 

coefficients of determination and through the application of proper statistical significance 

levels for mean separation. According to Leedy and Ormrod (2005), the degree to which a 

measuring device measures what it was intended to measure is known as validity. The validity 

of a research investigation pertains to the accuracy with which the outcomes among the study 

subjects reflect genuine findings among comparable individuals beyond the study's scope. To 

guarantee credibility, this study adopted methodologies established by other researchers, 

samples were correctly randomized and replicated accordingly. Little and Hills (1981), further 
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added that validity could be ensured by experimenting with the same location over time. 

Objectivity is described as striving, as far as possible or practicable, to reduce or eliminate 

biases, prejudices, or subjective evaluations by relying on verifiable data (Leedy & Ormrod, 

2005). The objectivity of the study was achieved by discussion of the results based on empirical 

evidence displayed by statistical analysis, with the comparison and contrasting of results with 

other results obtained from other studies (Little & Hills, 1981). 

 

1.6. Bias 

Bias is described as any influence, conditions or set of conditions that singly or altogether 

distort the data (Leedy & Ormrod, 2005). In this study, bias was minimised by ensuring that 

the experimental error in each experiment was reduced through increased replications and 

randomization (Little & Hills, 1981). 

 

1.7. Significance of the study 

The screening of rhizobia strains that are adapted to local conditions and searching for greatly 

effective strains to be used as inoculants, represents an encouraging strategy in overcoming 

inoculation failure (Chibeba, Kyei-Boahen, de Fátima Guimarães, Nogueira & Hungria, 2017). 

The efficient rhizobia strains can be used as bio-fertilizers which bear higher efficiency over 

the chemical nitrogenous fertilizers and contribute to sustainable agriculture, at the same time 

decreasing the use of synthetic fertilizers which are harmful to the environment (Chibeba et 

al., 2017). This research will contribute towards the development of cost-effective, easy to use 

method of improving soil fertility for communal farmers (Temegne et al., 2020). Furthermore, 

the study contributes to the scientific knowledge of Integrated Soil Fertility Management 

(ISFM) technology with high potential to improve nitrogen fixing abilities of Bambara 

groundnuts, increasing soil fertility and enhancing crop yields (Cook, 2017; Mulinganya, 
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2016). This will result in improved nutrition, food security, and income for the farmers 

(Mulinganya, 2016). Overall, the findings of the study will be very useful in the development 

of sustainable practices to increase food security and the management of N flow in farming 

systems in Mpumalanga, Limpopo, and KwaZulu-Natal provinces and South Africa as a whole. 

 

1.8. General overview of chapters in the dissertation 

This dissertation contains six chapters. The summaries in each chapter are mainly offered to 

allow the readers to understand and follow discussions on issues and research findings were 

applicable. Chapter one outlines the background of the study, narrating on the challenges of 

soil nutrient in agriculture and the importance of pulse crop in improving soil nutrient through 

biological nitrogen fixation. The chapter goes on to describe the adaptation that is exhibited by 

legume crop to ensure efficient acquisition and utilization of soil nutrients. The research 

problem, rationale of the study, hypothesis, aim and objective of the study are also highlighted 

in this chapter. Chapter two, discusses literature review relative to food security, the growth 

requirement, production, nutritional content, and uses of Bambara groundnut. Furthermore, 

covering literature relating to biological nitrogen fixation, their significance and restriction 

factors. This chapter also offered a transitory overview on the importance of rhizobia in 

cropping systems and plant growth promoting rhizobia (PGPR) in agriculture. A detailed 

description given on the effect of P stress on biological nitrogen fixation and an overview of 

the different mechanisms used by pulse crop to improve P acquisition are also discussed. 

Chapter three, presents and discusses findings on the incidence and diversity of rhizobacteria 

that are associated with communal produced Bambara groundnut in Mpumalanga, Limpopo, 

and Kwa-Zulu Natal provinces. Chapter four, reports on soil nutrient status in the different 

studied provinces and the most restricting macro-nutrients, N, P and K of Bambara groundnut 

producing areas is discussed. Also, the chapter describes and discusses findings on the 
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extracellular enzyme activities on carbon cycling, phosphorus solubilisation and nitrogen 

fixation of the rhizosphere symbiotic PGPR in the three different provinces. Chapter five, gives 

the summary of the findings of the whole study, significance of the findings, future potential 

of Bambara groundnut production, general conclusions, and recommendation. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1. Overview 

In 2030, it is projected that there will be greater demand for agricultural products by over 60% 

(Majola, Gerrano & Shimelis, 2021; Laplaze, Sparvoli, Masmoudi & Hash, 2018; Ojiewo et 

al., 2015). Soil under crop production, particularly in  Sub-Saharan Africa, is nutrient lacking 

and mostly acidic, leading to low crop yields (Cook, 2017; Abd-Alla, El-Enany, Nafady, 

Khalaf & Morsyet, 2014). Many tropical nations use inorganic manure to increase crop 

production, even though they have been found to pose potential health risks to both humans 

and the environment (Babalola et al., 2017). Nevertheless, the high cost of synthetic fertilizers 

remains a serious challenge to resource-poor smallholder farmers (Oruru, Njeru, Pasquet & 

Runoet, 2018). Furthermore, continued use of this chemical fertilizer remains a threat to the 

environment and human health (Ajilogba, Olanrewaju & Babalola, 2021; Valentine, Benedito 

& Kang, 2018; Abd-Alla et al., 2014). A sustainable approach to achieving food security 

includes the use of beneficial microbes and improving the breeding of underutilized legumes 

(Laplaze et al., 2018). Using microbiome-assisted breeding in underutilized legumes offers 

great potential for improving food security (Hassen, Van Vuuren, Bopape & Gerrano, 2022). 

Legumes can form a symbiotic association with rhizobia bacterial found in the soil and as a 

result, atmospheric nitrogen will be fixed into forms that are assimilable by the legumes thereby 

promoting crop productivity and improving soil mineral nutrition (Hassen et al., 2022; Laurette 

et al., 2015). Plant growth-promoting rhizobacteria use several mechanisms for the 

enhancement of plant growth and development (Lugtenberg & Kamilove, 2009). Plant growth-

promoting rhizobia are involved in various biological processes within the rhizosphere soil 

both direct and indirect mechanisms which include nutrient cycling, nitrogen fixation, and 

mineral transportation (Omara, Hauka, Afify; El-Din & Kassem, 2017) (Figure 2.1). Hence 



13 
 

this review will summarize the significance of Bambara groundnut known as a legume crop, 

plant growth promoting rhizobia association with legumes and non-legume crops, and the use 

of rhizobia as biofertilizers in agriculture production (Figure 2.1).  

 

Figure 2.1: Role of plant growth promoting rhizobia (PGPR) on the growth and development 

of plants (PlantWorks, 2013). 

 

2.2. Significance of Bambara groundnut 

2.2.1. Nutritional advantages 

The Bambara groundnut is a complete food source that contains proportions of protein, fats, 

fiber, and carbohydrates that are sufficient to qualify as a balanced diet (Tan et al., 2020; 

Halimi, Barkla, Mayes & Kinget, 2019; Ijarotimi & Esho, 2009). Its leaves are mainly rich in 

phosphorus (P) and can be used as feed for livestock. Bambara groundnuts are a low-cost, 

protein-rich food source that enhances food and nutritional security in rural communities 

(Azman Halimi, Raymond, Barkla, Mayes & King, 2021). The protein composition is higher 

in essential amino acids, such as lysine, phenylalanine, valine, isoleucine, methionine, and 

threonine, with 80 % protein with superior quality compared to soybean (74 %), cowpea (64 
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%), and groundnut (65 %). (Adegboyega, Shoge & Tamasi, 2021; Mubaiwa, Fogliano, 

Chidewe, Bakker & Linnemann, 2018). Bambara groundnut seeds have a high Gross Energy 

(GE) (Ajilogba et al., 2021). Its fat composition is estimated at 6.5 % while carbohydrates are 

at 65 %, respectively (Ibny, Jaiswal, Mohammed & Dakora, 2019; Mazahib, Nuha, Salawa & 

Babiker, 2013). Furthermore, it contains micronutrients such as calcium (Ca), zinc (Zn), 

potassium (K), and iron (Fe) (Cook, 2017). Mubaiwa et al. (2018) revealed that the red-seeded 

cultivars have practically twice as much iron just like the cream white-eye seeds. 

 

2.2.2. Agronomical advantage 

Bambara groundnut (BG) is a drought-tolerant legume crop that has significant importance in 

agricultural systems (Tan et al., 2020; Babalola et al., 2017). Chibarabada (2014) reported that 

BG is suitable for intercropping with other crops such as maize and cereal. This legume crop 

is mostly grown by farmers because of its ability to produce in poor soil conditions when 

compared to other crops such as peanuts, beans, and groundnuts (Olanrewaju, Oyatomi, 

Babalola & Abberton, 2022; Babalola et al., 2017). Bambara groundnut roots form a symbiotic 

relationship with nodules of bacteria found on the roots, this symbiotic relationship assists in 

the fixation of atmospheric nitrogen making it accessible to plants (Babalola et al., 2017). 

 

2.2.3. Medical Significance 

Bambara groundnut seeds and leaves have been shown to have some medicinal properties 

(Murevanhema & Jideani, 2013). The leaves of this legume crop can be applied in infected 

wounds and abscesses, the juice found from the leaves is mainly applied to the eyes to treat 

epilepsy (Khan, Bano, Ali & Babar, 2020). Whereas the pounded extracts from the leaves 

mixed with Lantana trifolia are mainly used as insecticides in livestock production 

(Mkandawire, 2007). Temerge (2018) also stated that grounded seeds of BG can be mixed with 
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water and administered in treating cataracts mostly in Senegal. In Ghana, crushed seeds of BG 

have been used to treat a rash on the skin, and a mixture of the powder with some meat of 

guinea fowl is used as the treatment of diarrhoea in children (Akpalu et al., 2013).  In Botswana, 

the black-seeded cultivar has been used to treat impotence, while the BG with boiled water 

from maize when drunk is mainly used to treat diarrhoea in Kenya by the Luo tribe (Udeh, 

Nyila & Kanu, 2020). In South Africa chewing and swallowing of the seeds have been used to 

control nausea (Khan et al., 2020). Moreover, the seeds of Bambara groundnut contain 

kaempferol, which is an antioxidant polyphenol that is used to reduce the risk of various chronic 

diseases including cancer (Temerge et al., 2020). Bambara groundnut in Cameroon has been 

used in the fight against stomach pains, amoebic dysentery, joint pains, bone decalcification, 

headaches, and sore throat (Udeh et al., 2020). In Nigeria, the Igbo tribe uses the plant to treat 

venereal disease (Oluwole et al., 2021). It also helps to stimulate the production of milk in a 

woman who is breastfeeding and is also given to women who have just given birth to help in 

the proper healing of the wounds (Temegne, 2018). 

 

2.3. Bambara groundnut production in South Africa 

In South Africa, Bambara groundnut is mostly cultivated in KwaZulu-Natal, Mpumalanga, and 

Limpopo provinces (Minnaar-Ontong, Gerrano & Labuschagne, 2021; DAFF, 2016). It was 

migrated by the indigenous people from West Africa to South Africa (Nkambule, 2020). 

However, it is cultivated by smallholder farmers in areas that range between 302- 2500 m2 per 

farmer, with a production yield of approximately 300 kg ha-1 (Nkambule, 2020). Bambara 

groundnut production figures in South Africa are not reliable and the legume crop is not grown 

commercially (DAFF, 2016). Common names of Bambara groundnut in South Africa include 

Ditloo- marapo (Sepedi), Tindluwa (Xitsonga), Jugoboon (Afrikaans), and Phonda (Venda) 

(DAFF, 2016; Mohammed, 2014). Bambara groundnut is considered the third most significant 
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legume crop after cowpea and groundnut (Minnaar-Ontong et al., 2021; Cook, 2017). Over the 

years BG was mostly produced for subsistence use in South Africa, and only later that South 

Africans started selling the crop (Cook, 2017; DAFF 2016). Cook (2017) argued that the 

primary reason BG has been less prioritized by farmers compared to other legumes such as 

cowpea and groundnut is that there is limited research done on the crop, hence there are no 

enhanced varieties resulting in little attention on the crop. The estimated market size ranges 

between 1,500 to 4000 tons, with a substantial proportion of the supply met by imports from 

neighbouring countries such as Zimbabwe (Mubaiwa et al., 2018). Bambara groundnut 

accessions in South Africa are low yielding when compared to other Bambara groundnut 

accessions in other countries (Unigwe, Gerrano, Adebola & Pillay, 2016; Karunaratne, Walker 

& Ruane, 2015). 

 

2.3.1. Production of Bambara groundnut in Mpumalanga province 

In Mpumalanga province, Bambara groundnut is the third most significantly cultivated crop in 

the Lowveld region after groundnut and maize (Cook, 2017), mainly grown by smallholder 

African farmers in the middle and low veld areas of the province, both as cash and food crops 

(DARDLA, 2012). Matthews (2013) reported that South Africa’s Department of Agriculture 

and Land Administration identified local accessions in Mpumalanga for great yielding BG with 

yields of up to 2350- 2355 kg ha-1 (local accessions MPB51 and MPB71). Also, carried out a 

baseline survey on Bambara groundnut production in the Mpumalanga province revealed that 

Bambara groundnut is mostly planted on land that is newly cleared (DARDLA, 2012). There 

is a tradition in the Mpumalanga region that prohibits planting Bambara groundnuts early 

before January, which reduces its growing season as well as yields (Matthews, 2013). 

 



17 
 

2.3.2. Production of Bambara groundnut in Kwazulu-Natal province  

Bambara groundnut in KwaZulu-Natal is grown in Msinga, Greytown, Nkandla, Nguthuthu, 

Kosibaai, and Makhati areas. Also grown on a minor scale in Illembe and Umzinyathi districts. 

Controlled trials of Bambara groundnut have been conducted in Ukulinga Research Farm 

(KwaZulu-Natal) (DAFF, 2016). Most of BG production is mainly for food and income 

generation by smallholder farmers (Majola et al., 2021). 

 

2.3.3. Production of Bambara groundnut in Limpopo province 

Bambara groundnut production in Limpopo province is relatively low and the major production 

regions are in the districts of Mopani, Capricorn, Vhembe, and Waterburg (DAFF, 2016). Just 

like in other provinces, the crop is produced by small-scale farmers, at a small scale. In Venda, 

the BG crop is planted after the maize crop, with the belief that Bambara groundnut fields 

probably function as protection of the small, intensively cultivated plots of maize (Cook, 2017; 

Matthew, 2013).  

 

2.4. Production constraints of BG in South Africa 

Bambara groundnut production is affected by numerous production factors, These factors 

include abiotic stresses (poor soil fertility, extreme temperature, and drought) and biotic 

stresses such as diseases which are caused by bacteria, viruses, nematodes, fungi, insect pests 

(Majola et al., 2021). 

 

2.4.1. Biotic stresses 

The production of Bambara groundnut is affected by disease and field insect pests (Majola et 

al., 2021). 

Pathogenic organisms 
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Bambara groundnut crop is attacked by several fungal pathogens under both humid and dry 

conditions (Majola et al., 2021). These fungal pathogens of more significance are Cercospora 

spp., Colletotrichum capsici capsica, and Fusarium spp. Cercospora leaf spot on Bambara 

groundnut is characterized by reddish to almost brown circular spots, as well as some lesions 

on the stem, pods, and petioles (Figure 2.2) (DAFF, 2016). Colletotrichum capsici capsica and 

Fusarium the cause of wilt, are the most common fungal pathogens on Bambara groundnuts. 

Other diseases with minor importance include the leaf-blotch caused by Phomopsis sp. and 

powdery mildew, these two diseases have been reported in Zimbabwe attacking mostly 

immature leaves of Bambara groundnut (Olanrewaju et al., 2022; Majola et al., 2021).  

Viruses that have been reported on the crop include a necrotic-mosaic virus, cowpea mottle 

virus, two potyviruses, and white-clover mosaic virus, with recent reports indicating significant 

crop losses (Olanrewaju et al., 2022).  

 

 

Figure 2.2: Reddish spots on the leaves of Bambara groundnut caused by Cercospora sp. 

(Ouoba et al., 2019). 

 

Insect pests and nematodes 

Insect pests generally are less damaging to the Bambara groundnut crop than other legume 

crops such as cowpea (DAFF, 2016). Storage pests such as the cowpea weevil (Callosobruchus 

maculatus) have been reported to cause severe damage to the grain stored poorly (Olanrewaju 
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et al., 2022; Kosini & Nukenine, 2017). Seeds stored with high moisture content seem to be 

the ones most affected by weevils, as the molds growing on them attract attack by weevils 

(Nyamador et al., 2017). The root-knot nematodes (Meloidogyne spp.) documentation indicates 

that the pest is a major threat to BG in lighter soils, causing direct yield reduction and enabling 

Fusarium infection (DAFF, 2016).  

 

2.4.2. Abiotic stress 

Several environmental factors pose some challenges to crop yield, such include drought and 

temperature (Suzuki, Rivero, Shulaev, Blumwald & Mittler, 2014). 

Drought stress 

Research indicates that Bambara groundnut legumes are more drought tolerant than most other 

legume crops, but it has been reported to be sensitive to prolonged drought conditions, mostly 

during pod setting and grain filling phase (DAFF, 2016). Under moderate drought stress 

conditions, the crop can thrive and produce a yield (Olanrewaju et al., 2022; DAFF, 2016). The 

inherent drought tolerance response of Bambara groundnut has been linked to its ability to 

decelerate the rate of water loss by reducing its leaf area and decreasing canopy size (Figure 3) 

(Cook, 2017). The crop can withstand heavy rain but excessive rainfall during harvest results 

in yield losses (Olanrewaju et al., 2022). 

 

Figure 2.3: Effect of prolonged drought on Bambara groundnut production (Fleibrer, 2006). 

Temperature 
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Production of Bambara groundnut is mainly suitable in regions with temperatures ranging 

between 19 ⁰C and 30 ⁰C and is regarded as the fast-growing crop that requires warm 

temperature (DARDLA, 2012). The crop cannot tolerate cold temperatures during the growing 

season (DARDLA, 2012). DAFF (2016) suggested that extreme temperatures may cause leaves 

to wilt which will result in the decline of biomass yield. 

 

2.4.3. Socio-economic challenges 

Bambara groundnut in Sub-Saharan Africa (SSA) is mostly cultivated by female smallholder 

farmers and is regarded as a minor crop (Unigwe et al., 2016). This legume crop has received 

little support in research on seed systems, agronomic management, and breeding of  new 

varieties (Majola et al., 2021). Meena et al. (2018) stated that the breeding project of BG is 

mandatory in developing farmers and market preferences and also the development of some 

superior BG cultivars for food security, excellent returns on investment, and enhanced 

livelihood feeds. Additionally, smallholder farmers have restricted access to finances for 

production expanding through the usage of seed varieties that are newly developed, inputs of 

the crop which includes fertilizers, irrigation systems, resources for crop protection, and post-

harvest storing facilities (Majola et al., 2021). Also, smallholder farmers must have the entry 

to regional markets for economic gains from BG production. Cook (2017) outlined that several 

people in the Limpopo province mainly are dependent on small-scale farming as a source of 

living, economic, and food security and are struggling to uphold food security and are resource-

poor. Hence, they must be educated and receive support from researchers and the government 

to improve their farming systems (Cook, 2017). 
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2.5. Biological nitrogen fixation and its significance 

Biological nitrogen fixation (BNF) results from the interaction between a plant and diastrophic 

bacteria, these bacteria are either free-living in the soil or live in symbiosis with the plants 

(Walker et al., 2020). This process occurs in the root nodules of leguminous plants and within 

the rhizosphere of the non-leguminous plant (Concha & Doerner, 2020). Biological nitrogen 

fixation is the reduction of nitrogen in the atmosphere into ammonia (NH4), whilst the rhizobia 

receive simple sugar from the plant (Babalola et al., 2017). The overall amount of adenosine 

triphosphate (ATP) required by nitrogen-fixing bacteria is 16 mol either found from the 

photosynthetic product or other organisms (Jones et al., 2016). Furthermore, simple sugar 

obtained from photosynthesis is then transferred to the root nodules used by the bacteria for 

nitrogen fixation (Jones et al., 2016; Courty, Smith, Koegel, Redecker & Wipt, 2015). The 

production of NH3 leads to the development of necessary biomolecules that are needed by 

plants through the production of an amino acid (Concha & Doerner, 2020). Another problem 

faced by farmers is the cost of synthetic fertilizers as most of them cannot afford them (Courty 

et al., 2015). Sharma, Kaur and Sharma (2020) stated that rhizobia strains also act as biocontrol 

agents against fungi through antibiotics, mycolytic enzymes, and hydrocyanic acid (HCN). 
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Figure 2.4: Interaction between  legume and beneficial microbes (Jaiswal et al., 2021). 

 

2.6. Factors that affect metabolism, survival, and functioning of BNF in the soil 

2.6.1. Soil pH  

Active survival, growth, and nodulation of rhizobium strains are deleteriously influenced at 

low pH (Hashmat et al., 2021). A study by Ferreira et al. (2016) discovered that the lack of 

nodulation in Medicago truncatula plants in acidic soil was primarily due to the inability of 

Rhizobium meliloti to grow or survive. Ferreira et al. (2016) also added that the failure of 

nodulation is caused by Rhizobia's poor survival in acidic soil, which is particularly likely when 

inoculation is not practiced every year. The nodulation and nitrogen fixation abilities of alfalfa 

(Medicago sativa. L.) and the Lotus (Glaber mill) varied according to pH 4.0 or acid soil 

conditions, which is due to the host's tolerance to low pH, some strains of Rhizobium phaseoli 

can be multiple at a pH of 3.8 (Ameyu, Tesfaye & Regassa, 2020). Nitrogen fixation improved 

at a slightly acidic pH of (6-7) and in turn increased the nitrogen content and growth of the 

plant (Hashmat et al., 2021).  

 

2.6.2. Temperature 

Rhizobia strains in soil are highly dependent on temperature for survival and persistence. 

Nodulation competition is also significantly influenced by the temperature of the soil (Ayalew 

& Yoseph, 2022). Some of this effect may be attributed to a temperature-induced delay in 

nodulation or the restriction of nodules to the subsurface (Sita et al., 2017; Kumar Meena, 

Kumar Singh, Singh, Kumari Meena & Singh Meena, 2015). Nodulated alfalfa plants were 

studied for their CO2 exchange and nitrogen fixation under elevated temperature and water 

availability. It was found that temperature affects plant and nodule dry weight (Ayalew & 

Yoseph, 2022). Plant growth is reduced by high temperatures due to their negative effects not 
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only on the photosynthetic performance of plants but also on nodule growth and development, 

which results in diminished nodule biomass and a depletion of total nodule soluble protein 

content (Sita et al., 2017; Kumar Meena et al., 2015). Interestingly, N fixation is more sensitive 

to high temperatures than photosynthesis (Bhandari et al., 2017). Nodulation interruption is a 

legume-specific phenomenon; for instance, common beans and soybean have a similar 

threshold, whereas lentils are comparatively cold tolerant such that nodulation is substantially 

diminished only at temperatures below 10 °C (Bhandari et al., 2017; Siyanga, 2016). Microbes 

are highly likely to die at freezing temperatures (below zero) due to cellular collapse, which 

occurs when the DNA and membrane of the cell are damaged (Siyanga, 2016). 

 

2.6.3. Nitrate 

Nitrogenase enzyme reduces nitrogen to ammonia, is Oxygen-labile, and hence denatures when 

the oxygen concentration is great (Shandilya, Kumar, Shrivastava, Varma & Vishwakarma, 

2021). Nitrate and ammonium are effective inhibitors of nodule dry-matter supply, nodule 

formation, and nitrogen fixation (Mbah & Dakora, 2017). Nitrate can combine with 

leghaemoglobin to form nitrosylleghaemoglobin, which decreases the oxygen supply to 

Nitrogen-fixing bacteroids (Mbah & Dakora, 2017). 

 

2.6.4. Moisture stress 

Soil moisture influences the development and growth of soil microorganisms through the 

process of mass flow, diffusion, and nutrient concentration (Barbosa, Brito, Fernandes, 

Fernandes-Júnior, & Lima, 2018). Poor nodulation of legume crops in arid soils is due to 

reductions in the population levels of rhizobia throughout the dry season (Mweetwa, Chilombo 

& Gondwe, 2016). Barbosa et al. (2018) argue that moisture level was the dominant factor 

influencing short and long-term survival of Bradyrhizobium japonicum strains inoculated into 
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loamy sand. However, in low water potential rhizobia survival is much better in silt loams, 

sandy loam, and sandy clay loam than in clay or sandy loam soil (Rodiño, Riveiro & De Ron, 

2020). Root nodules are particularly sensitive to changes in soil moisture potential (Ndimbo, 

Nchimbi-Msolla & Semu, 2015). A drop from about -0.55 to -0.7 x105 Pa, has resulted in a 

reduction of nitrogen fixation in soybeans (Rodiño et al., 2020). Moreover, legume crops are 

mainly intolerant to excess and shortage of moisture and this is mainly due to the ultra-

sensitivity of the symbiosis to moisture stress (Mweetwa et al., 2016; Ndimbo et al., 2015). 

Extreme moisture stress can inhibit nodule initiation or cause nodule shedding in some legume 

species (Barbosa et al., 2018). Excess moisture can also reduce N2 fixation potential if 

insufficient oxygen for rhizobia respiration is available (Kasper, Christoffersen, Soti & Racelis, 

2019). 

 

2.7. Symbiotic interaction in Bambara groundnut rhizosphere 

Symbiotic nitrogen fixation is an alternative farming system that is resilient to climate change, 

eco-friendly, and improves soil biodiversity, and soil structure management (Kebede, Amsalu, 

Argaw & Tamiru, 2020). Rhizobia species such Bradyrhizobium, Sinorhizobium, and 

Rhizobium can form symbiotic interactions with legumes such as the Bambara groundnut and 

they can suppress the growth of plant pathogens (Kebede et al., 2020; Babalola et al., 2017). 

Interactions between legumes and rhizobia are mainly due to the result of a very complex series 

of several signals that are exchanged amongst the potential rhizobia and plant symbiont in the 

soil (Concha & Doerner, 2020). Temegne (2018); Concha and Doerner (2020) stated that 

Bambara groundnut microbe interaction results in nodule formation; this process initiates with 

compound production which includes flavonoids, betaines, and aldonic acid as the root 

exudates from the plant (Figure 2.5). These compounds signal to the rhizobia in a compatible 

relationship with the compounds. Also, the lipochito-oligosaccharide Nod-factors that are 
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produced cause root hair curling which will provide an entry route into the plant through an 

infection thread (Figure 5) (Temegne, 2018). Moreover, enhancing the production of the Nod-

gene that induces nodulation by interacting with the NodD-protein of the cell wall of the 

rhizobia (Figure 2.5) (Chen, Wang, Ji & Zhang, 2020). 

  

Figure 2.5: Model of symbiotic fixation in plants by Rhizobium sp. (Lindström & Mousavi, 

2019). 

 

2.8. Importance of identifying  Indigenous rhizobia strains 

Indigenous microorganisms are a group of innate microbial that inhabit the soil and the surfaces 

of all living things inside, and outside they are important in biodegradation, bioleaching, bio 

composting, nitrogen fixation, improving soil fertility, and as well in the production of plant 

growth hormones (Kumar & Gopal, 2015; Zahid, Abbasi, Hameed & Rahim, 2015). 
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2.8.1. Biodegradation 

An organic compound can be degraded by indigenous bacteria without any artificial 

enhancement (Kumar & Gopal, 2015). This process is called intrinsic bioremediation and is 

one of the best remedial actions for soil contamination. Biodegradation involves a variety of 

microbial enzymes transforming both natural and artificial hydrocarbons into intermediate 

compounds that may be less or equally hazardous than their parent compounds (Joshi, duttand, 

Choudhary & Mundra, 2019; Kumar & Gopal, 2015). 

 

2.8.2. Bio-fertilizers and protectors 

Indigenous microorganisms contain a variety of beneficial microorganisms and not just one 

culture (Joshi et al., 2019). By utilizing these microorganisms, host plants can obtain more 

nutrients and hold more water, so they are always hydrated (Kumar & Gopal, 2015). As a result, 

the plant roots are effectively aerated, and the exchange of gases is effective in preventing soil 

erosion (Zahid et al., 2015). Native microorganisms protect the normal host from the invasion 

of microorganisms that are more likely to cause disease (Joshi et al., 2019). By producing 

bacteriocins and other inhibitory substances, they compete with pathogens for essential 

nutrients and receptors on host cells, making the environment hostile to pathogen colonization 

(Kumar & Gopal, 2015). 

 

2.8.3. Bio-composition 

Wastes generated by the agro-industrial sector have become a major environmental and health 

concern because most farmers burn them, endangering human and environmental health, and 

the danger to soil erosion (Joshi et al., 2019). Composting is one of the most attractive disposal 

alternatives because of its low environmental impact, low cost, and capacity for generating a 
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valuable product that can be used both in agriculture and horticulture (Kumar & Gopal, 2015; 

Zahid et al., 2015). 

 

2.8.4. Bioleaching of heavy metals  

Bioleaching is the process of removing metals using microorganisms, which can be done by 

exogenous, indigenous, and genetically manipulated microorganisms (Zahid et al., 2015). In 

general, the efficiency of metal removal depends greatly on the affinity between the metal and 

the microbial cell wall; this can be achieved using indigenous microorganisms isolated from 

mine sites (Kumar & Gopal, 2015). 

 

2.8.5. Bio-mediation  

Wastewater treatment is economically and environmentally friendly using indigenous 

microorganisms to reduce pollution from brewery effluents by evaluating their bio-mediation 

potential (Kumar & Gopal, 2015). Oljira, Muleta and Jida (2018) also suggested that brewery 

wastewater may pose environmental concerns such as biochemical oxygen demand (BOD), 

chemical oxygen demand (COD), total suspended solids (TSS), pH, nutrients (nitrogen and 

phosphorus) concentration, and temperature. Wastewater from industry contains organic waste 

whose pollution level varies with the product production process and the quantity of water 

consumed (Pardamean, Islamy, Hasan, Herawati & Mutmainnah, 2021; Oljira et al., 2018). 

 

2.9. Plant growth-promoting rhizobacteria (PGPR) 

The rhizosphere is a narrow soil that is influenced by the root system of plants and is mostly 

rich in sugar, amino acids, nutrients for the growth of bacteria, and provides a source of energy 

(Sharma et al., 2020). A diverse group of microorganisms populate it and colonize the habitat. 

Microorganisms can adapt to the environment and are mutual partners associated with plant 
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growth. Additionally, it can promote and support the overall growth of plants leading to high 

crop yield (Lugtenberg & Kamilove, 2009). They are now integrated into biofertilizers and 

biopesticides to increase soil fertility and control plant pathogens (Souza, Ambrosini & 

Passaglia, 2015). PGPRs are used as biocontrol agents and biofertilizers to improve crop 

productivity as well as soil fertility (Sharma et al., 2020). Diverse bacterial genera exhibiting 

plant growth-stimulating activities improve nutrients and sustainable crop production by fixing 

nitrogen gas, providing inorganic forms of zinc, potassium, silicon, phosphate, and 

synthesizing hormones such as gibberellins, cytokinin, and IAA that affect root elongation 

(Lindström & Mousavi, 2019). Examples include Azotobacter, Bacillus, Microbacterium, 

Flavobacterium, Pseudomonas, Mesorhizobium, Achromobacter, etc (Narozna et al., 2014). 

Azospirillum are free-living nitrogen fixers found to play a significant role in enhancing the 

growth of non-leguminous crops (Lin et al., 2015). According to Lin et al. (2015) 

Pseudomonas fluorescens and Pseudomonas putida groups stimulate the growth of plants as 

biocontrol agents aiding in phosphorus solubilization and nitrogen fixation. Azotobacter and 

Azospirillum are effective in enhancing production (Rueda et al., 2016). Phosphorus, a crucial 

soil nutrient that is present in a complex inaccessible form, is made available by phosphate-

solubilizing microbes that make them available for plant uptake. A study in similar lines on an 

eggplant was reported (Souza et al., 2015) with Bacillus mucilaginosus and Bacillus 

megaterium. Co-inoculation of two or more organisms may result in improved yield and 

growth when compared to monoseptic inoculation as they provide diversified benefits to the 

plants (Souza et al., 2015). Furthermore, PGPR are further classified into two groups: 

intracellular plant growth-promoting rhizobacteria (iPGPR) and extracellular plant growth-

promoting rhizobacteria (ePGPR). The ePGPR are mainly found in the rhizosphere, on the 

rhizoplane, or in the area between the cells' root cortexes. Bacterial examples include 

Agrobacterium, Bacillus, Azospirillium, and Azotobacter (Rathore, 2015; Ahmed & Kilbert, 
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2014). intracellular plant growth-promoting rhizobacteria (iPGPR) intracellular plant growth-

promoting rhizobacteria (iPGPR). The iPGPRs belong to the family of rhizobiaceae, 

Bradyrhizobium, Mesorhizobium, , and Allorhizobium. 

 

2.10. Mechanism of plant growth promoting rhizobacteria (PGPR) 

Plant growth-promoting rhizobacteria use several mechanisms for the enhancement of plant 

growth and development (Lugtenberg & Kamilove, 2009). These can be categorized as direct 

and indirect mechanisms (Koskey, Mburu, Awino, Njeru & Maingi, 2021). PGPR directly 

promotes the growth of plants by their capability for nutrient supply P, N, essential minerals, 

and K and the production of hormones or indirectly by decreasing inhibitory effects of 

pathogens on plant growth and development in the form of biocontrol agents, root colonizer, 

and environmental protectors (Lugtenberg & Kamilove, 2009; Bhardwaj, Ansari, Sahoo & 

Tuteja, 2014). This is achieved through nitrogen fixation, phytohormone activities, 

siderophores production, mineral and phosphorus solubilization, enhancement of soil 

characterization, etc (Naik, Mishra, Srichandan, Singh, & Sarangi, 2019). Enzymatic activity 

is another plant growth rhizobacteria mechanism to enhance plant growth that certain enzymes 

such as proteases, kitinase, phosphatase, dehydrogenase, beta-glucanase attack pathogens by 

excreting cell wall hydrolysis (Sharma et al., 2020).  The hydrolytic enzyme degrades the cell 

wall of pathogens that act indirectly for the growth mechanism of plants. Plant growth-

promoting rhizobacteria through the activity of these enzymes play a significant role in 

protecting plants by suppressing pathogens fungi including Phytophthora. Table 2.2 represents 

ways through which microbes indirectly and directly associate themselves with the crops and 

enhance plant growth. 

 



 

 

Table 2.1: Effect of plant growth promoting microbes (PGPM) on plant well-being (Naik et al., 2019). 

Microbial 

group  

 Mechanism of action  Representative species  Mode of 

Inhabitation  

Beneficial 

(+) or 

detrimental 

(-)  

Type of 

association  

Reference(s)  

Bacteria  P-solubilising 

microbe 

P-solubilisation  Bacillus and Pseudomonas 

(bacteria)  

Soil/rhizosphere  + Symbiotic 

association  

Sharma et 

al. (2013)  

Bacteria and 

Fungi  

PGPR and AMF  N-fixation  Pseudomonas reactans, 

Chryseobacterium humi, 

Rhizophagus irregularis  

Rhizosphere/soil  + Symbiotic 

association  

Moreira et 

al. (2016)  

Bacteria  PGPR  N-fixation  Rhizobium, Sinorhizobium, 

Bradyrhizobium, Azorhizobium, 

Mesorhizobium, Allorhizobium  

Rhizosphere soil  + Symbiotic 

N2- fixers  

Hayat et al. 

(2010)  

   Azospirillum, Enterobacter, 

Klebsiella, Pseudomonas    

  Free-living 

N2-fixers  

 

Bacteria  PGPR Isolates  Biocontrol agent, plant 

growth substances,  

Antagonistic activity 

against phytopathogen  

Pseudomonas fluorescens, 

Bacillus subtilis  

Rhizosphere soil  –  Symbiotic 

association  

Sivasakthi 

et al. (2014)  

Bacteria  PGPR  –  P. fluorescens, B. subtilis, P. 

putida  

soil  + Symbiotic 

association  

Del et al. 

(2017)  

Bacteria  PGPR  Antagonistic activity, IAA, 

GA3  

Bacillus amyloliquefaciens    –  –  Yuan et al. 

(2013)  

Bacteria  Microbial pest 

control agent, 

plant growth 

promotion  

Root growth development, 

biocontrol agent  

Bacillus subtilis, Azospirillum 

brasilense Sp245, 

Rhizobacterium (PGPR)  

Rhizosphere  +/- Symbiotic 

association  

Felici et al. 

(2008)  

Fungi and 

bacteria  

AMF and PGPB  Sugar and vitamin 

production, sweetness to 

tomato  

Pseudomonas, AM fungi  soil  + Symbiotic 

association  

Bona et al. 

(2017)  

Fungi  AM fungi  Phosphatase activity  Glomus fasciculatum, Glomus 

fasciculatum, Glomus mossae, 

Soil  + Symbiotic 

association  

Bona et al. 

(2017)  
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Gigaspora margarita, 

Acaulospora laevis  

Actinomycetes  Endophytic 

actinomycetes  

Antimicrobial activity 

against phytopathogen  

Streptomyces, 

Streptosporangium, 

Microbispora, 

Streptoyerticillium, 

sacchromonospora, Nocardia  

Azadirachta 

indica A. juss 

(stem, root, leaf)  

–  Symbiotic 

association  

Verma et al. 

(2009)  

Bacteria and 

actinomycetes  

PGP agents  ACC deaminase (stress-

buster) and IAA, N2- 

fixing, PO2
4 solubilising, 

siderophore producing  

Microbispora sp., Streptomyces 

sp.  

Soil  +/- Symbiotic 

association  

Souza et al.  

(2015)  

Bacteria  Halotolerant 

endophyte  

Salt tolerance  Bacillus flexus, Enterobacter sp. 

UPMR18  

Halophyte 

Limonium 

sinense (PGPR)  

–  Symbiotic 

association  

Wang et al. 

(2017) 

Bacteria, fungi 

and 

actinomycetes  

PGPR (PGPB), 

fungi, 

actinomycetes  

Soil conditioner, plant 

pathogen suppressor, 

biofertiliser, plant 

straightener, 

phytostimulator, 

biopesticide  

Azospirillum, Rhizobium, 

Bacillus, Pseudomonas,  

Serratia, Stenotrophomonas, 

Streptomyces,  

Coniothyrium, Ampelomyces, 

Trichoderma  

soil  +/- Symbiotic 

association  

Berg (2009)  

Bacteria and 

fungi  

PGPB and 

Endophytic fungi  

Biocontrol agent against 

pathogen, pest  

P. aeruginosa, Trichoderma 

viride  

Soil and 

rhizosphere  

–  Symbiotic 

association  

Afzal et al. 

(2013)  

Fungi  –  suppress fungal infections  Trichoderma harzianum  Trichoderma-

enriched compost 

extracts  

–  Symbiotic 

association  

Siddiqui et 

al. (2008)  

Bacteria and 

Fungi  

AM fungi and 

PGPB  

Stimulate plant growth, 

drought tolerance, IAA 

production  

Pseudomonas putida, Bacillus 

megaterium, AM fungi 

(Glomus coronatum, Glomus 

constrictum or Glomus 

claroideum)  

Abiotic (water)-

stress condition  

+/- Symbiotic 

association  

Marulanda 

et al. (2009)   



 

 

2.10.1. Direct mechanism 

Direct plant growth mechanisms differ upon the use of particular plant species and microbial 

strains. It mainly involves soil improvement and the production of substances that are needed 

for the growth of plants, which increases fertility by soil mineral mobilization (Naik et al., 

2019). The inhabiting root surface intensifications individual ion fluxes and improves direct 

mechanisms (Lugtenberg & Kamilove, 2009). Moreover, these improvements may include 

growth regulators supply and essential minerals such as phosphorus andpotassium (Tabassum 

et al., 2017). 

Nitrogen fixation 

Nitrogen is a common nutrient that is required for plant development, growth, and productivity. 

Moreover, it forms part of essential biomolecules (Figure 2.6). More than 80 percent of 

nitrogen in the atmosphere is present as inert gas unavailable to plants. Nitrogen fixation is a 

process by which nitrogen that is present in the atmosphere is converted into related 

nitrogenous compounds or ammonia (Satyanarayana, Krishna & Kumar, 2018; Darnajoux et 

al., 2016). Furthermore, essential to live because inorganic that is fixed are required for the 

biosynthesis of all N-containing compounds essential for the manufacturing of fertilizer and 

agriculture (Puozaa et al., 2017). N-fixation is environmentally friendly and economically 

alternative to chemical or synthetic fertilizer, referred to as Biological N-fixation (Tamagno & 

Ciampitti, 2017). It mainly occurs, at warm temperature, by N-fixing microorganisms that are 

naturally widely distributed, changing N to amino by using a complex enzyme known as 

nitrogenase (Puozaa et al., 2017). Plant growth-promoting rhizobacteria (PGPR) fix 

atmospheric N and make it available to the plant through two mechanisms - Symbiotic and 

non-symbiotic interaction (Figure 2.6). Symbiotic N-fixation involves the interaction that 

occurs between plants and microbes such as Rhizobium and Bradyrhizobium that forms 

symbiosis association with leguminous plants such as Bambara groundnut and Frankia with 
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non-leguminous plants (Zahran, 2001) (Figure 2.6). Non-symbiotic N-fixation includes 

bacteria such as cynobacteria like Nostoc, Anabaena, Azotobacter, Enterobacter, Azosprillum, 

and Pseudomonas (Zahran, 2001). 

 

Figure 2.6: Interaction between symbiotic bacteria and plants in the root nodules (Nefronus, 

2019). 

Production of phytohormone  

Phytohormones play a significant role in the growth and development of plants which allows 

the plant to tolerate diverse stress conditions (Shrestha, Kim & Park, 2014). Most rhizobacteria 

can produce phytohormones; auxins, ethylene, gibberellins, abscisic acid (ABA), and cytokinin 

(Figure 2.7), which play diverse roles in plant growth processes including cell multiplication 

(Glick, 2014).  

Phosphate solubilization 

Phosphorus (P) is an essential nutrient needed by plants and plays a significant role in all major 

metabolic processes which include the transfer of energy, respiration, macromolecular 



34 
 

biosynthesis, signal transduction, and photosynthesis (Figure 2.7) (Kalayu, 2019; Anand, 

Kumari & Mallick, 2016). Microorganisms found in the soil play a significant role in the 

transformation of P, including the solubilization of P that is required for the growth of plants. 

The capacity to mineralize and solubilize P by phosphate-solubilizing bacteria is of significant 

characterization (Oteino et al., 2015) furthermore members with the ability to solubilize 

phosphate are of the genera Erwinia, Pseudomonas, Bacillus, Rhizobium, Microbacterium, 

Burkolderia, Beijerinckia, Flavobacterium, Serratia, Mesorhizobium, and Rhodococcus 

(Oteino et al., 2015). Moreover, phosphate solubilization is mainly based on the secretion of 

organic acids by microorganisms in the soil due to the metabolism of sugar and the organisms 

within the rhizosphere use sugar from the exudates (Goswami, Dhandhukia, Patel & Thakker, 

2014). Organic P solubilization plays a significant role in phosphorus cycling in an agricultural 

system, it is released from organic compounds in the soil by some enzymes such as phytases, 

C-P lyases, phosphatases, and phosphonates (Sharma, Sayyed, Trivedi & Gobi, 2013). It 

mainly accounts for about 0.2 % to 0.8 % of the total dry weight of the plants (Kumar, Kumar 

& Patel, 2018) and is contained within the enzymes, nucleic acids, coenzymes, phospholipids, 

nucleotides, and phospholipids. P is an essential aspect of plant growth and development, from 

the molecular level to various biochemical and physiological plant activities (Sharma et al., 

2013). This includes root development and growth, crop maturity, cell division and 

enlargement, storage and transfer reactions, energy production, formation of flowers and seeds, 

resistance to plant diseases, N fixation in legumes, crop maturity and quality of the crop, 

strengthening the stalks and stems, and photosynthesis (Satyaprakash, Nikitha, Reddi, Sadhana 

& Vani, 2017), sugar to starch transformation, and genetic traits transportation (Satyaprakash 

et al., 2017; Santana, Marques & Dias, 2016). Moreover, it is the second most significant 

macronutrient that is required by plants after N. Yet, the availability of P-soluble forms for 

plants in the soil is restricted because of its fixation as an insoluble phosphate ion, calcium, and 
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aluminum in the soil (Walpola & Yoon, 2012). In the soil P does not exist as an element, P in 

the soil solution exists as insoluble inorganic P and insoluble P (Figure 6) (Walpola & Yoon, 

2012). There is no interchange in the atmosphere hence its cycle in the biosphere can be 

referred to as “sedimentary” (Santana et al., 2016). Consequently, P deficiency mainly restricts 

the growth and yield of the crops (Kalayu, 2019). The cell of the plant might take up several P 

forms, but the greatest part is absorbed in the form of dibasic ions (HPO4
-2) and monobasic 

(H2PO4
-) depending upon the pH of the soil (Perez-Montano et al., 2014). The released acid 

acts as a good chelator of divalent Ca2+ ions that will follow phosphate release from the 

insoluble compounds. 

Potassium solubilization 

Potassium (K) is one of the essential macronutrients and plays a significant role in the 

development, growth, and metabolism of plants (Chen et al., 2020) (Figure 2.7). An insufficient 

amount of K results in poor development of roots, plant growing slowly, lower yield, and 

production of small seeds (Parmar & Sindhu, 2018). It constitutes about 2.5 % of the 

lithosphere but the actual concentration of soil of this nutrient differs ranging from 0.04 % to 

3.0 %. Moreover, in plants, it improves cold, stress, and drought resistance and promotes 

photosynthesis in plants (Zhang & Kong, 2014). Potassium solubilizing bacteria (KSB) can 

solubilize rock K, synthetic K mineral powder through the excretion and production of some 

enzymes and organic acids (Jiang et al., 2017; Ahmad, Nadeem, Naveed & Zahir, 2016; Zhang 

& Kong, 2014). Furthermore, it produces an array of bio-active compounds and is used as 

biological control of Phytopathogens. A large number of bacterial strains such as Burkholderia 

spp., Pseudomonas spp., Bacillus edaphicus, Bacillus mucilaginosus, Acidithiobacillus spp., 

and Paenibacillus spp. have been recently studied in releasing K in available form from K 

bearing minerals in the soils. About 90 % of K is present in the form of insoluble minerals of 

silicate and rock, the concentration of soluble is very low in soils (Bahadur, Maurya, Roy & 
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Kumar, 2019; Ahmad et al., 2016; Parmar & Sindhu, 2013) and have been reported for their 

action of solubilizing K into assimilable forms from K minerals in the soil (Liu, Xing, Ma, Du 

& Ma, 2013). The primary mechanism of K solubilization is through the production of protons 

(acidolysis mechanism), organic acids, and inorganic acids and protons (Maurya, Meena & 

Meena, 2014; Parmar & Sindhu, 2013), which can convert insoluble K into soluble forms of K 

that are be easily absorbed by the plants (Figure 6). Several organic acids involved in the 

solubilization of insoluble K including citric acid, tartaric acid, oxalic acid, succinic acid, and 

α-ketogluconic acid are the most essential ones that are released by K-solubilizing bacteria 

(Meena et al., 2014). 

 

Figure 2.7:  PGPR direct mechanism of plant growth, nutrient solubilization, biological 

fertilizers, and phyto-stimulation (Dos Santos, Dias, Lobo & Rigobelo, 2020). 

Carbon cycling 

The soil carbon cycle is a dynamic balance between the respiration of decomposing organisms, 

photosynthesis, and the stabilization of carbon (Falkowski, Fenchel & Delong, 2008). During 

the process of carbon cycling the plant takes in carbon dioxide through the process of 
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photosynthesis and uses it to build its roots, stems and leaves, the energy of sunlight is then 

trapped in the carbon-to-carbon bonds of organic molecules (Lu & Conrad, 2005). Microbes 

are critical in the process of breaking down and transforming dead organic material into forms 

that can be reused by other organisms (Falkowski et al., 2008). This is why the microbial 

enzyme systems involved are viewed as key ‘engines’ that drive the Earth’s biogeochemical 

cycles. The terrestrial carbon cycle is mostly dominated by the balance that occurs between 

respiration and photosynthesis (Trumbore, 2006). Moreover, carbon is transferred from the 

atmosphere to the soil through carbon-fixation autotrophic organisms, mostly by 

photosynthesizing plants, photoautotrophic, and chemoautotrophic microbes that mainly 

synthesize atmospheric CO2 into organic material (Trumbore, 2006; Lu & Conrad, 2005). 

Fixed carbon is returned to the atmosphere by a diversity of different paths that account for the 

respiration of autotrophic and heterotrophic organisms (Trumbore, 2006). The reverse route 

includes the decomposition of organic material by organic carbon-consuming heterotrophic 

microorganisms that utilize the carbon of either animal, plant, or microbial origin as a substrate 

for metabolism, retaining some carbon in their biomass and releasing the rest as metabolites or 

as CO2 back to the atmosphere (Liang & Balser, 2011). Soil microbes essentially transfer 

carbon between environmental compartments to fulfill their fundamental goal: survival through 

reproduction. Thus, microbes utilize different organic and inorganic forms of carbon as carbon 

and energy sources. However, the carbon cycle does not operate independently; it is closely 

joined with essential elements for microbial metabolism. Hence the availability of other key 

elements essential for life, mainly P and N, and some environmental factors which include pH, 

temperature, soil texture, mineralogy, temperature, and soil water content control the rate at 

which microbes consume and respire carbon (Davidson & Janssens, 2006).  
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2.10.2. Indirect mechanism 

 The indirect mechanism includes the production of production of biological control agents that 

kill or inactivate pathogens, providing an environment that is healthier for the plant (Naik, 

Mishra, Srichandan, Singh & Sarang, 2019) such as exopolysaccharides, antibiotics, and 

enzyme activity. Antibiosis, production, and competition of lytic enzymes (glucanases and 

chitinases with the ability to hydrolyze the cell wall of fungi are regarded as indirect 

mechanisms of plant growth promotion (Bhattacharyya & Jha, 2012). Also, bacteria improve 

the growth of plants by suppressing pathogens and increasing plant innate immunity against 

the pathogens (Tabassum et al., 2017). 

Microbial processes in the soil catalyzed by enzymes 

Soil enzymes are the most important components of biological soil processes which include 

organic compounds degradation, their mineralization, and nutrient cycling including 

phosphorus, sulfur, nitrogen, and other essential metals (Baldrian & Valášková, 2009). 

Enzymatic activity is a mechanism for growth enhancement by PGPR whereby enzymes such 

as proteases, dehydrogenase, lipase, phosphatases, kitinase, and betaglucanase attack pathogen 

through the excretion of cell wall hydrolysis (Hayat, Ali & Ahmed, 2010). The activities of 

enzyme hydrolytic and ligninolytic oxidases and peroxidases directly affect the transformation 

rate of soil biopolymers into compounds that are accessible to microorganisms and plants 

(Ramadan, Abdelhafez, Hassan & Saber, 2016). Enzyme activities in environmental samples 

such as litter, soil, lignocellulose, and other matrices are a useful tool for assessing the 

functional diversity of soil microbial communities’ turnover. Hydrolytic enzymes degrade 

pathogens or virulence factors, cell wall components acting indirectly for the mechanism of 

plant growth (Giacometti et al., 2014). For example, PGPR through the activities of these 

enzymes plays a significant role in protecting plants by suppressing pathogenic fungi such as 

Fusarium oxysporum, Botrytis cinerea, and Phytophthora sp (Baldrian & Valášková, 2009). 
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Chitin and β-1,4-N-acetylglucoseamine are fungal cell wall components, therefore the PGPRs 

producing chitinase and β-1,3-glucanase can control their growth (Islam, Akanda, Prova, Islam, 

& Hossain, 2016). Hydrolytic enzymes play a significant role in decomposing organic matter 

and the rate of decomposition is influenced by agricultural management (Giacometti et al., 

2014). Primary enzymes involved in carbon cycling include β-glucosidase or β-xylosidase, 

they exhibit higher activity with the application of sewage and manure due to their microbial 

growth-promoting cellulose, lignin, and hemicellulose (Kracmarova et al., 2020). Other 

enzymes have also been reported to be influenced by fertilization and are monitored in soils to 

determine biological quality β-N-acetylglucosaminidase (NAG), involved in the nitrogen 

cycle, catalyses chitin breakdown to amino sugars and is a major source of mineralizable 

nitrogen in the soil (Kracmarova et al., 2020). Moreover, soil enzyme activities have a long 

tradition of evaluating soil fertility and quantifying processes in seminatural and natural 

ecosystems with a great turnover of organic compounds (Naik et al., 2019). Table 2 is a 

summary of enzymes targeted in soils which includes enzymes that are involved in nutrient 

mobilization of N, S, or P from complex organic substrates and an intricate array of enzymes 

that mainly participate in the transformation of biopolymers, which includes plant cell wall 

polymers such as hemicellulose and cellulose and some other polysaccharides that are available 

in litter. 

 

Table 2.2: Soil enzymes activities involved in nutrient mobilization of N, P, and S. 

Process Enzymes References 

Cellulose degradation  endoglucanase 

cellobiohydrolase 

β-glucosidase 

Baldrian and valášková (2009) 

Degradation hemicellulose  Endoxylanase Biely and Puchart (2006) 
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Endomannanase 

β-glycosidases 

esterases 

 

 

Biely and Puchart (2006) 

Polysaccharide degradation endochitinase  

n-acetlyglucosaminidase 

α-glucosidase 

Seidl (2008) 

Seidl (2008) 

Seidl (2008) 

Lignin transformation Mn-peroxidase  

lignin  

peroxidase  

laccase (phenoloxidase) 

H2o2-producing enzymes 

Hofrichter (2002) 

Martinez et al. (2005) 

Baldrian (2006) 

Martinez et al. (2005) 

n acquisition Proteases  

Aminopeptidases 

Urease 

Rao et al. (1998) 

Kilcawley et al. (2002) 

Martinez et al. (2005) 

p acquisition Hosphomonoesterase 

Phospohodiesterase 

Hayes et al. (2000) 

 

Exopolysaccharides production  

Exopolysaccharides are polymer carbohydrate polymers of great molecular weight that are 

mainly secreted by a wide variety of PGPRs (Sharma et al., 2020) (Figure 2.8). Moreover, 

essential in root colonization, biofilm formation, bioremediation, cellular function 

maintenance, and gelling availability (Etesami, Emami & Alikhani, 2017) (Figure 2.8). Biofilm 

is referred to as a complex of bacterial cells that are attached to different abiotic and biotic 

surfaces that can retain moisture and also protect the roots of plants from several pathogens 

(Quarashi & Sabn, 2012). Exo-polysaccharides producing PGPR include Azotobacter sp., 
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Rhizobium sp., Bacillus, Pseudomonas, Xanthomonas sp., and Agrobacterium sp., assist in 

enhancing soil fertility and also contributing to sustainable agriculture (Quarashi & Sabn, 

2012). Additionally, exopolysaccharides are involved in cell aggregation and their synthesis 

may result in increased chances of bacterial survival under desiccation and mainly helps in 

nitrogen fixation by preventing great oxygen tension (Sharma et al., 2020). 

 

 

Figure 2.8: Indirect mechanism that is beneficial for plant growth and development from PGPR 

interaction, siderophores, antibiosis, induced systemic resistance (ISR), and interaction with 

the quorum sensing (Dos Santos et al., 2020). 

 

2.11. Factors limiting commercial inoculum application and performance in agriculture 

The weak point of commercialization is often the performance of the microbial inoculum. The 

most shared barriers of inoculants are formulation inadequacies (Soumare et al., 2020a). 

Commercial inoculum can be effective in the greenhouse and/or laboratory conditions but 

formulating that organism into an adequate inoculant is challenging (Soumare et al., 2020a). 
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Gabasawa (2020), also added that inoculants are prone to some contamination after 

formulations that can decrease the shelf-life of the inoculant after autoclaving. Inoculants are 

the individual distribution of live bacteria from the unit of production to individual plants in 

the field (Gabasawa, 2020). Hence, an inoculant should be: (i) able to carry a greater number 

of microbes, (ii) simply sterilized and pulverized, (iii) harmless to other organisms, (iv) cost-

effective and easily accessible, and (v) have excellent absorption capacity (Soumare et al., 

2020b). Inoculants should keep viability throughout storage time in the farmer’s warehouse to 

avoid drying and should have an elongated shelf-life and stability (Soumare et al., 2020b). 

Additional factors limiting inoculant effectiveness include poor quality of inoculants 

accompanied by low viability, its inability to compete with indigenous rhizobia, and its 

inability to tolerate the inherent physical and chemical conditions of the soil to which it is 

introduced (Gavit Pavankumar, Chaudhari Ambalal, Shelar Rajendra & Dandi Navin, 2019). 

The success of commercial inoculants is dependent on the number of viable bacteria available 

to participate in the infection process at the point of use (Sissay, Adesola, Massia & Taddesse, 

2015). 
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CHAPTER THREE 

INCIDENCE AND DIVERSITY OF RHIZOBACTERIA ASSOCIATED WITH 

COMMUNALLY PRODUCED BAMBARA GROUNDNUT ROOT NODULES IN 

LIMPOPO, KWAZULU-NATAL, AND MPUMALANGA PROVINCE AND THEIR N-

CYCLING AND P-CYCLING EFFICIENCY 

 

3.1. Introduction 

Rhizobacteria are bacteria that are found in the rhizosphere and have a positive effect on the 

plant’s growth and development (Bontemps et al., 2015). These bacteria occur either in the 

root nodules or free-living, both groups are reported to stimulate the health and growth of 

plants, hence referred to as plant growth promoting rhizobacteria (PGPR) (Khan, Sayyed, & 

Seifi, 2019). The rhizobacteria usually supply plants with nutrients, suppress activities of plant 

pathogens, and nutrient cycling (Jeyanthi & Kanimozhi, 2018), improving soil structure, 

bioaccumulation, and microbial leaching of inorganic compounds. Rhizobia symbionts 

involved in nitrogen fixation are usually capable of inducing the formation of stem or root 

nodules on leguminous plants in which atmospheric N is primarily reduced to ammonia for 

plant benefit (Jeyanthi & Kanimozhi, 2018). The distribution and diversity of rhizobia are 

affected greatly by the geographical locality and determining their phylogeny could highlight 

their evolutionary origin (Liu, Xiong, Wu, Ling & Kong, 2023). Taxonomically, the diverse 

heterogenous groups of rhizobia comprise the Alpha-proteobacteria and Beta-proteobacteria 

group. The alpha group forms the majority of the rhizobia species which includes 

Allorhizobium, Azorhizobium, Blastobacter, Bradyrhizobium, Mesorhizobium, 

Methylobacterium, Rhizobium, and Sinorhizobium (Koskey et al., 2018; Lemaire et al., 2014).  

Some legumes such as those in the large genus Mimosa, are nodulated predominately by 

members of the class Betaproteobacteria in the genera Burkholderia and Cupriavidus (Lemaire 
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et al., 2014). However, there are other nitrogen-fixing bacteria, which have been recently 

identified from beta and gamma Proteobacteria, that form symbiotic relationships with legumes 

(Jeyanthi & Kanimozhi, 2018).  

Bambara groundnut is the third most important grain legume indigenous to Africa after cowpea 

(Vigna unguiculata) and groundnut (Arachis hypogaea) and belongs to the family 

Leguminosae (DAFF, 2016). In Limpopo, Mpumalanga, and KwaZulu-Natal province, South 

Africa, Bambara groundnut has gained prominence as an alternate dietary protein, 

carbohydrate, fat, and fiber source with several agronomic advantages to communal farmers 

(Onyango & Ogolla, 2019; Sprent, Odee & Dakora, 2010). Moreover, it is drought tolerant and 

grown in intercropping systems with zero fertilizer added because of its ability to form 

symbiotic associations with root nodule bacteria (Onyango & Ogolla, 2019). Information on 

rhizobia symbiotic to Bambara groundnut in the soil of this region is largely unexplored yet 

they have a great potential in soil fertility management and in improving crop yield (Puozaa, 

Jaiswal & Dakora, 2017). In the last few years, few studies investigating rhizobia isolated from 

legume crops in South Africa have revealed considerable phenotypic and genotypic diversity 

among strains, and several distinct groups have been identified and novel species described. 

Studies on Bambara groundnut symbioses in other parts of the world have indicated that it is 

non-selective in its rhizobia nodulating bacteria (Onyango et al., 2015). Sprent et al. (2010), 

listed five α-proteobacteria members, including Rhizobium, Bradyrhizobium, Azorhizobium, 

Ensifer, and Mesorhizobium, as possible nodulators of Bambara groundnuts (Lemaire et al., 

2015). Mohale, Belane and Dakora (2013) reported the highly ‘promiscuous’ nature of 

Bambara groundnuts forming a nitrogen-fixing symbiosis with a wide range of bacteria, 

including some members of the β-proteobacteria such as the N-fixing Burkholderia. The 

present study aimed to determine the incidence and diversity of rhizobacteria associated with 
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communally produced Bambara groundnut roots in Mpumalanga, KwaZulu-Natal, and 

Limpopo province and their N-cycling and P-cycling ability.  

 

3.2. Material and methods 

3.2.1. Sample collection 

Bambara groundnut root nodules were collected from farming fields in Mpumalanga and 

Limpopo Province (Table 3.1). Due to financial constraints only, soil samples were collected 

in KwaZulu-Natal province at the University of Zululand and Nhlangenyuke, in fields with 

long history of growing Bambara groundnuts, and taken to the University of Mpumalanga farm, 

Mbombela campus, South Africa for planting, under greenhouse conditions (Table 3.1). The 

temperature and humidity in the greenhouse were set at 25 ± 2 ⁰C and 70 ± 10 %, respectively. 

 

Table 3.1: Bambara groundnut root nodule and soil sample site in Mpumalanga, KwaZulu-

Natal, and Limpopo province. 

Province  Sample site GPS coordinate  

Mpumalanga Boschfontein -25⁰ 73′ 17″ S 31⁰ 60 ′41 ″E 

Hlamalani -24⁰ 77′ 05.37″ S 31⁰ 05′ 93.17″ E 

Casteel  -24⁰ 73′ 87.13″ S 31⁰ 02′ 27.23″ E 

Nkomazi  -25⁰ 73′ 26″ S 31⁰ 64 ′91″ E 

University of Mpumalanga 25⁰ 27′ 06.18″ S 30 ⁰58 ′5.21″ E 

Bushbuckridge  -24⁰ 46′ 31.7″ S 31⁰ 08′ 13.0″ E 

Hazyview  -25⁰ 14′ 20.5″ S 31⁰ 01′ 49.5″ E 

Mkhuhlu  24⁰ 57′ 50″ S 31⁰ 18′ 43″ E 

KwaZulu-Natal University of Zululand 27⁰ 88′ 72″ S 31⁰ 44′ 56″ E 

Nhlangenyuke  -28⁰ 52′ 33.2″ S 31⁰ 45′ 46.8″ E 
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Limpopo Gabaza village -23⁰ 59′ 19.1″ S 30⁰ 20′ 04.1″ E 

 

 

Figure 3.1: Farmers at Gabaza village, Limpopo province (A); Bambara groundnut pods (B); 

roots nodules (C). 

 

3.2.2. Planting procedure 

Due to management challenges, KwaZulu Natal province soils where Bambara groundnuts are 

grown were collected and brought to the University of Mpumalanga farm. Twenty-five-

centimetre diameter pots were filled with the collected soil and four seeds of farmer-retained 

Nodules 

Pods 
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Bambara groundnut seeds were sown in each pot and then irrigated with 300 ml of tap water 

every other day. Thinning was done at two true-leaf stages to leave one healthy and vigorous 

plant per pot (Figure 3.2B).  

 

 

Figure 3.2: Bambara groundnut farm at Boschfontein, Mpumalanga province (A); Growth of 

BG plants on soil collected from KZN (B); Abundance of root nodules (C). 

 

3.2.3. Data collection 

At 56 days after sowing during flowering stage, the roots of Bambara groundnut plants were 

removed from the pots, immersed in sterile distilled water to wash off soil particles, and then 

blotted dry using a paper towel (Figure 3.2C). The root nodules that were intact, mostly pinkish, 

and fresh from greenhouse (Figure 3.1B) and those collected from the fields (Figure 3.1A) 

were taken to the University of Mpumalanga laboratory for further tests.  

 

3.2.4. Sterilization and cleaning of root nodules 

The research study was conducted under aseptic environmental conditions in a laminar-flow 

cabinet. Lamina flow surface disinfecting was done using 70 % ethanol for 15 minutes before 

work commencement. All equipment to be used, such as inoculation loops, blades, and forceps 

were surface sterilized employing flaming over the Bunsen burner.  

Root 

nodule

s 
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3.2.5. Preparation of NA media 

A 28 g of nutrient Agar was weighed and then dissolved in 1000 mL of distilled water and 

autoclaved at 121°C at the University of Mpumalanga Biology laboratory, Block D (Figure 

3.3) (Lawless et al., 2018). 

 

Figure 3.3: Prepared NA in an autoclave (A); NA poured into 900 mm Petri dish in the Laminar 

flow cabin (B). 

 

3.2.6. Root nodule bacteria extraction and identification 

All root nodules were collected at the plant flowering stage, with intact and juvenile nodules 

carefully removed from plant roots (Figure 3.4B) before surface sterilizing them with 70 % 

(v/v) alcohol for 45 seconds, followed by 3.5 % (v/v) sodium hypochlorite (NaOCI) for three 

minutes (Figure 3.4B). Surface sterilised root nodules were then rinsed 6 times in sterilized and 

double distilled water, to remove excess alcohol (Hassen, Vuuren, Bopape & Gerrano, 2022). 

Surface sterilized nodules were squashed in distilled water (50 µL/nodule) using a sterile 

homogenizer. A loopful of suspension from each crushed nodule was streaked onto NA media. 

The plates were incubated at 30 ⁰C for 3 to 7 days (Vincent, 1970) with the growth of the colony 

A B 

 

 

 

 



69 
 

monitored daily. After growth, single colonies were picked and then purified by repeat 

streaking. 

Bacterial isolates were named using the collection site as prefix (GAB = Gabaza, ZULU = 

University of Zululand, HLAM = Hlamalani, CAST = Casteel, BUSH = Bushbuckridge, BF = 

Boschfontein, NHLANG = Nhlangenyuke, UMP = University of Mpumalanga, NK = 

Nkomazi, HAZYW = Hazyview, and MKHLU = Mkhuhlu) (Figure 3.4C) 

 

 

Figure 3.4: Root nodules (A); Nodules removed from Bambara groundnut roots (B); Isolate 

incubation for bacteria growth (C).  

 

A B 

C 

Nodules 

Incubated isolate  
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3.2.7. Morphological characterization 

The morphological characterization of the isolates was performed after having grown pure 

bacterial isolate for 2-3 days on NA medium as described by Shirling and Gottlieb (1966) and 

Somasegaran and Hoben (1994). A single colony of each isolate was characterized based on 

colony appearance; texture, shape of colony surface, margin, elevation, and colour of the 

isolate’s colonies under a light microscope (Shirling & Gottlieb, 1966). 

 

3.2.8. Molecular identification of isolates  

Total DNA was obtained by extraction with RNase treatment and Phenol-chloroform from the 

pure culture in the phase of exponential growth in NA medium. The isolation of DNA pure 

culture was carried out according to a method developed by Chen & Kuo (1993) in a volume 

of 300µL of bacterial lysis buffer: (40mM Tris-acetate (pH of 7.8) and RNase at 20mg/ml) and 

100 µL of 5M NaCl. After purification with Phenol-Chloroform mixture (v/v), the pellet 

resultant from the centrifugation was surfaced and sterilized with 70% and 100% ethanol, then 

suspended in 55µL of TE (pH 7.8, 10mM Tris, 1mM EDTA) and stored at -20⁰C. The quality 

and quantity of the DNA extract were evaluated using the NanodropTM Spectophotpmeter at an 

absorbance of 260nm (DNA) and 280 nm (Protein). 

The genomic DNA was extracted from the culture received using the Quick-DNATM bacterial 

Miniprep kit (NEB, Catalogue No. M0486) performed using the following primers: 16S-27F 

Forward primer (5’ AGAGTTTGATCMTGGCTCAG 3’) and 16S-1492R Reverse primer (5’ 

CGGTTACCTTGTTACGACTT 3’). The PCR amplification runs on a gel, the gel is extracted 

with the ZymocleanTM Gel DNA recovery kit (Zymo Research, Catalogue No. D4001). The 

size of the amplicons is 1550 bp long. The PCR reaction was prepared as a standard 25µL 

reaction containing 12.5µL of 2X DreamTaq Green Master Mix; 0.25µL of each 

oligonucleotide primer (27F and 1492R); 11µL RNase-DNase free water and 1µL template 
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DNA. All PCR reagents used were Fermentas, USA products supplied by Inqaba Biotechnical 

Industry Ltd, Sunnyside, South Africa. PCR amplification was performed using the C1000 

Touch TM Thermal Cycler (Bio-Rad, Hercules, California, USA) using initial denaturing (95 

℃ for 5 minutes), denaturing (95 ℃ for 1 minute), annealing (55 ℃ for minute), extension (72 

℃ for 1 minute) and final extension (72 ℃ for 10 minutes). All PCR products were resolved 

by 2 % agarose gel electrophoresis and then stored at 4 ºC for future use. The extracted 

fragments were sequenced in the forward and reverse direction (Nimagen, BrilliantDyeTM 

Terminator Cycle Sequencing Kit V3.1, and BRD3-100/1000) and purified (Zymo Research, 

ZR-96 DNA Sequencing Clean-up KitTM, Catalogue No. D40500. The purified fragments were 

then analyzed on the ABI 3500xl Genetic Analyser (Applied Biosystems, ThermoFisher 

Scientific) for each reaction for every sample. CLC bio-Main workbench v7.6 was used to 

analyze files that are generated by the ABI 3500XL Genetic Analyser and then subjected to 

BLAST search (NCBI; http://www.ncbi.nlm.nih.gov/BLAST/). 

 

3.2.9. Sequence alignment and phylogenetic analyses 

The 16S gene sequencing quality of each bacterial isolate was then verified using Chromas 

LITE version 2.1, Nucleotide sequences were then analyzed and edited using BioEdit software 

to obtain the consensus sequence (Normand, Ponsonnet, Nesme, Neyra & Simmonet, 1996). 

Similar sequence for each different haplotype was searched in a GenBank database using the 

BLAST program for sequence similarity (http://blast.ncbi.nlm.nih.gov/Blast.cgi). A maximum 

likelihood (ML) approach was achieved using software MEGA version 6 (Tamura, Stecher, 

Peterson, Filipski & Kumar, 2013), which includes the choice of the best model of molecular 

evolution implemented in MEGA, was applied. Evolutionary histories were inferred using the 

Maximum Composite Likelihood (Tamura & Kumar,2004). Bootstrap test (1000 replicates) 

was used to cluster associated taxa and replicate trees with above 50 % likelihoods indicated 

http://www.ncbi.nlm.nih.gov/BLAST/
http://blast.ncbi.nlm.nih.gov/Blast.cgi
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on the branches (Altschul, Gish, Miller, Myers & Lipma, 1990). All the trees were drawn to 

scale, with some branch lengths in the same units as those of the evolutionary distance used to 

infer the phylogenetic tree3.2.11. Screening of isolates for plant growth-promoting (PGPR) traits 

Two growth-promoting trails were investigated because of their importance in South African 

soils, nitrogen, and phosphorus solubilization. To determine the isolated bacteria’s nitrogen 

cycling efficiency, there were grown on Simmons citrate agar (SCA) containing citrate as a 

carbon(C) source and inorganic ammonium salts as the only N source (Hill et al., 1967; cited 

in Ndlovu, Suinyuy, Pérez-Fernández & Magadlela, 2023). A single colony was picked in each 

isolate and slightly streaked on the slant surface. Three replications were made for each isolate. 

The nitrogen cycling ability (Citrate positive) of the isolate was indicated by a visible intense 

Prussian blue colour change on bacteria growing on the surface of the slanted media (Figure 

3.16). Citrate negative or no nitrogen cycling ability was indicated by no growth or a media 

retaining its deep green colour (Figure 3.16). 

The phosphate solubilization ability of bacteria was tested by spotting 10 μL of each bacterial 

isolate on Pikovskaya’s agar plates and then incubating at 28 °C for seven days as described 

by Nautiyal (1999). Phosphate solubilization (PS) activity was observed as a clear zone around 

the bacterial colonies, while no zone was considered negative activity (Suleman et al., 2018). 

 

3.2.10. Data analysis 

Diversity, evenness, and richness of species were measured using the Simpson index (D) 

(Simpson, 1949) and Shannon-Weiner (H’) index (Shannon & Weaver, 1949) to determine 

variation in the diversity of bacterial species among the different Bambara groundnut localities 

and the plant roots. Therefore, the diversity of species in a community was computed using the 

formula below:  

H' = - (pi) [ln(pi)] 
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H’ = Shannon-Wiener index of species diversity  

 In = natural logarithm 

pi = proportion of total abundance represented by ith species 

The abundance of species was estimated using Pielou’s evenness index (J) (Pielou, 1966). 

Pielou’s evenness index (J) was calculated using the below formula:  

𝐽 =
𝐻′

𝐼𝑛(𝑠)
 

Where H’= Shannon-Wiener Index  

s = number of species in a given area.  

The Simpson Index (D) was used to measure the diversity which studies a number of species 

present and the relative abundance of each species. It was measured using the formula below:  

𝐷 = 1 − (𝑁 (𝑁−1)
∑𝑛 (𝑛−1)

) 

Whereby: n= total number of Bambara groundnuts of a particular species  

    N= the total number of Bambara groundnuts of all species.  

 

3.3. Results  

3.3.1. Morphological characterization of isolates 

The colony colour of the isolates varied, it included yellow, bright yellow, golden yellow, 

cream, cream white, white, opaque, red, orange, bright orange, and brown observed which had 

either rough or smooth surfaces (Appendix 3.1; Figure 3.5). Colony margins varied from entire, 

irregular, lobate, undulate, serrated, curled, or filamentous (Appendix 3.1). The colony shapes 

awere round, irregular, filamentous, punctiform, rhizoid, and curled (Appendix 3.1 and Figure 

3.5). A total of 209 rhizobacterial strains were obtained from the interior of Bambara groundnut 

root nodules. Among the 209 isolates, 43 unique isolates were found in all three provinces 

(Appendix 3.1).  
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Figure 3.5: Bambara groundnut selected rhizobacterial isolates on Nutrient Agar. 

 

3.3.2. Molecular identification of selected isolates 

BLASTn search of the 16S rRNA sequence on the NCBI GenBank database resulted in 12 

different rhizobia belonging to the genera Enterobacter, Leucobacter, Bacillus, 

Spingobacterium, Lysinibacillus, Stenotrophomonas, Neorhizobium, Cellulosimicrobium, 

Kaistella, Proteus, Micrococcus, and Mammalicoccus (Table 3.2). From each genus bacterial 

species that were obtained in this study were Enterobacter absuriae 22 (14.38 %), Leucobacter 

chromiiresistens 19 (12.42 %), Bacillus pumilus 18 (11.76 %), Spingobacterium faecium 14 
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(9.15 %), Stenotrophomonas lactitubi 13 (8.50 %), Stenotrophomonas pavanii 11 (7.19 %), 

Stenotrophomonas maltophilia 10 (6.54 %), Lysinibacillus sphaericus 10 (6.54 %), Bacillus 

licheniformis 9 (5.88 %),  Cellulosimicrobium cellulans 7 (4.58 %), Kaistella daneshvariae 5 

(3.27 %), Stenotrophomonas geniculate 4 (2.61 %), Neorhizobium petrolerium 4 (2.61 %), 

Proteus columbae 2 (1.31 %), Micrococcus yunnanensis 2 (1.31 %), Lysinibacillus 

pakistanensis 1 (0.65 %), Mammalicoccus sciuri 1 (0.65 %), and Sphingobacterium 

multivorum 1 (0.65 %) (Table 3.2). Enterobacter absuriae and Leucobacter chromiiresistens 

species were found in all sample sites, except for Hlamalani, Bushbuckridge, Hayview, and 

Mkhuhlu, while Leucobacter chromiiresistens species was not observed in Boschfontein and 

least species that were only found in one sample site were Lysinibacillus pakistanensis, 

Mammalicoccus sciuri, and Sphingobacterium (Table 3.2). Lysinibacillus pakistanensis 

rhizobia species was only found at Bushbuckridge (Table 3.2). Mammalicoccus sciuri and 

Sphingobacterium multivorum species were found only at the University of Zululand (Table 

3.2). Twenty-two (22) isolates submitted to the GenBank showed 99.93 % homology with 

Enterobacter absuriae with accession number NZCP083403.1 (Table 3.2). Nineteen (19) 

isolates submitted to the GenBank had 86.83 % homology with Leucobacter chromiiresistens, 

accession number NZFNK301000001.1 (Table 3.2). Eighteen (18) isolates submitted to the 

GenBank had 90.08 % homology with Bacillus pumilus, accession number 

NZPTXV01000013.1 (Table 3.2). Fourteen (14) isolates submitted to the GenBank database 

showed 90.34 % homology with Spingobacterium faecium with accession number 

NZQBKH010000017.1 (Table 3.2). Thirteen (13) isolates submitted to the GenBank database 

indicated 78.33 % homology with Lysinibacillus sphaericus with accession number 

FJ528593.1 (Table 3.2). Thirteen (13) isolates submitted to GenBank showed 85.89 % 

homology with Stenotrophomonas lactitubi with accession number NZFZPB01000013.1 

(Table 3.2). Eleven (11) isolates submitted to the GenBank database indicated 91.12 % 
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homology with Stenotrophomonas pavanii with accession number NZAP024684.1 (Table 3.2). 

Ten (10) isolates also submitted to the GenBank database showed 93.55 % homology with 

Stenotrophomonas maltophilia with accession number NZLS483377.1 (Table 3.2). Nine (9) 

isolates submitted to GenBank showed 81.22 % homology with Bacillus licheniformis with 

accession number NZCP014842.1 (Table 3.2). Seven (7) isolates submitted to GenBank 

showed 80.21 % homology with Cellulosimicrobium cellulans with accession number 

NZCP072387.1 (Table 3.2). Five (5) isolates submitted to the GenBank database showed 81.62 

% homology with Kaistella daneshvariae species with accession number NZRJUG01000006.1 

(Table 3.2). Four (4) isolates submitted to GenBank showed 93.97 % homology with 

Stenotrophomonas geniculate with accession number NZCP140571.1 (Table 3.2). Four (4) 

isolates submitted to the Genebank Database had 83.67 % homology with Neorhizobium 

petrolerium with accession number NZCP123000.1 (Table 3.2). Two (2) isolates each 

submitted to GenBank had 91.47 % and 87.60 % homology with Proteus columbae and 

Micrococcus yunnanensis with accession number NZNGVR010000010.1 and KT44390.1 

(Table 3.2).  Every single isolate submitted to the GenBank database had 78.93 %, 88.16 %, 

and 82.65 % homology with Lysinibacillus pakistanensis, Mammalicoccus sciuri, and 

Sphingobacterium multivorum with accession number NZCP126101.1, NZCP022046.1, and 

CP068088.1 (Table 3.2) 
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Figure 3.6: Agarose gel electrophoresis of the DNA pattern of rhizobia isolates; M (DNA 

marker); 1-15 (gene fragments of isolated bacteria from Bambara groundnut root nodules. 

 



 

 

 

Table 3.2: Rhizobia isolates from Bambara groundnut root nodules showing sequence similarity (%) with the NCBI database bacterial strains 

after 16S rRNA gene sequencing 

Isolates 

name 

Accession 

no. 

Probable organisms % E-

value 

 Isolates name GenBank 

Accession no. 

Probable organisms % E-

value 

BF2P6G1 NZCP 

014842.1 

Bacillus 

licheniformis 

81.22 0.0  BUSHP1P4 FJ528593.1 Lysinibacillus 

sphaericus 

78.33 2e-151 

BF2P3P NZCP 

014842.1 

Bacillus 

licheniformis 

81.22 0.0  BUSHP1P5 FJ528593.1 Lysinibacillus 

sphaericus 

78.33 2e-151 

BF1P11P NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0  HAZYW4B NZLS 

483377.1 

Stenotrophomonas 

maltophilia 

93.55 0.0 

BF1P3P NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0  HAZYW4A NZLS 

483377.1 

Stenotrophomonas 

maltophilia 

93.55 0.0 

BF1P3G NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0  MKHLUP1A1 NZCP 

014842.1 

Bacillus 

licheniformis 

81.22 0.0 
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BF2P11G NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0  MKHLUP2A2 NZCP 

014842.1 

Bacillus 

licheniformis 

81.22 0.0 

BF2P3G NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0  MKHLUP2A1 NZFZPB 

01000005.1 

Stenotrophomonas 

lactitubi  

85.89 0.0 

BF1P4G NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0  MKHLUP2A3 NZFZPB 

01000005.1 

Stenotrophomonas 

lactitubi  

85.89 0.0 

BF1P12P NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0  ZULU30A4 NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0 

BF1P8G NZAP 

019630.1 

Enterobacter 

absuriae 

83.12 0.0  ZULU9A3 NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0 

BF1P9G NZAP 

024684.1 

Stenotrophomonas 

pavanii 

91.12 0.0  ZULU12A3 NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0 

BF1P12PA NZAP 

024684.1 

Stenotrophomonas 

pavanii 

91.12 0.0  ZULU27B5 NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0 

BF1P13G NZCP 

140571.1 

Stenotrophomonas 

geniculate 

93.97 0.0  ZULU9A1 NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0 
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BF2P9G NZFZPB 

01000005.1 

Stenotrophomonas 

lactitubi  

85.89 0.0  ZULU9A8 NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0 

HLAM6B1 NZCP 

014842.1 

Bacillus 

licheniformis 

81.22 0.0  ZULU18B4 NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0 

HLAM1B2 NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0  ZULU30A3 NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0 

HLAM1A4 NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0  ZULU4B4 NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0 

HLAM3B4 NZFNK 

301000001.

1 

Leucobacter 

chromiiresistens 

86.83 4e-

177 

 ZULU11A2 NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0 

HLAM3B3 NZFNK 

301000001.

1 

Leucobacter 

chromiiresistens 

86.83 4e-

177 

 ZULU27A5 NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0 

HLAM3B1 NZFNK Leucobacter 

chromiiresistens 

86.83 4e-

177 

 ZULU27A1 NZFNK 

301000001.1 

Leucobacter 

chromiiresistens 

86.83 4e-177 
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301000001.

1 

HLAM3B5 NZAP 

024684.1 

Stenotrophomonas 

pavanii 

91.12 0.0  ZULU18B2 NZFNK 

301000001.1 

Leucobacter 

chromiiresistens 

86.83 4e-177 

HLAM3B2 NZQBKH 

01000017.1 

Sphingobacterium 

faecium 

90.34 0.0  ZULU2A5 NZFNK 

301000001.1 

Leucobacter 

chromiiresistens 

86.83 4e-177 

CAST4B2 NZCP 

014842.1 

Bacillus 

licheniformis 

81.22 0.0  ZULU9B3 NZFNK 

301000001.1 

Leucobacter 

chromiiresistens 

86.83 4e-177 

CAST2B1 NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0  ZULU11A1 NZFNK 

301000001.1 

Leucobacter 

chromiiresistens 

86.83 4e-177 

CAST4B1 NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0  ZULU20A4 NZFNK 

301000001.1 

Leucobacter 

chromiiresistens 

86.83 4e-177 

CAST3A1 MT533900.

1 

Leucobacter 

chromiiresistens 

86.83 4e-

177 

 ZULU30A2 NZFNK 

301000001.1 

Leucobacter 

chromiiresistens 

86.83 4e-177 

CAST1B2 NZAP 

024684.1 

Stenotrophomonas 

pavanii 

91.12 0.0  ZULU20A3 NZFNK 

301000001.1 

Leucobacter 

chromiiresistens 

86.83 4e-177 
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NKP8W NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0  ZULU12B4 NZAP 

024684.1 

Stenotrophomonas 

pavanii 

91.12 0.0 

NKP1W1 NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0  ZULU32B1 NZAP 

024684.1 

Stenotrophomonas 

pavanii 

91.12 0.0 

NKP6G NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0  ZULU9B5 NZFZPB 

01000005.1 

Stenotrophomonas 

lactitubi 

85.89 0.0 

NKP4G NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0  ZULU2A1 NZLS 

483377.1 

Stenotrophomonas 

maltophilia 

93.55 0.0 

NKP10G NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0  ZULU9A6 NZFZPB 

01000005.1 

Stenotrophomonas 

lactitubi 

85.89 0.0 

NKP5G NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0  ZULU9B8 NZLS 

483377.1 

Stenotrophomonas 

maltophilia 

93.55 0.0 

NKP3G KT44390.1 Micrococcus 

yunnanensis 

87.60 0.0  ZULU27A7 NZQBKH 

01000017.1 

Sphingobacterium 

faecium 

90.34 0.0 

NKP5P NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0  ZULU30A5 NZQBKH 

01000017.1 

Sphingobacterium 

faecium 

90.34 0.0 
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NKP65G NZLS 

483377.1 

Stenotrophomonas 

maltophilia 

93.55 0.0  ZULU4B3 NZQBKH 

01000017.1 

Sphingobacterium 

faecium 

90.34 0.0 

NKP4P NZFZPB 

01000005.1 

Stenotrophomonas 

lactitubi  

85.89 0.0  ZULU32B2 NZQBKH 

01000017.1 

Sphingobacterium 

faecium 

90.34 0.0 

NKF10WB NZFZPB 

01000005.1 

Stenotrophomonas 

lactitubi  

85.89 0.0  ZULU27A3 NZQBKH 

01000017.1 

Sphingobacterium 

faecium 

90.34 0.0 

NKP12F NZLS 

483377.1 

Stenotrophomonas 

maltophilia 

93.55 0.0  ZULU9B4 NZRJUG 

01000006.1 

Kaistella 

daneshvariae 

81.62 0.0 

UMPP2PB6 NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0  ZULU24A1 NZRJUG 

01000006.1 

Kaistella 

daneshvariae 

81.62 0.0 

UMPP9G5 NZPTXV 

01000013.1 

Bacillus pumilus  90.08 0.0  ZULU9B2 NZCP 

123000.1 

Neorhizobium 

petrolearium 

83.67 0.0 

UMPBG4B

4 

NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0  ZULU9B1 NZCP 

123000.1 

Neorhizobium 

petrolearium 

83.67 0.0 

UMP1P3PB

5 

NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0  ZULU27B2 NZRJUG 

01000006.1 

Kaistella 

daneshvariae 

81.62 0.0 
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UMPBG9A

2 

NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0  ZULU9A5 NZCP 

072387.1 

Cellulosimicrobium 

cellulans 

80.21 2e-105 

UMPP2PB7 NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0  ZULU24A5 NZCP 

072387.1 

Cellulosimicrobium 

cellulans 

80.21 2e-105 

UMPP6PB1 NZFNK 

301000001.

1 

Leucobacter 

chromiiresistens 

86.83 4e-

177 

 ZULU18B5 NZCP 

072387.1 

Cellulosimicrobium 

cellulans 

80.21 2e-105 

UMPP7GA

2 

NZFNK 

301000001.

1 

Leucobacter 

chromiiresistens 

86.83 4e-

177 

 ZULU27B4 NZCP 

072387.1 

Cellulosimicrobium 

cellulans 

80.21 2e-105 

UMPBGPA

3 

NZFNK 

301000001.

1 

Leucobacter 

chromiiresistens 

86.83 4e-

177 

 ZULU18B1 NZNGVR 

01000010.1 

Proteus columbae 91.47 0.0 

UMPP9GA

2 

NZAP 

024684.1 

Stenotrophomonas 

pavanii 

91.12 0.0  ZULU16A1 NZCP 

022046.1 

Mammaliicoccus 

sciuri 

88.16 0.0 
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UMPBG5A

2 

NZAP 

024684.1 

Stenotrophomonas 

pavanii 

91.12 0.0  ZULU27B1 CP068088.1 Sphingobacterium 

multivorum 

82.65 2e-153 

UMPP9G4 NZLS 

483377.1 

Stenotrophomonas 

maltophilia 

93.55 0.0  NHLANG7A2 NZCP 

014842.1 

Bacillus 

licheniformis 

81.22 0.0 

UMP1P3PB

3 

KT44390.1 Micrococcus 

yunnanensis 

87.60 0.0  NHLANGE2

B2 

NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0 

UMPP2PB2 NZFZPB 

01000005.1 

Stenotrophomonas 

lactitubi  

85.89 0.0  NHLANGE17

B1 

NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0 

UMPP2PB5 NZFZPB 

01000005.1 

Stenotrophomonas 

lactitubi  

85.89 0.0  NHLANGE15

B1 

NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0 

UMPP9PA NZFZPB 

01000005.1 

Stenotrophomonas 

lactitubi  

85.89 0.0  NHLANGE1

B5 

NZFNK 

301000001.1 

Leucobacter 

chromiiresistens 

86.83 4e-177 

UMPP7GA

3 

NZCP 

140571.1 

Stenotrophomonas 

geniculate 

93.97 0.0  NHLANGE5

A1 

NZFNK 

301000001.1 

Leucobacter 

chromiiresistens 

86.83 4e-177 

UMPP9G3 NZQBKH 

01000017.1 

Sphingobacterium 

faecium 

90.34 0.0  NHLANGE5

A5 

NZFNK 

301000001.1 

Leucobacter 

chromiiresistens 

86.83 4e-177 
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UMPBG1B

1 

NZQBKH 

01000017.1 

Sphingobacterium 

faecium 

90.34 0.0  NHLANG1B1 NZAP 

024684.1 

Stenotrophomonas 

pavanii 

91.12 0.0 

UMPBG4A

5 

NZQBKH 

01000017.1 

Sphingobacterium 

faecium 

90.34 0.0  NHLANGE17

B2 

NZCP 

140571.1 

Stenotrophomonas 

geniculata 

93.97 0.0 

UMPP1P3P

B2 

NZQBKH 

01000017.1 

Sphingobacterium 

faecium 

90.34 0.0  NHLANGE7

B4 

NZLS483377

.1 

Stenotrophomonas 

maltophilia 

93.55 0.0 

UMPP7GA

1 

NZCP 

123000.1 

Neorhizobium 

petrolearium 

83.67 0.0  NHLANGE17

A1 

NZQBKH 

01000017.1 

Sphingobacterium 

faecium 

90.34 0.0 

UMP1P3PB

2 

NZRJUG 

01000006.1 

Kaistella 

daneshvariae 

81.62 0.0  NHLANGE6

B 

NZRJUG 

01000006.1 

Kaistella 

daneshvariae 

81.62 0.0 

UMPBG4A

1 

NZCP 

072387.1 

Cellulosimicrobium 

cellulans 

80.21 2e-

105 

 NHLANGE2

B1 

NZCP 

123000.1 

Neorhizobium 

petrolearium 

83.67 0.0 

UMPP9GA

1 

NZCP 

072387.1 

Cellulosimicrobium 

cellulans 

80.21 2e-

105 

 NHLANGE8

B 

FJ528593.1 Lysinibacillus 

sphaericus 

78.33 2e-151 

UMPP2PA2 FJ528593.1 Lysinibacillus 

sphaericus 

78.33 2e-

151 

 GAB1B1 NZCP 

083403.1 

Enterobacter 

asburiae 

99.93 0.0 
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UMPBG8B FJ528593.1 Lysinibacillus 

sphaericus 

78.33 2e-

151 

 GAB2B1 NZFNK 

301000001.1 

Leucobacter 

chromiiresistens 

86.83 4e-177 

UMPP4GB FJ528593.1 Lysinibacillus 

sphaericus 

78.33 2e-

151 

 GAB6B2 NZAP 

024684.1 

Stenotrophomonas 

pavanii 

91.12 0.0 

UMPP3PB3 NZNGVR 

01000010.1 

Proteus columbae 91.47 0.0  GAB7A1 NZAP 

024684.1 

Stenotrophomonas 

pavanii 

91.12 0.0 

BUSHP1A NZCP 

140571.1 

Stenotrophomonas 

geniculate 

93.97 0.0  GAB10A1 FJ528593.1 Lysinibacillus 

sphaericus 

78.33 2e-151 

BUSHP2B1 NZFZPB 

01000005.1 

Stenotrophomonas 

lactitubi  

85.89 0.0  GABA6B1 NZFZPB 

01000005.1 

Stenotrophomonas 

lactitubi 

85.89 0.0 

BUSHP2B3 NZFZPB 

01000005.1 

Stenotrophomonas 

lactitubi  

85.89 0.0  GAB5A1 NZLS 

483377.1 

Stenotrophomonas 

maltophilia 

93.55 0.0 

BUSHPA2 NZLS 

483377.1 

Stenotrophomonas 

maltophilia 

93.55 0.0  GAB12B2 NZQBKH 

01000017.1 

Sphingobacterium 

faecium 

90.34 0.0 

BUSHPA7 NZCP 

014842.1 

Bacillus 

licheniformis 

81.22 0.0  GAB13A1 NZQBKH 

01000017.1 

Sphingobacterium 

faecium 

90.34 0.0 
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BUSHPA9 NZCP 

014842.1 

Bacillus 

licheniformis 

81.22 0.0  GAB4B3 NZCP 

072387.1 

Cellulosimicrobium 

cellulans 

80.21 2e-105 

BUSHPA1 NZQBKH 

01000017.1 

Sphingobacterium 

faecium 

90.34 0.0  GAB12A FJ528593.1 Lysinibacillus 

sphaericus 

78.33 2e-151 

BUSHPAP1 FJ528593.1 Lysinibacillus 

sphaericus 

78.33 2e-

151 

 GAB11A NZCP126101

.1 

Lysinibacillus 

pakistanensis  

78.93 1e-92 

BUSHPA3 FJ528593.1 Lysinibacillus 

sphaericus 

78.33 2e-

151* 

      

X E-value (≤ 0.0) = highly significant; E-value (0.0) = significant; E-value (≥ 0.0) = random alignment event. 

.



 

 

3.3.3. Phylogenetic tree 

The phylogenetic trees were used to confirm the morphological identity of the isolates. Figure 

3.7 to 3.15 indicates the different phylogenetic trees of the species: Enterobacter absuriae, 

Leucobacter chromiiresistens, Bacillus pumilus, Spingobacterium faecium, Stenotrophomonas 

lactitubi, Lysinibacillus sphaericus, Stenotrophomonas pavanii, Stenotrophomonas 

maltophilia, Bacillus licheniformis, Cellulosimicrobium cellulans, Kaistella daneshvariae, 

Stenotrophomonas geniculate, Neorhizobium petrolerium, Proteus columbae, Micrococcus 

yunnanensis, Lysinibacillus pakistanensis, Mammalicoccus sciuri, and Sphingobacterium 

multivorum. 

  

 

Figure 3.7: Phylogenetic tree indicating the evolutionary history between identified rhizobia 

isolates from Bambara groundnut root nodule isolated in Mpumalanga, KwaZulu-Natal, and 

Limpopo province and the NCBI GenBank Enterobacter asburiae (A) and Leucobacter 

chromiiresistens (B) species isolates. 
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Figure 3.8: Phylogenetic tree indicating the evolutionary history between identified rhizobia 

isolates from Bambara groundnut root nodule isolated in Mpumalanga, KwaZulu-Natal, and 

Limpopo province and Limpopo province and the NCBI GenBank Bacillus pumilus (C) and 

Sphingobacterium faecium (D) species isolates. 
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Figure 3.9: Phylogenetic tree indicating the evolutionary history between identified rhizobia 

isolates from Bambara groundnut root nodule isolated in Mpumalanga, KwaZulu-Natal, and 

Limpopo province and the NCBI GenBank Stenotrophomonas lactitubi (E) and 

Stenotrophomonas pavanii (F) species isolates. 
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Figure 3.10: Phylogenetic tree indicating the evolutionary history between identified rhizobia 

isolates from Bambara groundnut root nodule isolated in Mpumalanga, KwaZulu-Natal, and 

Limpopo province and the NCBI GenBank Stenotrophomonas maltophilia (G) and 

Lysinibacillus sphaericus (H) species isolates. 
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Figure 3.11:  Phylogenetic tree indicating the evolutionary history between identified rhizobia 

isolates from Bambara groundnut root nodule isolated in Mpumalanga, KwaZulu-Natal, and 

Limpopo province and the NCBI GenBank Bacillus licheniformis (I) and Cellulosimicrobium 

cellulans (J) species isolates. 
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Figure 3.12: Phylogenetic tree indicating the evolutionary history between identified rhizobia 

isolates from Bambara groundnut root nodule isolated in Mpumalanga and KwaZulu-Natal 

province and the NCBI GenBank Kaistella daneshvariae (K) and Stenotrophomonas 

geniculate (L) species isolates. 
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Figure 3.13: Phylogenetic tree indicating the evolutionary history between identified rhizobia 

isolates from Bambara groundnut root nodule isolated in Mpumalanga and KwaZulu-Natal 

province and the NCBI GenBank Neorhizobium petrolearium (M) and Proteus columbae (N) 

species isolates.  
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Figure 3.14: Phylogenetic tree indicating the evolutionary history between identified rhizobia 

isolates from Bambara groundnut root nodule isolated in Mpumalanga and Limpopo province 

and the NCBI GenBank Micrococcus yunnanensis (O) and Lysinibacillus pakistanensis (P) 

species isolates. 
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Figure 3.15: Phylogenetic tree indicating the evolutionary history between identified rhizobia 

isolates from Bambara groundnut root nodule isolated in KwaZulu-Natal province and the 

NCBI GenBank Mammaliicoccus scuiri (Q) and Sphingobacterium multivorum (R) species 

isolates. 

 

3.3.4. Screening of isolates for plant growth-promoting (PGPR) traits 

The N-cycling tests indicated that 89 % (186) of isolates from the root nodules had ability to 

fix nitrogen and 11.00 % (23) tested negative for N-cycling in all three provinces (Table 3.3). 

All studied location isolates in Mpumalanga province tested positive for N-cycling except for 

Hlamalani (1), Nkomazi (1), and Bushbuckridge (1) (Table 3.3). In KwaZulu-Natal province, 

17 isolates from the University of Zululand tested negative, whereas 3 tested negative in 
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Nhlangenyuke (Table 3.3). All isolates obtained from roots in Gabaza village, Limpopo 

province tested positive for N-cycling (Table 3.3). All isolates tested negative (100 %) for 

phosphate solubilization which means no zone was formed around the colony (Figure 3.17).  

 

Figure 3.16: Nitrogen cycling bacteria isolates indicated by colour change; negative (A), 

change of isolates from green to blue by slow grower (B), and positive fast grower (C). 

 

 

Figure 3.17: Isolates tested for phosphate solubilization indicated no zone formed around the 

colony on Pikovskaya agar plates. 

 



 

 

Table 3.3: Nitrogen cycling and phosphate cycling plant growth promoting activities of rhizobia isolates from Bambara groundnut root nodules. 

Province Location  Isolate 

name/code 

N-

cycling 

P-

cycling 

 Province Location Isolate name/code N-

cycling 

P- 

cycling 

Mpumalanga 

 

 

 

 

 

 

 

 

 

 

 

Boschfontein BF2P6G1 + -  KwaZulu-

Natal 

University of 

Zululand 

ZULU30A4 + - 

BF2P3P + -  ZULU9A3 + - 

BF1P11P + -  ZULU12A3 + - 

BF1P3P + -  ZULU27B5 + - 

BF1P3G + -  ZULU8A2 + - 

BF2P11G + -  ZULU18A2 + - 

BF2P3G + -  ZULU2B1 + - 

BF1P4G + -  ZULU276 + - 

BF1P12P + -  ZULU9A9 + - 

BF1P8G + -  ZULU10B1 + - 

BF1P4G2 + -  ZULU27A3 + - 

BF1P9G + -  ZULU9A1 + - 

BF1P12PA + -  ZULU9A8 + - 
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BF1P13G + -  ZULU18B4 + - 

BF2P9G + -  ZULU30A3 + - 

Hlamalani HLAM6B1 + -  ZULU4B4 + - 

HLAM1B2 + -  ZULU11A2 + - 

HLAM1A4 + -  ZULU27A5 + - 

HLAM2B2 + -  ZULU11A3 + - 

HLAM3B4 + -  ZULU9B8 + - 

HLAM3B3 + -  ZULU27A1 + - 

HLAM3B1 + -  ZULU18B2 + - 

HLAM3B5 + -  ZULU2A5 + - 

HLAM3B2 - -  ZULU9B3 + - 

HLAM2A1 + -  ZULU11A1 + - 

Casteel CAST4B2 + -  ZULU20A4 + - 

CAST2B1 + -  ZULU30A2 + - 

CAST4B1 + -  ZULU20A3 + - 

CAST3A1 + -  ZULU12B4 + - 
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CAST1B2 + -  ZULU32B1 + - 

Nkomazi NKP8W + -  ZULU9B5 + - 

NKP1W1 + -  ZULU2A1 + - 

NKP6G + -  ZULU9A6 + - 

NK10WA + -  ZULU9B8 + - 

NKP4G + -  ZULU27A7 - - 

NKP10G + -  ZULU30A5 - - 

NKP5G + -  ZULU4B3 - - 

NKP11G + -  ZULU32B2 - - 

NKP3G - -  ZULU28A3 - - 

NKP5P + -  ZULU9B4 - - 

NKP65G + -  ZULU24A1 - - 

NKP4P + -  ZULU9B2 - - 

NKF10WB + -  ZULU9B1 - - 

NKP12F + -  ZULU27B2 - - 

UMPP2PB6 + -  ZULU24A3 - - 
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University of 

Mpumalanga 

UMPP9G5 + -  ZULU27A4 - - 

UMPP2PB3 + -  ZULU32B4 - - 

UMPBG1B2 + -  ZULU9A1A - - 

UMPBG1A  + -  ZULU9A2 - - 

UMPBG9A3 + -  ZULU8A3 - - 

UMPBG6A2 + -  ZULU8A1 + - 

UMPBG4B4 + -  ZULU9A5 + - 

UMP1P3PB5 + -  ZULU24A5 + - 

UMPBG9A2 + -  ZULU18B5 + - 

UMPP2PB7 + -  ZULU27B4 + - 

UMP1P3PB4 + -  ZULU32B3 + - 

UMPP2PA3 + -  ZULU18B1 + - 

UMPP6PB1 + -  ZULU27A2 + - 

UMPP7GA2 + -  ZULU16A1 + - 

UMPBGPA3 + -  ZULU12B2 + - 

UMPP9GA2 + -  ZULU7B1 + - 
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UMPBG5A2 + -  ZULU27B1 + - 

UMPP9G4 + -  ZULU27B9 + - 

UMP1P3PB3 + -  ZULU2A4 + - 

UMPP2PB2 + -  Nhlangenyuke NHLANGE2A2 + - 

UMPP2PB5 + -  NHLANGE22A + - 

UMPP9PA + -  NHLANG7A1 + - 

UMPP7GA3 + -  NHLANG7A2 + - 

UMPP9G3 + -  NHLANGE2B2 + - 

UMPBG1B1 + -  NHLANGE17B1 + - 

UMPBG4A5 + -  NHLANGE15B1 + - 

UMPP1P3PB2 + -  NHLANGE7B2 + - 

UMPP7GA1 + -  NHLANGE1B5 - - 

UMP1P3PB2 + -  NHLANGE5A1 + - 

UMPBG4A1 + -  NHLANGE5A5 + - 

UMPP9GA1 + -  NHLANG1B1 + - 

UMPP2PA2 + -  NHLANGE17B2 + - 
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UMPBG8B + -  NHLANGE7B4 + - 

UMPP4GB + -  NHLANGE17A1 + - 

UMPP3PB3 + -  NHLANGE6B + - 

UMPBG4B + -  NHLANGE2B1 + - 

UMPP2PA1 + -  NHLANGE2A1 - - 

UMPP9PB + -  NHLANGE7B3 + - 

UMPPBG4A4 + -  NHLANGE14A - - 

Bushbuckridge BUSHP1A + -  NHLANGE8B + - 

BUSHP2B1 + -  NHLANGE7B1 + - 

BUSHP2B3 + -  NHLANG7A2A + - 

BUSHPA2 + -  Limpopo Gabaza GAB12B4 + - 

BUSHPA7 + -  GAB1B1 + - 

BUSHPA9 + -  GAB13B1 + - 

BUSHPA1 + -  GAB2B1 + - 

BUSHPAP1 - -  GAB6B2 + - 

BUSHPA3 + -  GAB7A1 + - 
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BUSHP1P4 + -  GAB10A1 + - 

BUSHP1P5 + -  GABA6B1 + - 

BUSHP2P1 + -  GAB5A1 + - 

Hazyview  HAZYW1B1 + -  GAB12B2 + - 

HAZYW4B + -  GAB13A1 + - 

HAZYW4A + -  GAB4B3 + - 

HAZYW4B1 + -  GAB1 + - 

HAZYW2B + -  GAB12A + - 

HAZYW2B1 + -  GAB11A + - 

Mkhuhlu MKHLUP1A1 + -     

MKHLUP2A2 + -     

MKHLUP2A1 + -     

MKHLUP2A3 + -     

MKHLUP2B1 + -     

MKHLUP2B1 + -       



 

 

3.4. Diversity, evenness, and abundance of bacterial isolates 

There was high diversity of bacterial isolates found in the Bambara groundnut root nodules 

from the three different provinces and it varied with location. Mpumalanga province had the 

highest number of bacterial isolates (107), followed by KwaZulu-Natal province (87) and last 

was Limpopo province (15). From the sampled locations in the three different provinces, the 

University of Zululand in KwaZulu-Natal province had the highest number of isolates (64) and 

23 richness score index followed by the University of Mpumalanga province with 40 isolates 

and 21 richness index whereas Casteel and Mkhuhlu had the least isolate (5) while Hazyview 

and Mkhuhlu had the least number of richness index (3) (Table 3.4). Species diversity (H’) and 

(D) were high at the University of Zululand, with scores of 2.85 and 0.94 followed by the 

University of Mpumalanga (H’) and Hazyview (D) scores of 2.81 and 0.27 and the lowest was 

Nhlangenyuke (H’) and (D) score of 0.56 and 0.04. Casteel had the highest evenness (J) score 

of 0.83 followed by Hlamalani with a score of 0.78, while Hazyview and Boschfontein had the 

lowest (J) score of 0.56 each (Table 3.4). 

In Mpumalanga province, the University of Mpumalanga had the highest isolates number of 

40, followed by Boschfontein with 15, and the least was Casteel and Mkhuhlu with 6 species 

each (Table 3.4). The highest genetic diversity was recorded in the University of Mpumalanga 

with an H’ score of 2.81 and Hazyview had the lowest genetic diversity (H’) score of 1.01. 

However, Hazyview had the highest diversity (D) score of 0.27, with the University of 

Mpumalanga having the least diversity (D) score of 0.05. Casteel had the highest evenness (J) 

score of 0.83 followed by Hlamalani with an evenness (J) score of 0.78, while Hazyview and 

Boschfontein had the lowest evenness (J) score of 0.56 each (Table 3.4). 

In KwaZulu-Natal province, the University of Zululand had a higher number of isolates (64) 

and species richness index (23) compared to Nhlangenyuke with 23 isolates and 14 species 

richness index (Table 3.4). The University of Zululand had a higher genetic diversity (H’) score 
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of 2.85 and D score of 0.94 compared to Nhlangenyuke (H’) with a score of 0.56 and D score 

of 0.04 (Table 3.4). Nhlangenyuke had a higher species evenness (J) score of 0.81 compared 

to the University of Zululand evenness (J) score of 0.68 (Table 3.4).  

In Limpopo province, Gabaza village had 15 isolates and 10 species richness index. Gabaza 

also had a genetic diversity (H’) score was 2.21, a D score of 0.06, and a species evenness (J) 

score of 0.81 (Table 3.4). 

 

Table 3.4: Functional bacterial diversity index of Bambara groundnut root nodule samples 

in Mpumalanga, KwaZulu-Natal, and Limpopo province. 

Province Sample sites Number 

of isolates 

Species 

richness 

Shannon 

diversity 

index (H’) 

Simpson 

Index 

(D) 

Pielou 

index 

(J) 

MP Hlamalani 10 6 1.79 0.16 0.78 

Boschfontein 15 6 1.63 0.23 0.56 

Nkomazi 14 7 1.77 0.13 0.67 

Bushbuckridge 12 6 1.63 0.15 0.66 

Mkhuhlu 5 3 1.05 0.20 0.66 

Casteel 5 4 1.33 0.10 0.83 

Hazyview 6 3 1.01 0.27 0.56 

UMP 40 21 2.81 0.05 0.76 

KZN UniZululand 64 23 2.85 0.94 0.68 

Nhlangenyuke 23 14 0.5 0.04 0.81 

LP Gabaza 15 10 2.21 0.06 0.82 

 Total  209 43    
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xMpumalanga province (MP), KwaZulu-Natal province (KZN), Limpopo province (LP) 

 

3.4. Discussion 

Plant growth-promoting rhizobia colonizes the root nodule and plays a beneficial significant 

role that directly and indirectly influences the development and growth of plants (Gerhardt, 

Huang, Glick & Greenberg, 2009). Two hundred and nine bacterial isolates were identified 

from Bambara groundnut root nodules in this study with 43 unique rhizobia isolates. From the 

209 identified isolates only 153 were molecular identified using 16S rRNA gene sequence. 

Findings in this study corroborated various studies, which discovered a high level of 

heterogeneity in the populations of legume nodulating rhizobia (McInroy et al., 1999; Ndiaye, 

1996). Isolate pigmentation varied from cream, cream white, white, yellow, golden yellow, 

bright yellow, orange, bright orange, red, and brown with smooth or rough surfaces. The shape 

also varied from irregular, round, curled, filamentous, rhizoid, and punctiform with either flat, 

raised, convex, or crateriform elevation and the margin also varied from lobate, entire, 

undulate, filamentous, and irregular. Singh, Jaiswal and Akhouri Vaishampayan (2013) 

reported the differences in colony morphology of nodule bacteria in soybeans. The variation of 

the 43 rhizobia isolates showed the diverse nature of the isolates colonizing nodules of 

Bambara groundnut in the different provinces and sample locations. The findings of this study 

on morphological characteristics of native rhizobia isolates on Bambara groundnut root nodules 

agree with a similar study done on another legume, common bean, in Ecuador (Torres-

Gutiérrez et al., 2017). Although native Bambara groundnut isolates occur in the soils, the 

nodulation potential of different sites may differ greatly. This could be due to factors such as 

soil mineral composition and pH (Berrada, 2012), this could have contributed to the observed 

low rhizobia isolates in the soil from Nkomazi, Mkhuhlu, Bushbuckridge, Hlamalani, Casteel, 

Gabaza, Boschfontein, Nhlangenyuke, and Hazyview.   
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The NCBI GenBank database indicated that Bambara groundnut forms a symbiotic relationship 

with diverse bacteria, 12 genera which are Enterobacter, Leucobacter, Bacillus, 

Spingobacterium, Lysinibacillus, Stenotrophomonas, Cellulosimicrobium, Kaistella, 

Neorhizobium, Proteus, Micrococcus, and Mammalicoccus. The diversity of micro-symbionts 

of Bambara groundnut observed in this study concurs with a report by (Pohajda, Huic Babi, 

Rajnovi, Kaji & Sikora, 2016; Sprent et al., 2010). Sprent et al. (2010) indicating the capacity 

of Bambara groundnut to freely nodule with various rhizobia groups making it a promiscuous 

host. These findings of the study are supported by earlier reports by Ngeno, Chemining’wa and 

Hutchinson (2018); Santos, Kandasamy and Rigobelo (2018) who demonstrated the ability of 

promiscuous legumes such as cowpeas to trap various rhizobia from the soils under different 

agricultural systems. The findings also support the “promiscuous” nature of Bambara 

groundnut to nodulate with diverse rhizobia which aids the plant in thriving in different 

environmental conditions (Santos et al., 2018). High genetic diversity in cultivated soils can 

be a result of high demand for N by the plants, which in turn stimulates nodulation, leading to 

rhizobia proliferation (Lima et al., 2009). Wasike et al. (2009) reported a higher diversity of 

indigenous Bradyrhizobia in Western Kenya compared to Eastern Kenya because of 

agroecological differences between the two locations. Other factors such as host genotype, 

cropping history, and land usage might have contributed to the difference in the diversity of 

rhizobia in different parts of KwaZulu-Natal, Mpumalanga, and Limpopo provinces, supported 

by a report on Central highlands of Kenya (Mwenda, O’Hara, De Meyer, Howieson & 

Terpolilli, 2018). The University of Zululand had the highest species richness compared to the 

other sample locations, this may be due to the light sandy loam soils in the area. The report on 

this study contradicted the findings by Ajilogba, Olanrewaju and Babalola (2022), who 

observed Bambara groundnut root nodules being colonised mostly by Bacillus (57.14 %). In 

the current study, the dominant species on Bambara groundnut root nodules was Enterobacter 
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asburiae (14.4 %). A study by Wang et al. (2016), on biogeography and biodiversity of rhizobia 

that are associated with the common bean in Shaanxi province, China, linked gene transfer of 

symbiotic genes among diverse strains of nitrogen-fixing bacteria (Ensifer, Agrobacterium, 

Rhizobium, and Bradyrhizobium). Similar findings were reported by Ayangbenro, Adem and 

Babalola (2023) that root nodule bacteria of several genera, such as Chryseobacterium, 

Stenotrophomonas, and Pseudomonas symbiotically co-exist with Bambara groundnuts. The 

finding of this study agrees with the study on soybeans done by Xu et al. (1995) that the 

diversity of nodulating rhizobia is affected by host specificity and the narrow range of rhizobia 

species, which forms an effective symbiosis with soybean. Soil properties and climatic 

conditions also play a role in the diversity of bacteria found in the soil (Adhikari et al., 2012; 

Han, Wang, Han & Liu, 2009; Suzuki et al., 2008). Different land use and management of 

planted crops (Yan et al., 2014), geographical location (Shiro et al., 2013) all play a role on 

diversity. The 16S rRNA gene sequence also indicated the presence of non-rhizobia bacteria 

in the different provinces associated with root nodules such as genera Bacillus and 

Sphingomonas in the ecological niche (Mart´ınez-Hidalgo & Hirsch, 2017; Deng et al., 2011). 

It has been suggested that root nodules of legume plants may develop a niche that will allow 

non-rhizobia bacteria to strive and survive. When rhizobia bacteria are present and infected, 

these non-rhizobia strains can infiltrate the root nodules of legumes (Etesami, 2022). However, 

phylogenetically not all the isolates identified in this study were closely related. This suggests 

that rhizobia bacteria with the potential to nodulate Bambara groundnuts are mainly not 

restricted to a phylogenetic group (Arora, Khare, Singh & Tewari, 2018). Consequently, these 

rhizobia isolates might have divergently evolved to colonize the root nodules of diverse 

Bambara groundnut genotypes, while at the same time retaining their critical genes that code 

for the nodulation of Bambara groundnut. Furthermore, genetic changes also result in 

pleiotropic effects on various traits at the same time affecting the resulting phenotypes (Gratten, 
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& Visscher, 2016). The occurrence of diverse isolates from different genera on the Bambara 

groundnut root nodules in Mpumalanga, KwaZulu-Natal province soils could be attributed to 

the horizontal gene transfer between the α and β proteobacteria (Ramírez et al., 2020). The 

high diversity of the genus Enterobacter and Leucobacter observed in this study could be due 

to a high level of tolerance and can dominate in environments with low soil fertility and low 

pH (Dall'Agnol et al., 2016). Isolates GAB10A1, ZULU16A1, and ZULU27B1 identified as 

Lysinibacillus pakistanensis, Mammalicoccus sciuri, and Sphigobacterium multivorum were 

unique in the sample site Gabaza and University of Zululand. To our knowledge, this is the 

first report of genus Lysinibacillus and Mammalicoccus that nodulates Bambara groundnut in 

South Africa.  The non-rhizobia isolates observed in the Bambara groundnut nodules in this 

study belonged to the genera Strenotrophomonas, Bacillus, Micrococcus, and Enterobacter. 

These findings of this study support earlier reports by Chidebe, Jaiswal and Dakora (2018) and 

Leite et al. (2017) who documented the diversity of non-rhizobia endophytes associated with 

root nodules of cowpea. Leite et al. (2017) added that these non-rhizobia bacteria strains have 

previously been isolated from Vigna unguiculata root nodules in Brazil and Phaesolus vulgaris 

(Kawaka et al., 2018) in Western Kenya. Moreover, the occurrence and diversity of the no-

rhizobia bacterial in this study might be attributed to the compatibility of the microbes with 

either the host plant or that each microbe occupies a diverse ecological niche in the root nodules 

of the host plant (De Meyer, De Beuf, Vekeman &Willems, 2015). This means that the presence 

of the non-rhizobacteria on Bambara groundnut rhizosphere soil was not accidental and similar 

results were documented by Castro et al. (2017). Moreover, the rhizobia nod and nif genes are 

symbiotic and adaptive genes. Earlier studies suggested that they very repeatedly have an 

evolutionary history independent of the house-keeping genes explained by a lateral transfer of 

nod loci across divergent-chromosomal lineages, like in the case of rhizobia representing the 

genus Rhizobium and Ensifer (Wang et al., 2007). The horizontal transfer of the nodulating 
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genes adapts rhizobia to a new host plant and then enables the bacteria with a different genomic 

background but similar nod genes to enter symbiotic association with the same legume plants. 

Furthermore, studies of genus Mesorhizobium strains suggested that the broad host range of 

these bacteria may be attributed to the convergence of a distinct nod genotype into the same 

nodulation phenotype (Wernegreen & Riley 1999; Haukka, Lindstrom & Young, 1998). 

Rhizobacteria play a significant role in plant growth promotion, nutrient recycling, and soil 

structure maintenance (Anderson, Hamonts, Clough & Condron, 2014). Studies have 

demonstrated that indigenous plant growth-promoting rhizobia contributes to P-solubilization 

and N-cycling, thus making N and P bioavailable for plant uptake (Marler & Krishnapillai, 

2018). The root nodules of Bambara groundnut predominated N-cycling bacteria, which 

indicated poor N nutrients in the soil which triggers biological N-cycling to ensure plant 

survival and nutrient uptake. Rhizosphere N-cycling bacterial diversity and structure influence 

the nitrogen fixation of legumes. Limpopo province isolates all tested positive for N-cycling 

and Mpumalanga province had few isolates that tested negative. This might be attributed to the 

different planting cultivations that affect soil microbial quantity, microbial community 

structure, and microbial activity. All N-cycling rhizobia isolates observed at Gabaza village, in 

Limpopo province is as a result of intercropping system. Previous studies done earlier indicated 

that the abortion of the intercropping system can have varying effects on the N-cycling bacteria 

communities’ diversity dependent on the specific soil condition and crop combinations. For 

instance, peanut and cassava intercropping increased microbial diversity when compared to 

peanut monoculture (Tang et al., 2020), while legume and oat intercropping improved the 

diversity of oat N-fixing bacteria communities (Yang, Feng, Hu, Ren & Zeng, 2007). 

However, the present study indicated that isolates observed from the three provinces could not 

solubilize phosphate which includes bacteria that belong to the genera Leucobacter, Bacillus, 

Lysinibacillus, Micrococcus, and Mammalicoccus known to solubilize phosphate. The finding 
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might be attributed to certain factors which include ecological condition, climatic zone, land 

use system, agronomic practices, soil pH, soil organic matter, microbial interaction with other 

soil microbes, the extent of vegetation, soil type, type of plant, and soil physico-chemical 

properties (Seshachala & Tallapragada, 2012). 

Mpumalanga province had the highest abundance of isolate followed by KwaZulu-Natal and 

the least was Limpopo province. University of Zululand in KwaZulu-Natal province had the 

highest species richness compared to all sample sites whereas a few species richness was 

estimated in Casteel and Hazyview. The highest rhizobia population that was observed at the 

University of Zululand might be because these soils had earlier been used to cultivate legumes 

belonging to the same cross-inoculation groups as the tree legumes (Koskey et al., 2018). In 

KwaZulu-Natal, University of Zululand Bambara groundnut roots nodules had the highest 

genetic diversity (H’) and (D) compared to Nhlangenyuke whereas Nhlangenyuke species were 

evenly distributed compared to the University of Zululand isolates. In Mpumalanga, the 

University of Mpumalanga had the highest (H’) and the lowest (D) compared to the other 

sample site, Hazyview had the lowest genetic (H’) and the highest (D), and Casteel had high 

evenness (J) and Hazyview and Boschfontein with the lowest. This could be due to the 

difference in soil and agroclimatic conditions of the three different provinces and the studied 

sites in each province. The finding might be attributed to certain factors which include 

ecological condition, climatic zone, land use system, agronomic practices, soil pH, soil organic 

matter, microbial interaction with other soil microbes, the extent of vegetation, soil type, type 

of plant, and soil physico-chemical properties (Seshachala & Tallapragada, 2012). The 

abundance of this species in acidic soil has been attributed to its adaptation to acidic conditions 

(Howieson et al., 2013; Sprent Ardley & James, 2013). 
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3.5. Conclusion 

This study successfully isolated and identified a total of 209 rhizobacterial strains from the root 

nodules of Bambara groundnut collected from three different provinces. Through molecular 

analysis, the strains were classified into 18 different bacterial genera, with Enterobacter 

absuriae, Leucobacter chromiiresistens, and Bacillus pumilus being the most predominant. 

Most of the isolates showed a high percentage of homology with their respective species in the 

GenBank database, confirming their identities. Phylogenetic analysis also validated these 

results. The ability of these rhizobacterial isolates to participate in nitrogen cycling was evident, 

as 89% of them tested positive, suggesting their potential role in enhancing soil fertility and 

plant growth. However, none of the isolates exhibited phosphate solubilization capabilities, 

indicating a limitation in their multifunctional potential. 

3.6. Recommendations   

Future research should focus on investigating methods to enhance the phosphate-solubilizing 

abilities of these rhizobacterial isolates, possibly through co-inoculation with other beneficial 

microbes. Additionally, since certain species like Lysinibacillus pakistanensis, 

Mammalicoccus sciuri, and Sphingobacterium multivorum were found in only one location, 

further studies should explore their distribution and potential functions in different soil 

environments. Understanding the full range of plant growth-promoting traits in these isolates 

can contribute to developing efficient biofertilizers to improve crop productivity and 

sustainable agriculture practices. 
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CHAPTER FOUR 

ASSESSMENT OF SOIL NUTRIENT STATUS AND ENZYME ACTIVITIES OF 

BAMBARA GROUNDNUT RHIZOSPHERE SOIL IN LIMPOPO, KWAZULU-NATAL, 

AND MPUMALANGA PROVINCE 

 

4.1. Introduction 

Soil is the key source of nutrients that are assimilated by plant root systems to promote the 

growth and development of plants (Zungu, Egbewale, Olaniran, Pérez-Fernández & 

Magadlela, 2020). Zungu et al. (2020) added that the availability of these nutrients in the soil 

is mainly regulated by factors such as microbial composition, pH, and soil enzyme activities. 

Poor agricultural practices, increased population, nutrient mining, and uncontrolled burning 

have resulted in the drastic degradation of most soils (Sanderson et al., 2013). Consequently, 

there has been a high loss of soil nutrients, with reports pointing to about 90 % of soil nutrients 

depletion, soil structure, and increased soil acidity in these soils (Parihar et al., 2020). Of all 

the nutrients, N, and P levels in the soil are the biggest restriction to agricultural production in 

sub-Saharan Africa (SSA) (Pasley, Cairns, Camberato & Vyn, 2019; Mmbaga, Mtei & 

Ndakidemi,, 2014). The unavailability of N in agricultural soils results in poor growth and 

development of plants. While insufficient uptake of P by plants is mainly because P has formed 

insoluble complexes with cations such as aluminum (Al3) and iron (Fe3+) in mostly acidic soils 

(Dabessa, Abebe & Bekele, 2018). The decreased pH in these soils and decreased cation-

exchange capacity reduce the availability of nutrients such as potassium (K+), calcium (Ca2+), 

and ammonium (NH4+) (Aprile & Lorandi, 2012). Despite soil acidity and poor nutrition, the 

rhizospheric soils of legumes have been considered to host bacteria that play an important role 

in the cycling of nutrients, which includes genera such as Bacillus, Rhizobium, Azotobacter, 

Bradyrhizobium, Paenibacillus, and Pseudomonas (Jaiswal & Dakora, 2019).  
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Bambara groundnut (Vigna subterranea) is an underutilized and neglected legume crop, rich 

in nutrients such as calcium, potassium, and iron with a greater proportion of fiber (Mubaiwa, 

Fogliano, Chidewe & Linnemann, 2017). It is traditionally grown by subsistence farms in 

various localities where they are useful in securing and supporting nutrition in local 

communities to meet their socio-cultural traditional uses and their needs (Sprent, Odee & 

Dakora, 2010). Bambara groundnut rhizosphere bacteria are involved in crucial processes 

which include the decomposition of organic matter, formation of soil structure, and cycling of 

significant nutrients such as nitrogen, phosphorus, potassium, carbon, and sulfur through 

mineralization, mobilization, nitrogen fixation, and the secretion of enzymes in the soil (Billah 

et al., 2019; Pontigo et al., 2018; Youssef, El-Azab, Mahdy, Essa & Mohammed, 2017). 

Moreover, soil enzymes help to enhance soil fertility by breaking down organic matter into 

assimilable forms and they facilitate the processes of cycling and mineralization of essential 

nutrients including P, C, and N (Martínez-Hidalgo & Hirsch 2017; Veres et al., 2015). The 

activity of soil enzymes, often influenced by rhizobacteria, contributes to maintaining soil 

fertility. These enzymes help in the degradation of pollutants and the stabilization of soil 

organic matter, leading to improved soil structure, moisture retention, and overall soil health. 

Hence, the objective of this study was to assay soil nutrient status and enzyme activities of 

Bambara groundnut rhizosphere soil in Limpopo, KwaZulu-Natal, and Mpumalanga Province. 

 

4.2 Material and Methods 

4.2.1. Sampling site 

Bambara groundnut rhizosphere soil samples were collected from varying altitudes in 

Mpumalanga, Limpopo, and KwaZulu-Natal provinces (Table 3.1). The selection of farmers 

was based on Bambara groundnut production interest and fields that had no manure and 

fertilizer application in the previous years. Soil samples collected in the Bambara groundnut 



127 
 

soil rhizosphere at each point was thoroughly mixed (Figure 4.1). To determine the enzyme 

activities, a portion of each Bambara groundnut rhizosphere soil sample was stored in sterile 

plastic bags in a refrigerator at 4 ⁰C until biological and chemical analyses were conducted.  

 

Figure 4.1: Soil sample from collected from Hazyview (A), Casteel (B), Gabaza village (C) 

and Zululand (D). 

 

4.2.2. Soil physico-chemical properties analysis 

Soil samples were prepared for analysis according to the International Standard Organization 

(ISO) standard 64, which involved drying at room temperature before sieving through a 2 mm 

sieve and pulverizing. All glassware used for analysis were washed thoroughly, soaked in 20 
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% nitric acid, and cleansed with deionized water to eliminate all potential contaminants. The 

selected physical and chemical parameters of the soil samples were analysed using standard 

laboratory procedures (Gavrić et al., 2019). To determine the total nutrient analysis, soil 

samples were assayed at KwaZulu-Natal Department of Agriculture and Rural Development’s 

Analytical Services Unit, Cedara, South Africa for total sample density, clay content, pH, N, 

Ca2+, Mg2+, P, K+, Zn, Cu, Mn, acid saturation, exchangeable acidity, effective cation 

exchangeable capacity (ECEC), organic carbon, and organic matter following the below stated 

methods: 

Sample density.  

Soil samples were put in a flask with distilled water before homogenisation. The homogenised 

soil samples were then boiled to remove all air from the sample. Then allowed to cool, water 

was added to the mixture. The mixture's weight was subsequently assessed. Next, the weight 

of the water was subtracted from the combined mass of the soil and water. Soil sample density 

was analyzed on a volume bases. To enable the conversion of the results to a mass basis, the 

mass of a 10 mL scoop of a dried and milled sample was determined.  

Clay content  

Clay content was measured by first air-drying soil samples and determining their weight. The 

soil was then mixed with a dispersing agent (sodium hexametaphosphate) and distilled water 

to form a suspension. After the suspension had settled, the height of clay layer was measured 

and percentage volume computed relative to the volume of suspension pipetted.  

Determination of soil pH  

Ten (10) mL of soil sample was homogenized with 25 mL of 1 M potassium chloride (KCI) 

solution at 400 r.p.m. using multiple stirrers for five minutes and then allowed to stand for 30 

minutes. The pH was measured using a gel-filled combination electrode glass while stirring.  

Determination of total nitrogen 



129 
 

Total nitrogen was determined by using the micro-Kjedahl digestion-distillation method as 

explained by Bremner and Mulvaney (1982) in (Ameen, Han & Xie, 2019). A sample of soil 

dried at 80 ⁰C and then ground to powder; 1 g was used to analyse for N (Page, Miller & 

Keeney, 1982). This method involves a three-step approach for the quantification of protein: 

distillation, digestion, and titration (Page et al., 1982).  

Determination of calcium (Ca2+) and magnesium (Mg2+) 

Sample soil cups were filled with 2.5 mL of soil, 25 mL of 1 M KCI solution was then added 

and stirred at 400 r.p.m for a total of 10 min using a multiple stirrer. Whatman No. 1 paper was 

then used to filter the extracts. A 5 mL of the filtrate was diluted with 20 mL of 0.0346 M SrCI2. 

Mg2+, and Ca2+ were then determined by atomic absorption. 

Determination of phosphorus (P), potassium (K+), Zinc (Zn), Copper (Cu), and manganese 

(Mn) 

The extracting solution of Ambic-2 consisted of 0.25 M NH4CO3 + 0.01 M Na2 EDTA + 0.01 

M NH4 F + 0.05 g L-1 Super-floc (N100) which was adjusted to pH of 8 with ammonia solution 

concentration. A 25 mL of the solution was then added to 2.5 mL soil and the suspension was 

stirred using multiple stirrers for 10 min at 400 r.p.m. Whatman No.1 paper was used to filter 

the extracts. Phosphorus (P) was determined on a 2 mL aliquot of filtrate using a modification 

of the Murphy and Riley (1962) molybdenum blue procedure (Hunter, 1974), while potassium 

is determined by atomic absorption on a 5 mL aliquot of the filtrate after dilution with 20 mL 

deionized H2O and micronutrients zinc (Zn), copper (Cu), and manganese (Mn) described by 

Lindsay and Norvell (1978) were determined by atomic absorption on the remaining undiluted 

filtrate.   

Acid saturation and effective cation exchangeable capacity (ECEC) 
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The ECEC was calculated by adding the sum of KCI- extractable Mg, Ca, acidity, and Ambic- 

2 extractable K. The Acid saturation percentage of the ECEC is calculated as "extractable 

acidity" x 100 / (Mg + K + Ca + "extractable acidity"). 

Determination of organic carbon (OC) and organic matter (OM) 

Organic carbon was determined by the Walkley-Black wet oxidation method (Nelson & 

Sommer, 1996). One kg of air-dried samples were oxidized to carbon dioxide with 10 mL of 1 

N with potassium dichromate solution in the presence of 20 mL of sulphuric acid concentration 

and allowed to stand for 30 minutes, then 10 mL of orthophosphoric acid concentration and 

200 mL of deionized H2O was added. Twelve drops of 1 g of diphenylamine indicator in 100 

mL of sulfuric acid concentration was also added with continuous stirring on a magnetic stirrer 

and later the mixture was titrated with 0.5 M ferrous ammonium sulphate until colour change 

from violet-blue to green was observed. Considering that the average content of carbon in soil 

organic matter is equal to 58 %, the conversion factor 1.724 was used to calculate the 

percentage of organic matter from the content of organic carbon. 

 

4.2.3. Soil enzyme activity 

Phosphorus and nitrogen enzyme cycling activities (acid phosphatase, β-glucosidase, β-

glycosaminidase, and alkaline phosphatase) were determined according to the method that was 

adapted from Jackson et al. (2013) and conveyed in units of nmol h-1 g-1. Briefly, 5 g of each 

soil sample collected in various farms were homogenized at low speed in a 50 mL ultrapure at 

4 ⁰C for 2 hrs. Resultant supernatants were then transferred into black 96-well microplates 

before adding the subtracts. For P-cycling enzyme activity, 4-MUB-phosphate substrate was 

added, while for N-cycling enzyme activity 4-MUB-N-acetyl-β-D-glucosaminide was added. 

The substrates were prepared using a solution of 200 µM of MUB-linked which was dissolved 

in a sterilized distilled H2O as described by Jackson et al. (2013). Samples run consisted of 200 
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µL aliquot plus 50 µL substrate and then incubated alongside reference standards (200 µl buffer 

plus 50 µl standard), standard quench (200 µL soil aliquot plus 50 µL standard), with sample 

control (200 µl soil aliquot plus 50 µl buffer), blanks (250 µL buffer), and negative controls 

(200 µL buffer plus 50 µL substrate). After incubation at 30 ⁰C for 2 hours the reaction was 

then stopped with 0.5 M NaOH (sodium hydroxide). Later, a Glomax Multi Plus microplate 

reader (Bio Tek, USA) was used to measure fluorescent absorbance at 450 nm. Both standard 

and buffer were adjusted to a pH of 5 before determining the phosphate activity. 

 

4.2.4. Nitrate reductase activities 

Method adapted from Bruckner et al. (1995) was used to measure nitrate reductase activities. 

A 5 g of soil sample was transferred in a solution that comprised 4 mL of 0.9 mM 2.4-

dinitrophenol, 1 ml of 25 Mm KNO3, and 5 mL of ultrapure water (H2O) in a sealed 50 mL 

centrifuge tube. The mixture was homogenized and then incubated in the dark at 30 ⁰C for 24 

hours. After the incubation period, about 10 mL of 4 M KCI of solution was then added to each 

of the samples and vigorously mixed. Subsequently, they were allowed to pass through 

Whatman number 1 filter paper. The enzymatic reaction started by adding 2 mL of the filtrate 

to 1.2 mL of 0.19 M ammonium chloride buffer (pH 8.5) and 800 µL of the colour reagent (1 

% sulphanilamide in 1 N HCI and 0.2 % N-(1-naphthyl) ethylenediamine dihydrochloride 

(NEDD) before incubation for 30 minutes in a dark at a temperature of 30 ºC. The absorbance 

was then measured at 520 nm using an Agilent Cary 60 UV-Vis spectrophotometer (Agilent, 

Santa Clara, CA, USA). The amount of nitrite (NO2) released into the medium was expressed 

as 0.1 µmolh-1g-1. 
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4.2.5. Data analysis  

Macro and intermediate nutrients as well as pH, total cation, and exchange activity in all study 

sites soil of Mpumalanga, Limpopo, and KwaZulu-Natal provinces, were analyzed using one-

way analysis of variance (ANOVA) through Statistix 10 software. The mean separation was 

achieved using Fisher’s Least Significant Differences (LSD) at a 5 % probability level. The 

data that was not normally distributed was transformed using Log10(x+1). The measured soil 

nutrients of all sample sites were examined by Principal Component Analysis (PCA), statistical 

procedure version 4.02 was used. Correlations matrix of the variables were then determined by 

Pearson co-efficient (p ≤ 0.05 and p ≤ 0.01). 

 

4.3. Results 

All physico-chemical soil analyses were done at the KwaZulu-Natal Department of Agriculture 

and Rural Development’s Analytical Services Unit, Cedara, South Africa (Appendix 4.1). 

According to Shapiro-Wilt normality tests, all tested enzyme activities and soil physico-

chemical properties were not normally distributed (P ≤ 0.05) except for effective cation 

exchange capacity (ECEC), hence the data were transformed accordingly (Appendix 4.2).  

All physico-chemical soil properties were highly significant (P ≤ 0.01), except for pH, and 

nitrogen (N) which were significant (P ≤ 0.05), while phosphorus (P), exchangeable acidity, 

and acid saturation were not significant. The soil physico-chemical properties of the studied 

site varied across all farms (Table 4.1). 

 

4.3.1. Soil physico-chemical properties   

Soil density (SD) 

Boschfontein had the highest soil density of 1455 g L-1, followed by Hlamalani with 1400 g L-

1, and least was Hazyview with 1070 g L-1 (Table 4.1). According to Hazelton and Murphy 
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(2007), soil density is a significant physical property of soils used as a measure of soil 

compactness, available water capacity, root penetration, soil structure, and soil aeration.  The 

tested soil density of the studied soil was low. The result on SD indicates that Hlamalani and 

Boschfontein were not different, Casteel, Nkomazi, Bushbuckridge, and Mkhuhlu were also 

the same and Hazyview, Gavaza, Nhlangenyuke, University of Mpumalanga, and Zululand was 

not different. 

Clay content 

The clay content in the study areas ranged from 7.50 % to 38.00 %. Hazyview had the highest 

clay content of 38.00 %, followed by Gabaza village with 37.00 % and the least was 

Boschfontein with 7.50 % (Table 4.1). The clay content of Hazyview, and Gabaza was not 

different from Nhlangenyuke when compared to the other tested soil sites (Table 4.1). Casteel 

clay content was different from the University of Zululand and Mpumalanga, which was not 

different from Bushbuckridge. While Bushbuckridge was not different from Nkomazi, 

Mkhuhlu, and Hlamalani and different from Boschfontein. Moreover, Boschfontein was also 

not different from Hlamalani and Mkhuhlu (Table 4.1). 

 

4.3.2. Soil Chemical Properties  

Soil pH 

The studied soil pH ranged from 4.41-5.58. The soil pH value for the University of Zululand 

and Mpumalanga was 4.41 (< 4.5) and is rated strongly acidic (Table 4.1) (Table 4.1). Soil 

sample pH of Nhlangenyuke, Gabaza, Boschfontein, Mkhuhlu, Hlamalani, and Casteel were 

4.55, 4.76, 8.84, 4.85, 5.12, and 5.20, respectively, are rated as medium to slightly acid (Table 

4.1). Bushbuckridge, Hazyview, and Nkomazi are rated as being very slightly acidic with pH 

of 5.51, 5.55, and 5.58 respectively (Table 4.1). University of Zululand soil pH was not 

different from Gabaza, Nhlangenyuke, Mkhuhlu, Hlamalani, University of Mpumalanga, and 
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Boschfontein, while Hazyview, Nkomazi, Casteel, and Bushbuckridge were different from the 

University of Zululand and Mpumalanga (Table 4.1). 

Total nitrogen (N)  

In this present study, N value in the studied soil samples ranged from 0.44 mg kg-1 to 1.10 mg 

kg-1, with Gabaza having the highest and Mkhuhlu the lowest (Table 4.1). These values are 

classified as very low to low nitrogen levels (Landon, 1991) adapted from Metson (1961). 

Mkhuhlu, Nhlangenyuke, Boschfontein, and Gabaza had low nitrogen levels that were not 

significantly different, while Bushbuckridge, University of Zululand, University of 

Mpumalanga, Hazyview, Casteel, and Nkomazi had very low N level (Table 4.1). On the total 

N value Nhlangenyuke, Casteel, Bushbuckridge, University of Zululand, and Mpumalanga, 

Mkhuhlu, and Boschfontein were not different, while the value of N for Casteel, 

Bushbuckridge, University of Zululand and Mpumalanga, and Boschfontein were not different 

from Hazyview, Gabaza, Nkomazi, and Hlamalani (Table 4.1).  

Exchangeable bases Mg2+, Ca2+, and K+ 

The amount of exchangeable cations namely: Ca2+, K+, and Mg2+ of the studied soil sample 

represented in Table 4.1 varied amongst and within the soil sample. The exchangeable Ca2+ 

level was the highest when compared to the other exchangeable cations. Hazyview had the 

highest level of Ca2+ of 4.98 cmolc kg-1, Nhlangenyuke had the highest k+ of 0.45 cmolc kg-1, 

and Gabaza village had the highest Mg2+ of 2.11 cmolc kg-1, and Boschfontein lowest on Ca2+, 

K+, and Mg2+ with 0.98 cmolc kg-1, 0.097 cmolc kg-1, and 0.23 cmolc kg-1 (Table 4.1). Soil Ca2+ 

content values were rated as very low to moderate by Landon (1991). It was also observed that 

the Hazyview site has moderate Ca2+. However, the rhizosphere soil exchangeable Ca2+ level 

indicated that Hazyview was not different from Gabaza soil and different from the other sample 

sites. Nhlangenyuke Ca2+ exchangeable level was not different from Casteel, Nkomazi, 



135 
 

Bushbuckridge, University of Zululand, Mkhuhlu, Hlamalani, and University of Mpumalanga, 

while Hlamalani was not different from Boschfontein (Table 4.1).  

According to Landon's (1991), categorization of K+, all studied sites had low K+ content of 

<0.15 except for study site Hazyview (0.25 cmolc kg-1), Gabaza (0.23 cmolc kg-1), 

Nhlangenyuke (0.45 cmolc kg-1), Casteel (0.18 cmolc kg-1), Nkomazi (0.22 cmolc kg-1), 

University of Zululand (0.21 cmolc kg-1), and Mpumalanga (0.23cmolc kg-1) had moderate K+ 

(Table 4.1). This result shows that K+ was problematic in these areas and its application should 

be done to boost yield. Nhlangenyuke K+ content was different from the other tested soil sites, 

while Hazyview was not different from Gavaza, University of Mpumalanga, Casteel, Nkomazi, 

and University of Zululand and different from Bushbuckridge, Mkhuhlu, Hlamalani, and 

Boschfontein, which were not different from Casteel (Table 4.1). According to Landon (1991) 

rates of Mg2+ are as follows: 0.3-1.0 as low, 1.0-3.0 as moderate, 3.0-8.0 as high, and >8 as 

very high. Therefore, Mg2+ was low in study sites Casteel (0.45 cmolc kg-1), Nkomazi (0.55 

cmolc kg-1), Bushbuckridge (0.52 cmolc kg-1), Mkhuhlu (0.78 cmolc kg-1), Hlamalani (0.31 

cmolc kg-1), Boschfontein (0.23 cmolc kg-1), and University of Mpumalanga (0.23 cmolc kg-1) 

(Table 4.1). Studied sites with moderate Mg2+ content were Hazyview (1.58 cmolc kg-1), 

Gabaza (2.11 cmolc kg-1), Nhlangenyuke (1.89 cmolc kg-1), and University of Zululand (1.78 

cmolc kg-1) (Table 4.1). The level of Mg2+ of Hazyview, Gabaza, Nhlangenyuke, and the 

University of Zululand were not different from each other but different from Casteel, Nkomazi, 

Bushbuckridge, Mkhuhlu, Hlamalani, and Boschfontein. While Mkhuhlu was not different 

from Boschfontein and the University of Mpumalanga (Table 4.1).  

Soil micronutrients manganese, copper, and zinc 

Manganese (Mn), Zn, and Cu were rated high, all micronutrients became available to plants in 

acidic soil except for molybdenum. Mn ranged from 6.01 mg kg-1 to 49. 55 mg kg-1, the highest 

of 49.55 mg kg-1 was found in Gabaza village followed by Boschfontein with 48.12 mg kg-1 
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and the lowest was 6.01 mg kg-1 (Table 4.1). The Manganese (Mn) level in Gabaza soil was 

significant to Boschfontein and Hazyview. Hazyview was not different from Nhlangenyuke, 

Casteel, the University of Mpumalanga, and Bushbuckridge (Table 4.1). Casteel was also not 

different from Nkomazi, Mkhuhlu, and Hlamalani and different from the University of 

Zululand which was not different from Hlamalani (Table 4.1). Copper (Cu) ranged from 0.39 

mg kg-1 to 9.39 mg kg-1, the highest Cu was in Gabaza village with 9.39 mg kg-1, followed by 

Nhlangenyuke with 7.51 mg kg-1, and the lowest was Boschfontein with 0.39 mg kg-1 (Table 

4.1). Gavaza and Nhlangenyuke Cu were not different and different from the other tested soil 

sites (Table 4.1). Hazyview was also different from the tested soil sites while Casteel, 

Bushbuckridge, University of Zululand and Mpumalanga, and Mkhuhlu, were not different 

(Table 4.1). Mkhuhlu and the University of Mpumalanga were also not different from Nkomazi 

and Hlamalani, while Hlamalani was not different from Boschfontein (Table 4.1). Zinc (Zn) 

ranged from 0.31 mg kg-1 to 28.46 mg kg-1. The level of Zn was rated low to high, the highest 

was found in Casteel and the lowest was in Boschfontein, according to Landon (1991). The 

zinc (Zn) level of Casteel was different from all tested soil samples, while Bushbuckridge and 

University of Mpumalanga soil was not different from Nhlangenyuke, Nkomazi, and 

Hlamalani which were not different from Hazyview, Gabaza, University of Zululand, Mkhuhlu, 

and Boschfontein (Table 4.1).  

Effective cation exchange capacity (ECEC) 

The effective Cation exchange capacity (ECEC) of the studied soil ranged from 1344.0 cmolc 

kg-1 to 6901.9 cmolc kg-1 (Table 4.1). According to Metson (1961), rating of CEC, all sample 

areas have high ECEC. According to Maier and Pepper (2009), the average ECEC of soils 

ranges from 15 to 20 meq/100 g (cmolc kg-1) and ECEC values of 15 meq/100 g are regarded 

as very low. The highest ECEC was in Hazyview of 6901.9 cmolc kg-1, followed by Gabaza 

village with 6736.2 cmolc kg-1 and the lowest was in Boschfontein with 1344.0 cmolc kg-1 
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(Table 4.1). The ECEC values of Hazyview, Gabaza, and Nhlangenyuke were different from 

the other soil sample sites, while Nhlangenyuke was not different from the University of 

Zululand and Mpumalanga, which were not different from Casteel, Nkomazi, and 

Bushbuckridge. Nkomazi soil (Table 4.2). While Casteel and Bushbuckridge were not different 

from Hlamalani and Mkhuhlu whereas Hlamalani was not different from Boschfontein (Table 

4.1). 

Organic carbon (OC) and organic matter (OM) 

According to Landon (1991), the amount of OC and OM in all sites ranged from 0.50 % to 1.86 

% for OC and 0.86 % to 3.20 % for OM, which is described as very low (Table 4.1). The 

organic matter of the soil plays a significant role in nutrient availability such as P, N, and CEC. 

The organic carbon of the soil varied based on the type of soil. Nhlangenyuke had the highest 

OC of 1.86 % and OM of 3.20 % while Hlamalani had the lowest OC and OM of 0.50 % and 

0.50 % (Table 4.1). However, the OC of Nhlangenyuke was not different from the University 

of Zululand and Mkhuhlu and different from all other soil samples (Table 4.1). Soil OM of the 

tested sample area as shown in Table 4.1 that Nhlangenyuke was not different from Mkhuhlu, 

University of Zululand, and Mpumalanga, which were the same as Gabaza. Mkhuhlu was also 

not different from Boschfontein and Boschfontein which was significant from Hazyview, 

Gabaza, Casteel, Nkomazi, and Bushbuckridge. Hlamalani was not different from 

Bushbuckridge, Nkomazi, Casteel, and Hazyview (Table 4.1). 

 



 

 

  Table 4.1: Soil physico-chemical properties of studied soil in Mpumalanga, Kwa-Zulu Natal Limpopo province.  
Soil  

Sample 

site 

Densit

y 

 Ph  Zn Cu Mn N  OC OM Clay  Ca2+ K+ Mg2+ ECEC 

 g L-1  (KCI)  mg kg-1  %  cmolc kg-1 

HAZY

W 

3.03c 

(1070) 

 0.26a 

(5.55) 

 0.13c 

(1.31) 

0.22b 

(3.74) 

0.41abc 

(36.45) 

0.07b 

(0.47) 

 0.002de 

(0.70) 

0.003def 

(1.20) 

0.012a 

(38.00) 

 0.78a 

(4.98) 

0.10b 

(0.25) 

0.41a 

(1.58) 

3.84a 

(6901.9) 

GABA 3.06c 

(1150) 

 0.25abc 

(4.76) 

 0.13c 

(1.26) 

0.31a 

(9.39) 

0.43a 

(49.55) 

0.06b 

(0.44) 

 0.003bcd 

(1.20) 

0.005bcd 

(2.06) 

0.012a 

(37.00) 

 0.73a 

(4.33) 

0.09b 

(0.23) 

0.49a 

(2.11) 

3.83a 

(6736.2) 

NHLAN

G 

3.05c 

(1121) 

 0.42bc 

(4.55) 

 0.19bc 

(2.88) 

0.28a 

(7.51) 

0.38bcd 

(28.48) 

0.12a 

(1.08) 

 0.05a 

(1.86) 

0.006a 

(3.20) 

0.012a 

(35.88) 

 0.59b 

(3.00) 

0.16a 

(0.45) 

0.45a 

(1.89) 

3.72ab 

(5431.3) 

CAST  3.09b 

(1240) 

 0.25ab 

(5.20) 

 0.39a 

(28.47) 

0.16c 

(1.70) 

0.35cde 

(16.53) 

0.09ab 

(0.69) 

 0.003de 

(0.70) 

0.003ef 

(1.20) 

0.013b 

(22.50) 

 0.56bc 

(2.60) 

0.07bcd 

(0.18) 

0.16bc 

(0.45) 

3.52cde 

(3274.2) 

NK 3.12b 

(1310) 

 0.26a 

(5.58) 

 0.19bc 

(3.94) 

0.10d 

(0.77) 

0.33de 

(13.57) 

0.07b 

(0.54) 

 0.003de 

(0.77) 

0.004def 

(1.32) 

0.011d 

(12.33) 

 0.55bc 

(2.68) 

0.09bc 

(0.22) 

0.19bc 

(0.55) 

3.53cd 

(3536.2) 

BUSH 3.11b 

(1280) 

 0.26a 

(5.51) 

 0.28b 

7.10) 

0.14c 

(1.43) 

0.42ab 

(43.02) 

0.09ab 

(0.70) 

 0.002e 

(0.60) 

0.003ef 

(1.03) 

0.012cd 

(14.00) 

 0.54bc 

(2.47) 

0.05d 

(0.11) 

0.18bc 

(0.52) 

3.50cde 

(3137.5) 

ZULU 3.05c 

(1125) 

 0.24c 

(4.41) 

 0.10c 

(0.78) 

0.13c 

(1.29) 

0.27f 

(6.01) 

0.09ab 

(0.73) 

 0.004ab 

(1.65) 

0.006ab 

(2.84) 

0.0126bc 

(17.25) 

 0.51bc 

(2.23) 

0.08bc 

(0.21) 

0.44a 

(1.78) 

3.64bc 

(4340.5) 

MKHL

U  

3.11b 

(1275) 

 0.25abc 

(4.85) 

 0.08c 

(0.63) 

0.12cd 

(1.06) 

0.32e 

(11.77) 

0.12a 

(1.10) 

 0.004abc 

(1.55) 

0.006abc 

(2.67) 

0.010de 

(11.00) 

 0.46bc 

(1.90) 

0.05d 

(0.13) 

0.25b 

(0.78) 

3.45de 

(2846.7) 

HLAM  3.15a 

(1400) 

 0.25abc 

(5.12) 

 0.22bc 

3.57) 

0.08de 

(0.61) 

0.32ef 

(10.71) 

0.06b 

(0.43) 

 0.002e 

(0.50) 

0.003f 

(0.86) 

0.010de 

(10.00) 

 0.41cd 

(1.59) 

0.05cd 

(0.13) 

0.12bc 

(0.31) 

3.32ef 

(2078.6) 

BF  3.16a 

(1455) 

 0.25abc 

(4.84) 

 0.05c 

(0.31) 

0.06e 

(0.38) 

0.43a 

(48.12) 

0.09ab 

(0.65) 

 0.003cde 

(0.95) 

0.004cde 

(1.63) 

0.009e 

(7.50) 

 0.30d 

(0.99) 

0.04d 

(0.10) 

0.09c 

(0.23) 

3.136f 

(1344) 

UMP 3.05c 

(1125) 

 0.24c 

(4.41) 

 0.28b 

(7.10) 

0.12cd 

(1.06) 

0.42ab 

(43.02 

0.09ab 

(0.69) 

 0.002de 

(0.70) 

0.006ab 

(0.86) 

0.0126bc 

(17.25) 

 0.55bc 

(2.68) 

0.09b 

(0.23) 

0.09c 

(0.23) 

3.64bc 

(4340.5) 

F-value 22..08  3.08  11.61 58.41 9.31 3.25  10.13 10.94 20.27  6.61 21.99 11.44 11.81 

P-value 0.0000

** 

 0.0187*  0.0000*

* 

0.0000*

* 

0.0000*

* 

0.0146

* 

 0.0000*

* 

0.0000*

* 

0.0000*

* 

 0.0003*

* 

0.0000*

* 

0.0000*

* 

0.0000*

* 

LSD0.05 0.019  0.009  0.104 0.025 0.039 0.026  0.007 0.008 0.001  0.100 0.021 0.0979 0.1258 



139 
 

 

x Column means that are followed by the same letter are not statistically different at P ≥ 0.05, according to Fisher’s least significant difference (LSD). Values in brackets 

are untransformed means; **Highly significant (P ≤ 0.01), * significant (P ≤ 0.05). GAB = Gabaza, ZULU = University of Zululand, HLAM = Hlamalani, CAST = Casteel, 

BUSH = Bushbuckridge, BF = Boschfontein, NHLANG = Nhlangenyuke, UMP = University of Mpumalanga, NK = Nkomazi, HAZYW = Hazyview, and MKHLU = 

Mkhuhlu) 



 

 

4.3.3. Correlation between sample sites and soil nutrients 

The principal components of all sample sites explained 46.95 % of the cumulative variability 

of the measured traits with principal component one (PC1) accounting for 29.8 % and the 

second principal component accounting for 17.15 % of the total variation (Figure 4.2). 

MKHULU 1 was separated from PCA1 with variation being a result of soil nutrients. The 

correlation matrix indicated that NHLANGE 3A and NHLANGE 3B were highly positively 

correlated. Moreover, NHLANGE 4B was positively (strongly) correlated to NKOMAZI 1b 

and BUSH 2. HAZYVIEW 1a and NKOMAZI 1a were highly correlated (Figure 4.2).  

 

Figure 4.2: Correlation between soil nutrient and sample locations in Mpumalanga, KwaZulu-

Natal, and Limpopo province. 
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4.3.4. Soil enzyme activities 

Soil enzyme activities N-cycling and P-cycling (acid phosphatase, β-glucosidase, β-

glycosaminidase, and alkaline phosphatase) were statistically not significant (P ≥ 0.05) among 

different locations. Hlamalani had the highest nitrate reductase of 19710 nmolh-1 g-1, followed 

by Hazyview and Nkomazi of 18176.67 nmolh-1 g-1. whereas Bushbuckridge had the lowest 

Nitrate reductase of 6243.33 nmolh-1 g-1.   

 

Figure 4.3: Soil nitrate reductase enzyme activities in nmolh-1 g-1. 

 

4.4. Discussion 

The study assessed soil nutrient status and enzyme activities of Bambara groundnut rhizosphere 

soil in Limpopo, KwaZulu-Natal, and Mpumalanga Province. The three selected provinces and 

their sample location presented different clay content in each soil which influences the diversity 

of bacterial isolates. In this study soil with low and high clay content were less diverse. The 

distribution and genetic diversity of rhizobacteria consider the specific soil parameters. The 
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soil pH and calcium concentration significantly drove the ecological distribution of the isolate’s 

communities among the different studied soil (Florent, Cauchie, Herold, Jacquet & Ogorzaly, 

2022). Interestingly, the distribution and genetic diversity of the community in the different 

soil types were strongly influenced by abiotic stress such as pH and calcium concentration. The 

pH of the University of Zululand and Mpumalanga was rated strongly acidic, followed by 

Nhlangenyuke, Gabaza, Boschfontein, and Casteel rated slightly acidic and Bushbuckridge, 

Hazyview, Nkomazi rated very slightly acidic. The findings of this study revealed that strongly 

acidic areas had a high level of bacterial diversity compared to slightly acidic areas. These 

findings contradict with Rousk et al. (2010) who indicated that low pH obstructs the 

development of microbial communities which results in the observed low values of diversity 

and richness in the soils. The pH of the soil was found to exert variation or even contrasting 

effects on bacterial communities, The variation in bacteria diversity was highlighted especially 

for the studied site, these sites did not only display an acidic pH (≤ 5.5) with low Ca2+ 

availability except for Hazyview with moderate Ca2+.  Moreover, Ca2+ is extremely related to 

the soil pH. Indeed, soils that are acidic display low Ca2+ availability and are high in Zinc (Zn), 

Manganese (Mn), and copper (Cu). Micronutrients such as Zn, Mn,, and Cu were found to 

shape bacterial communities independent of the pH (Whalen, Smith, Grandy & Frey, 2018). 

On the contrary university of Zululand and Mpumalanga with low pH and Ca2+ concentrations 

showed higher bacterial diversity. Furthermore, low (acidic) pH soil decreases K+, Ca2+, and 

Mg2+ and hinders the development of abundance communities (Rousk et al., 2010) which 

results in the observed low values of richness and diversity in our soils. However, in this study, 

the level of P was not different in all soil sample sites which means that P didn’t have an 

influence on the diversity and distribution of isolates in the different localities. Additionally, a 

complementary effect of magnesium concentration solely on the bacterial distribution was 

detected. Magnesium was low in Casteel, Nkomazi, Bushbuckridge, Mkhuhlu, Hlamalani, 
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Boschfontein, and the University of Mpumalanga and moderate in Hazyview, Gabaza, 

Nhlangenyuke, and the University of Zululand. High level of Mg2+ significantly increases soil 

pH and improve soil acidity, carbon, calcium, Mg2+ content, and nitrogen, also increasing soil 

bacterial diversity mostly from genera belonging to nitrogen fixation and phosphorus 

mineralization groups such as Sphingomonas and Rhizomicrobium (Wenhao et al., 2023). 

Nitrogen levels in the soil were low from all studied sites. Nitrogen is referred to as the most 

essential nutrient for plant growth and development (Pasley et al., 2019). However, some types 

of bacteria such as Actinobacteria are limited by N content, and their relative abundance 

increases in response to an increase in total N content (Zhou et al., 2017). In the present study, 

nitrogen content increased in response to the decrease in pH value for the University of 

Zululand and Mpumalanga. This might be due to the presence of bacteria not influenced by the 

pH. High N levels in the soil inhibit the growth of soil rhizobia (Dabessa et al., 2018), nodule 

formation, and limit N-fixation (Dabessa et al., 2018; Weisany, Raei & Allahverdipoor, 2013). 

Nase activity, and reduce infection threads (Saturno et al., 2017; Guan et al., 2013; Liu, Wu, 

Baddeley & Watson, 2009).  

The results showed that N rates decreased the N-fixing bacteria diversity, N-fixation efficiency, 

and nifH gene copies in the Bambara groundnut rhizosphere soil. This means that the high level 

of diversity in Zululand and Mpumalanga might be due to low N in the soil which stimulates 

rhizobacteria found in the soil to convert atmospheric N into ammonia for plant growth and 

development. Soil pH has been regarded as the key driver in determining the assembly of the 

bacteria community.  However, recent studies have demonstrated that the compositions of soil 

bacterial communities were driven by a myriad of soil abiotic traits, such as organic matter 

contents, forms, and contents of soil nutrients (Tian et al., 2018). A study on pears demonstrates 

that the pear production of high-yielding soils exhibited higher organic matter contents and 

harboured bacterial communities with greater diversity (Wang et al., 2022). In this present 
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study, NHLANGE 3A and NHLANGE 3B showed positive correlation. NHLANGE 4B was 

positively (strongly) correlated to NKOMAZI 1b and BUSH 2. The positive correlation 

between NHLANGE 4B, NKOMAZI 1b, and BUSH 2 indicated in this present study could 

thus be attributed to the enhancement of functioning and the increase in biological nitrogen 

fixation (Bhattacharya, Sood & Citovsky, 2010). 

Soil extracellular enzyme activities provide information about soil fertility, soil quality, and 

soil production status (Vyas & Gulat, 2009). Moreover, plays a role in the conservation and 

recycling of key nutrients in nutrient-limited soils (Kutschera, 2007). Soil enzyme activities 

are dependent on several factors including soil properties, soil microbe interactions, and the 

presence of activators or inhibitors (Nannipieri, Giagnoni, Landi & Renella, 2011). In this 

present study soil enzyme activities N-cycling and P-cycling which include acid phosphatase, 

β-glucosidase, β-glycosaminidase, and alkaline phosphatase were not different, which means 

they didn’t have an influence on the diversity and distribution of isolates in the different 

localities. Hlamalani soil had the highest nitrate reductase enzyme activities and the lowest was 

Bushbuckridge. Furthermore, the differences in nitrate reductase enzyme activity level, 

diversity, and distribution of rhizobia isolates in the soils could be attributed to the variations 

in the physicochemical properties of the soils (Puozaa, Jaiswal & Dakora, 2019). The variation 

in soil pH showed no effect on soil enzyme activities. Parkin, Sexstone and Tiedje (1985) stated 

that acidic soil from Bavarian Forest did not contain a nitrate reductase microbial population 

adapted to low pH levels, instead the diversity exhibited an increase in nitrate reductase activity 

when the pH of the soil rises.  

4.5. Conclusion 

The soil properties evaluated in the study, including soil density, clay content, pH, total 

nitrogen, exchangeable bases (Ca²⁺, K⁺, and Mg²⁺), soil micronutrients (Mn, Cu, Zn), effective 

cation exchange capacity (ECEC), organic carbon (OC), and organic matter (OM), indicate 
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varying soil fertility across the study sites. Boschfontein and Hlamalani displayed higher soil 

density values, suggesting compact soils with potential limitations for root penetration and 

water capacity. Hazyview and Gabaza had the highest clay content, which could influence 

water retention and nutrient availability. The chemical properties of the soils revealed a range 

of pH values from strongly acidic to slightly acidic, with the University of Zululand and 

Mpumalanga having the most acidic soils. Total nitrogen levels were classified as very low to 

low across all study sites, indicating a need for nitrogen supplementation. Exchangeable bases 

were generally low, with Mg²⁺ content classified as low in most sites, while K⁺ and Ca²⁺ levels 

were moderate in a few locations. Micronutrient levels varied significantly, with Mn levels 

being particularly high in Gabaza and Boschfontein. However, Zn and Cu contents were low 

in most sites, indicating possible deficiencies that could hinder crop growth. The organic 

carbon and organic matter contents were very low across all sites, further suggesting poor soil 

fertility and a need for organic amendments to improve soil structure and nutrient availability. 

4.6. Recommendations 

Nutrient Management: low nitrogen, potassium, and magnesium levels across the study sites, 

it is advisable to implement a nutrient management plan that includes the application of 

appropriate fertilizers to improve soil fertility and support plant growth. Soil pH Adjustment: 

The strongly acidic soils at the University of Zululand and Mpumalanga should be amended 

with lime to raise the pH to a more suitable range for most crops, thereby improving nutrient 

availability and reducing toxicity risks. Micronutrient Supplementation: For areas with low 

levels of essential micronutrients like Zn and Cu, targeted supplementation through foliar 

sprays or soil application is recommended to correct deficiencies and enhance crop yield and 

quality. Implementing these recommendations will improve soil fertility, support sustainable 

agricultural productivity, and promote long-term soil health in the study areas. 
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CHAPTER FIVE 

STUDY SUMMARY, SIGNIFICANCE OF FINDINGS, FUTURE RESEARCH AND 

CONCLUSION 

 

5.1. Summary 

The present study focused on characterizing naturally occurring rhizobia associated with 

Bambara groundnut root and rhizosphere soil, analyzing physicochemical properties of the 

rhizosphere as a potential contributor to rhizobia diversity and quantify enzymatic activity in 

N-cycling and P-cycling which will result in improving the livelihood of farmers in 

Mpumalanga, Kwazulu-Natal, Limpopo province. A total of 209 rhizobia isolates were 

observed in the Mpumalanga, KwaZulu-Natal, and Limpopo provinces using the 

morphological characterization method. From the 209 rhizobia isolates, 43 were identified as 

different isolates based on their morphology. Isolate's morphological characteristics were based 

on colour, elevation, shape, surface, and margins. The colour of the isolates colony varied from 

yellow, bright yellow, golden yellow, cream, cream white, white, opaque, red, orange, bright 

orange, and brown; Colony surface was either rough or smooth; margins varied from entire, 

irregular, lobate, undulate, serrated, curled, or filamentous; the shape was round, irregular, 

filamentous, punctiform, rhizoid, and curled. Zero phosphate solubilization isolates were 

obtained in this present study. From the 209 isolates in this present study, 186 were N-cycling 

bacteria and 23 were not N-cycling bacteria. Furthermore, a total of 153 isolates were selected 

for molecular identification which classified isolates belonging to 12 genera, Enterobacter, 

Leucobacter, Bacillus, Spingobacterium, Lysinibacillus, Stenotrophomonas, 

Cellulosimicrobium, Kaistella, Neorhizobium, Proteus, Micrococcus, and Mammalicoccus. 

Enterobacter asburiae and Leucobacter chromiiresistens species were found in six sample 

sites. Mpumalanga province had a greater number of isolates followed by KwaZulu-Natal 
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province and Limpopo province had the lowest. High species diversity (H’) and (D) was 

observed at the University of Zululand in KwaZulu-Natal province and the lowest was 

Nhlangenyuke also in KwaZulu-Natal. Consequently, Casteel species were more evenly 

distributed compared to all sample sites and less species evenness was observed at 

Boschfontein and Hazyview, Mpumalanga province. In Mpumalanga province, the University 

of Mpumalanga had the highest isolate number, with more species richness and the highest 

diversity index (H’) and the lowest species evenness (J) while Casteel had the highest diversity 

(D) and the highest evenness (J). University of Zululand in KwaZulu-Natal province had a 

higher diversity index (H’) and (D) and higher species evenness (J) compared to 

Nhlangenyuke. The pH value of all sampled sites was acidic, with the University of Zululand 

and Mpumalanga having the lowest pH and high number of isolates and species richness within 

the provinces. The soil housed a wide range of soil enzymes which are significant in the cycling 

of nutrients. Moreover, the identified soil enzymes Phosphorus and nitrogen cycling activities 

which include β-glucosaminidase, β-glucosidase, acid phosphatase, and alkaline phosphatase 

were not different. Nitrate reductase enzyme activities were high at Hlamalani and low at 

Bushbuckridge.  

 

5.2. Significance of findings 

The study identified a diverse range of rhizobia isolates in the rhizosphere soil of Bambara 

groundnut across the Mpumalanga, KwaZulu-Natal, and Limpopo provinces, with a significant 

proportion of these isolates involved in nitrogen cycling. Moreover, rhizobia isolated from 

Bambara groundnut root nodules has great potential to enhance nitrogen-fixing abilities in 

agricultural soil, at the same time improving soil fertility, boosting the income of smallholder 

farmers, and improving the yield of Bambara groundnuts. Moreover, rhizobia isolates obtained 

in the three provinces can be further tested to be used as possible inoculum.  
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5.3. Future research 

Isolates from the rhizosphere soil of Bambara groundnut in KwaZulu-Natal were found to be 

more diverse compared to those from Mpumalanga and Limpopo provinces, while nearly all 

isolates from Limpopo province were capable of nitrogen cycling.. More research studies that 

will look into the diversity of rhizobia bacteria in the different localities of Bambara groundnut 

in each province can be done to find the most effective rhizobia that can be used as a promising 

inoculum for sustainable agriculture. 

 

5.4. Conclusions 

In conclusion, a high number of rhizobia isolates were mainly found in Mpumalanga followed 

by KwaZulu-Natal, and the least was Limpopo province. The three different provinces 

Mpumalanga, KwaZulu-Natal, and Limpopo province had diverse soil microbial compositions 

with KwaZulu-Natal province the highest and Limpopo province the lowest. About 89 % of 

isolates from the root nodules tested positive for nitrogen cycling and 11 % tested negative, 

while all isolates obtained from nodules in all three provinces tested negative for phosphate 

solubilization. Physico-chemical soil properties of all the sample sites were found to be low in 

essential nutrients. Moreover, all soil sample sites were acidic with the University of Zululand 

and Mpumalanga being the most acidic soil and with a greater number of isolates and species 

richness compared to all sample sites. Moreover, Hlamalani had the highest nitrate reductase 

enzyme activities and Bushbuckridge the lowest. 

 

5.5. Recommendation 

Bambara groundnut root nodules used in this study were collected in a few farms due to 

financial constraints farms in Mpumalanga, two farms in KwaZulu-Natal province, and one 

farm in Limpopo province. Therefore, the study recommends that more samples can be 
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collected from the different farms, in Mpumalanga, KwaZulu-Natal, and Limpopo province 

since Bambara groundnut is mostly planted in the three provinces to avoid biases. In KwaZulu-

Natal province soil was collected and used to plant Bambara groundnut seeds in a controlled 

environment, the greenhouse, this might have resulted in a few isolates being found. Therefore, 

the study recommends that Bambara groundnut root nodules be collected in each area for a 

study. The present study also showed that non-rhizobia bacteria are more diverse compared to 

the rhizobia bacteria. Therefore, it is recommended that more studies can be done on the non-

rhizobia isolates.  

 



 

 

APPENDICES  

Appendix 3.1: Morphological features of 209 root nodule bacteria colonies isolated from Bambara groundnut. 

Province Location Isolates name Colour Elevatio

n 

Shape Surface 

 

Margin  Probable organisms 

Mpumalanga Boschfontein BF2P6G1 White Flat Irregular Rough and 

wrinkled  

undulate Bacillus 

licheniformis 

BF2P3P White  Flat Irregular  Rough and 

wrinkled  

undulate Bacillus 

licheniformis 

BF1P11P Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  

BF1P3P Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  

BF1P3G Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  

BF2P11G Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  

BF2P3G Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  

BF1P4G Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  

BF1P12P Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  
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BF1P8G Grey 

white 

Convex  Round Smooth Entire  Enterobacter 

absuriae 

BF1P4G2 White Flat Filamentous Rough  Filamentous  unidentified 

BF1P9G White  Flat Round  Smooth Entire  Stenotrophomonas 

pavanii 

BF1P12PA White  Flat Round Smooth Entire  Stenotrophomonas 

pavanii 

BF1P13G Cream 

white 

Flat Round   Smooth Entire  Stenotrophomonas 

geniculata 

BF2P9G Cream 

white 

Flat Round   Smooth Entire  Stenotrophomonas 

lactitubi  

Hlamalani HLAM6B1 White  Flat Irregular  Rough and 

wrinkled  

undulate Bacillus 

licheniformis 

HLAM1B2 Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  

HLAM1A4 Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  

HLAM2B2 Cream  Flat Irregular Smooth Irregular unidentified 
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HLAM3B4 White 

brown  

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 

HLAM3B3 White 

brown 

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 

HLAM3B1 White 

brown  

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 

HLAM3B5 White  Flat Round   Smooth Entire  Stenotrophomonas 

pavanii 

HLAM3B2 Slightly 

yellow  

Convex  Round Smooth Entire  Sphingobacterium 

faecium 

HLAM2A1 Orange  Flat  Punctiform  Smooth Entire   unidentified 

Casteel CAST4B2 White  Flat Irregular  Rough and 

wrinkled  

undulate Bacillus 

licheniformis 

CAST2B1 Grey 

white  

Convex  Round  Smooth Entire   Enterobacter 

asburiae 
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CAST4B1 Grey 

white  

Convex  Round  Smooth Entire   Enterobacter 

asburiae 

CAST3A1 White 

brown 

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 

CAST1B2 White  Flat Round Smooth Entire  Stenotrophomonas 

pavanii 

Nkomazi NKP8W Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  

NKP1W1 Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  

NKP6G Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  

NK10WA Creamy 

white 

Flat Irregular  Smooth Lobate unidentified 

NKP4G Grey 

white 

Convex  Round Smooth Entire  Enterobacter 

absuriae 

NKP10G Grey 

white 

Convex  Round Smooth Entire  Enterobacter 

absuriae 
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NKP5G Grey 

white 

Convex  Round Smooth Entire  Enterobacter 

absuriae 

NKP11G White  Flat Filamentous Rough  Filamentous  unidentified 

NKP3G 

Yellow Round Raised Smooth Entire 

Micrococcus 

yunnanensis 

NKP5P Grey 

white  

Convex  Round  Smooth Entire   Enterobacter 

asburiae 

NKP65G Yellow to 

orange 

Raised  Round Smooth Entire  Stenotrophomonas 

maltophilia 

NKP4P Cream 

white 

Flat Round   Smooth Entire  Stenotrophomonas 

lactitubi 

NKF10WB Cream 

white 

Flat Round  Smooth Entire  Stenotrophomonas 

lactitubi 

NKP12F Yellow to 

orange 

Raised  Round Smooth Entire  Stenotrophomonas 

maltophilia 

UMPP2PB6 Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  
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University of 

Mpumalanga 

UMPP9G5 Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  

UMPP2PB3 Cream 

white 

Flat Irregular  Smooth Lobate unidentified 

UMPBG1B2 Cream Flat Irregular  Smooth  Undulate  unidentified 

UMPBG1A  Cream  Flat Irregular Rough  Irregular unidentified 

UMPBG9A3 Cream 

white 

Flat Filamentous Rough  Filamentous  unidentified 

UMPBG6A2 Yellow  Flat Filamentous Smooth Filamentous  unidentified 

UMPBG4B4 Grey 

white  

Convex  Round  Smooth Entire   Enterobacter 

asburiae 

UMP1P3PB5 Grey 

white  

Convex  Round  Smooth Entire   Enterobacter 

asburiae 

UMPBG9A2 Grey 

white  

Convex  Round  Smooth Entire   Enterobacter 

asburiae 

UMPP2PB7 Grey 

white  

Convex  Round  Smooth Entire   Enterobacter 

asburiae 
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UMP1P3PB4 White  Flat Filamentous Smooth Filamentous  unidentified 

UMPP2PA3 Cream 

white  

Flat Filamentous Smooth Filamentous  unidentified 

UMPP6PB1 White 

brown 

Flat Round  Smooth Entire  Leucobacter 

chromiiresistens 

UMPP7GA2 White 

brown 

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 

UMPBGPA3  White 

brown 

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 

UMPP9GA2 White  Flat Round Smooth Entire  Stenotrophomonas 

pavanii 

UMPBG5A2 White  Flat Round   Smooth Entire  Stenotrophomonas 

pavanii 

UMPP9G4 Yellow to 

orange 

Raised  Round Smooth Entire  Stenotrophomonas 

maltophilia 
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UMP1P3PB3 

Yellow Round Raised Smooth Entire 

Micrococcus 

yunnanensis 

UMPP2PB2 Cream 

white 

Flat Round  Smooth Entire  Stenotrophomonas 

lactitubi 

UMPP2PB5 Cream 

white 

Flat Round Smooth Entire  Stenotrophomonas 

lactitubi 

UMPP9PA Cream 

white 

Flat Round  Smooth Entire  Stenotrophomonas 

lactitubi 

UMPP7GA3 Cream 

white 

Flat Round  Smooth Entire  Stenotrophomonas 

geniculata 

UMPP9G3 Slightly 

yellow  

Convex  Round Smooth Entire  Sphingobacterium 

faecium 

UMPBG1B1 Slightly 

yellow  

Convex  Round Smooth Entire  Sphingobacterium 

faecium 

UMPBG4A5 Slightly 

yellow  

Convex  Round Smooth Entire  Sphingobacterium 

faecium 
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UMPP1P3PB2 Slightly 

yellow  

Convex  Round Smooth Entire  Sphingobacterium 

faecium 

UMPP7GA1 Yellow 

white  

Convex  Round   Smooth Entire  Neorhizobium 

petrolearium 

UMP1P3PB2 Yellow 

white  

Convex  Round   Smooth Entire  Kaistella 

daneshvariae 

UMPBG4A1 Bright 

yellow 

Convex Filamentous Smooth Filamentous  Cellulosimicrobium 

cellulans 

UMPP9GA1 Bright 

yellow 

Convex Filamentous Smooth Filamentous  Cellulosimicrobium 

cellulans 

UMPP2PA2 Cream 

white 

Flat  Punctiform  Smooth Entire   Lysinibacillus 

sphaericus 

UMPBG8B Cream Flat  Punctiform  Smooth  Entire  Lysinibacillus 

sphaericus 

UMPP4GB Cream Flat  Punctiform  Smooth Entire   Lysinibacillus 

sphaericus 
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UMPP3PB3 Yellow  Flat  Rhizoid Smooth Irregular   Proteus columbae 

UMPBG4B Cream  Flat  Rhizoid  Smooth  Irregular  unidentified 

UMPP2PA1 Cream  Flat  Rhizoid  Smooth  Irregular  unidentified 

UMPP9PB White Raised  Round  Smooth  Serrated  unidentified 

UMPPBG4A4 Cream Craterifo

rm 

Round  Rough  Entire  unidentified 

Bushbuckridge BUSHP1A Cream 

white 

Flat Round  Smooth Entire  Stenotrophomonas 

geniculata 

BUSHP2B1 Cream 

white 

Flat Round  Smooth Entire  Stenotrophomonas 

lactitubi 

BUSHP2B3 Cream 

white 

Flat Round  Smooth Entire  Stenotrophomonas 

lactitubi 

BUSHPA2 Yellow 

orange 

Raised  Round Smooth Entire  Stenotrophomonas 

maltophilia 

BUSHPA7 White Flat Irregular Rough and 

wrinkled  

undulate Bacillus 

licheniformis 
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BUSHPA9 White Flat Irregular Rough and 

wrinkled  

undulate Bacillus 

licheniformis 

BUSHPA1 Slightly 

yellow  

Convex  Round Smooth Entire  Sphingobacterium 

faecium 

BUSHPAP1 Cream 

white 

Flat  Punctiform  Smooth Entire   Lysinibacillus 

sphaericus 

BUSHPA3 Cream 

white 

Flat  Punctiform  Smooth Entire   Lysinibacillus 

sphaericus 

BUSHP1P4 Cream 

white 

Flat  Punctiform  Smooth Entire   Lysinibacillus 

sphaericus 

BUSHP1P5 Cream 

white 

Flat  Punctiform  Smooth Entire   Lysinibacillus 

sphaericus 

BUSHP2P1 Cream  Flat  Rhizoid  Smooth  Irregular  unidentified 

Hazyview HAZYW1B1 Yellow  Flat Irregular  Smooth Lobate unidentified 

HAZYW4B Yellow  

orange 

Raised  Round Smooth Entire  Stenotrophomonas 

maltophilia 
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HAZYW4A Yellow 

orange 

Raised  Round Smooth Entire  Stenotrophomonas 

maltophilia 

HAZYW4B1 Cream  Flat  Rhizoid  Smooth  Irregular  unidentified 

HAZYW2B Cream  Flat  Rhizoid  Smooth  Irregular  unidentified 

HAZYW2B1 Cream  Flat  Rhizoid  Smooth  Irregular  unidentified 

Mkhuhlu MKHLUP1A1 White Flat Irregular Rough and 

wrinkled  

undulate Bacillus 

licheniformis 

MKHLUP2A2 White Flat Irregular Rough and 

wrinkled  

undulate Bacillus 

licheniformis 

MKHLUP2A1 Cream 

white 

Flat Round  Smooth Entire  Stenotrophomonas 

lactitubi 

MKHLUP2A3 Cream 

white 

Flat Round  Smooth Entire  Stenotrophomonas 

lactitubi 

MKHLUP2B1 Cream  Flat  Rhizoid  Smooth  Irregular  unidentified 

KwaZulu-

Natal 

University of 

Zululand 

ZULU30A4 Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  

ZULU9A3 Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  
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ZULU12A3 Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  

ZULU27B5 Opaque  Flat  Filamentous  Rough  Filamentous  Bacillus pumilus  

ZULU8A2 Cream 

white 

Flat Irregular  Smooth Lobate unidentified 

ZULU18A2 Cream 

white 

Flat Irregular  Smooth Lobate unidentified 

ZULU2B1 Cream 

white 

Flat Irregular  Smooth Lobate unidentified 

ZULU276 White 

yellow  

Flat Irregular  Smooth  Undulate  unidentified 

ZULU9A9 Cream Flat Irregular  Smooth  Undulate  unidentified 

ZULU10B1 Cream  Flat Irregular Smooth Irregular unidentified 

ZULU28A3 Orange Flat Filamentous Smooth Filamentous  unidentified 

ZULU9A1 Grey 

white  

Convex  Round  Smooth Entire   Enterobacter 

asburiae 
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ZULU9A8 Grey 

white  

Convex  Round  Smooth Entire   Enterobacter 

asburiae 

ZULU18B4 Grey 

white  

Convex  Round  Smooth Entire   Enterobacter 

asburiae 

ZULU30A3 Grey 

white  

Convex  Round  Smooth Entire   Enterobacter 

asburiae 

ZULU4B4 Grey 

white  

Convex  Round  Smooth Entire   Enterobacter 

asburiae 

ZULU11A2 Grey 

white  

Convex  Round  Smooth Entire   Enterobacter 

asburiae 

ZULU27A5 Grey 

white  

Convex  Round  Smooth Entire   Enterobacter 

asburiae 

ZULU11A3 Orange Flat  Filamentous Smooth Filamentous  unidentified 

ZULU9B8 Orange Flat  Filamentous Smooth Filamentous  unidentified 

ZULU27A1 White 

brown 

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 
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ZULU18B2 White 

brown 

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 

ZULU2A5 White 

brown 

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 

ZULU9B3 White 

brown 

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 

ZULU11A1 White 

brown  

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 

ZULU20A4 White 

brown 

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 

ZULU30A2 White 

brown 

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 

ZULU20A3 White 

brown 

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 

ZULU12B4 White  Flat Round Smooth Entire  Stenotrophomonas 

pavanii 
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ZULU32B1 White  Flat Round   Smooth Entire  Stenotrophomonas 

pavanii 

ZULU9B5 Cream 

white 

Flat Round   Smooth Entire  Stenotrophomonas 

lactitubi 

ZULU2A1 Yellow 

orange 

Raised  Round Smooth Entire  Stenotrophomonas 

maltophilia 

ZULU9A6 Cream 

white 

Flat  Round Smooth  Entire  Stenotrophomonas 

lactitubi 

ZULU9B8 Yellow 

orange 

Raised  Round Smooth Entire  Stenotrophomonas 

maltophilia 

ZULU27A7 Slightly 

yellow  

Convex  Round Smooth Entire  Sphingobacterium 

faecium 

ZULU30A5 Slightly 

yellow  

Convex  Round Smooth Entire  Sphingobacterium 

faecium 

ZULU4B3 Slightly 

yellow  

Convex  Round Smooth Entire  Sphingobacterium 

faecium 
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ZULU32B2 Slightly 

yellow  

Convex  Round Smooth Entire  Sphingobacterium 

faecium 

ZULU27A3 Slightly 

yellow  

Convex  Round Smooth Entire  Sphingobacterium 

faecium 

ZULU9B4 Yellow 

white  

Convex  Round   Smooth Entire  Kaistella 

daneshvariae 

ZULU24A1 Yellow 

white  

Convex  Round   Smooth Entire  Kaistella 

daneshvariae 

ZULU9B2 Yellow 

white  

Convex  Round   Smooth Entire  Neorhizobium 

petrolearium 

ZULU9B1 Yellow 

white  

Convex  Round   Smooth Entire  Neorhizobium 

petrolearium 

ZULU27B2 Yellow 

white  

Convex  Round   Smooth Entire  Kaistella 

daneshvariae 

ZULU24A3 Orange  Flat Round  Smooth Entire  unidentified 

ZULU27A4 Orange Flat Round   Smooth Entire  unidentified 
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ZULU32B4 Orange Flat Round   Smooth Entire  unidentified 

ZULU9A1A Orange Flat Round  Smooth Entire  unidentified 

ZULU9A2 Orange Flat Round Smooth Entire  unidentified 

ZULU8A3 Orange Flat Round   Smooth Entire  unidentified 

ZULU8A1 Orange Flat Round  Smooth Entire  unidentified 

ZULU9A5 Bright 

yellow 

Convex Filamentous Smooth Filamentous  Cellulosimicrobium 

cellulans 

ZULU24A5 Bright 

yellow 

Convex Filamentous Smooth Filamentous  Cellulosimicrobium 

cellulans 

ZULU18B5 Bright 

yellow 

Convex Filamentous Smooth Filamentous  Cellulosimicrobium 

cellulans 

ZULU27B4 Bright 

yellow 

Convex Filamentous Smooth Filamentous  Cellulosimicrobium 

cellulans 

ZULU32B3 Brown Flat Round  Smooth Entire  unidentified 

ZULU18B1 Yellow  Flat  Rhizoid Smooth Irregular   Proteus columbae 

ZULU27A2 Orange Flat  Punctiform  Smooth Entire   unidentified 
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ZULU16A1 White Convex  Round   Smooth  Entire   Mammaliicoccus 

sciuri 

ZULU12B2 Cream  Flat Punctiform  Rough  Entire   unidentified 

ZULU7B1 Cream  Flat  Rhizoid  Smooth  Irregular  unidentified 

ZULU27B1 Cream Convex  Round  Smooth  Entire  Sphingobacterium 

multivorum 

ZULU27B9 White Raised   Round  Smooth  Serrated  unidentified 

ZULU2A4 White  Raised  Round  Smooth  Serrated  unidentified 

Nhlangenyuke NHLANG7A2 White  Flat Irregular  Rough and 

wrinkled  

undulate Bacillus 

licheniformis 

NHLANGE2A2 Cream 

white 

Flat Irregular  Smooth Lobate unidentified 

NHLANGE22A Cream 

white 

Flat Irregular  Smooth Lobate unidentified 

NHLANG7A1 White Flat Filamentous Rough  Filamentous  unidentified 

NHLANG7A2A White  Flat Filamentous Rough  Filamentous  unidentified 
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NHLANGE2B2 Grey 

white  

Convex  Round  Smooth Entire   Enterobacter 

asburiae 

NHLANGE17B

1 

Grey 

white  

Convex  Round  Smooth Entire   Enterobacter 

asburiae 

NHLANGE15B

1 

Grey 

white  

Convex  Round  Smooth Entire   Enterobacter 

asburiae 

NHLANGE7B2 Cream 

white  

Flat Filamentous Smooth Filamentous  unidentified 

NHLANGE1B5 White 

brown  

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 

NHLANGE5A1 White 

brown  

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 

NHLANGE5A5 White 

brown  

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 

NHLANG1B1 White  Flat Round  Smooth Entire  Stenotrophomonas 

pavanii 
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NHLANGE17B

2 

Cream 

white 

Flat Round  Smooth Entire  Stenotrophomonas 

geniculata 

NHLANGE7B4 Yellow 

orange 

Raised  Round Smooth Entire  Stenotrophomonas 

maltophilia 

NHLANGE17A

1 

Slightly 

yellow  

Convex  Round Smooth Entire  Sphingobacterium 

faecium 

NHLANGE6B Yellow 

white  

Convex  Round   Smooth Entire  Kaistella 

daneshvariae 

NHLANGE2B1 Yellow 

white  

Convex  Round   Smooth Entire  Neorhizobium 

petrolearium 

NHLANGE2A1 Orange Flat Round Smooth Entire  unidentified 

NHLANGE7B3 Pink Flat Round Smooth Entire  unidentified 

NHLANGE14A Cream 

white 

Flat  Punctiform  Smooth  Entire  unidentified 

NHLANGE8B Cream 

white 

Flat  Punctiform  Smooth Entire   Lysinibacillus 

sphaericus 
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NHLANGE7B1 Cream 

white 

Flat  Curled  Smooth  Curled  unidentified 

Limpopo Gabaza GAB12B4 Cream 

white 

Flat Irregular  Rough  Lobate unidentified 

GAB1B1 Grey 

white 

Convex  Round Smooth Entire  Enterobacter 

absuriae 

GAB13B1 Yellow Flat Filamentous Smooth Filamentous  unidentified 

GAB2B1 White 

brown  

Flat  Round Smooth  Entire  Leucobacter 

chromiiresistens 

GAB6B2 White  Flat Round   Smooth Entire  Stenotrophomonas 

pavanii 

GAB7A1 White  Flat Round  Smooth Entire  Stenotrophomonas 

pavanii 

GAB10A1 Cream 

white 

Flat Punctiform   Rough Lobate  Lysinibacillus 

pakistanensis 



178 
 

GABA6B1 Cream 

white 

Flat Round  Smooth Entire  Stenotrophomonas 

lactitubi 

GAB5A1 Yellow 

orange 

Raised  Round Smooth Entire  Stenotrophomonas 

maltophilia 

GAB12B2 Slightly 

yellow  

Convex  Round Smooth Entire  Sphingobacterium 

faecium 

GAB13A1 Slightly 

yellow  

Convex  Round Smooth Entire  Sphingobacterium 

faecium 

GAB4B3 Bright 

yellow 

Convex Filamentous Smooth Filamentous  Cellulosimicrobium 

cellulans 

GAB1 Red  Flat Round  Smooth Entire  unidentified 

GAB12A Cream Flat  Punctiform  Smooth  Entire  Lysinibacillus 

sphaericus 

GAB11A Cream Flat  Punctiform  Smooth Entire   Lysinibacillus 

sphaericus 
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Appendix 4.1: Summary of soil analysis result on Bambara groundnut rhizosphere soil. 

Your sample ID   Lab 

number   

 Sample density 

g/mL    

 P 

mg/L    

 K 

mg/L   

 Ca 

mg/L 

 Mg 

mg/L   

 Exch.  Acidity 

cmol/L    

 Total 

Cations 

cmol/L    

 Acid sat. 

%  

 pH 

(KCl) 

 Zn 

mg/L 

 Mn 

mg/L 

 Cu 

mg/L 

 Mid-Infrared Estimates  

                            Org. C 
% 

 N 
% 

 Clay 
% 

 MKHULU 1   F7427   1.28   4   63   502   126   0.05   3.75   1   4.89   0.8   15   1.3     1.8    0.15       9  

 MKHULU 2   F7428   1.27   4   64   468   115   0.06   3.51   2   4.80   0.8   15   1.4     1.3    0.13      13  

 BUSH 1   F7432   1.30   8   53   593   76   0.05   3.77   1   5.55   8.8   56   1.8     0.7    0.09      16  

 BUSH 2   F7433   1.28   8   61   684   88   0.03   4.32   1   5.46   9.5   55   1.9     0.5    0.09      12  

 NHLANGE 1A   F7434   1.19   8   189   530   179   0.06   4.66   1   4.52   2.2   15   5.6     1.8    0.12      24  

 NHLANGE 1B   F7435   1.17   7   192   560   221   0.05   5.15   1   4.52   7.9   13   4.4     1.4    0.09      25  

 NHLANGE 2A   F7436   1.09   6   148   585   224   0.18   5.32   3   4.36   2.9   21   8.6     1.8    0.09      40  

 NHLANGE 2B   F7437   1.10   6   152   581   208   0.16   5.16   3   4.35   2.4   23   9.6     1.7    0.10      37  

 NHLANGE 3A   F7438   1.06   4   193   980   417   0.05   8.86   0   5.03   1.8   60   9.5     2.6    0.20      43  

 NHLANGE 3B   F7439   1.05   5   192   983   428   0.06   8.98   1   5.04   2.4   70   8.8     2.5    0.17      43  

 NHLANGE 4A   F7440   1.16   6   251   543   174   0.15   4.93   3   4.28   4.1   23   9.8     1.2    0.07      34  

 NHLANGE 4B   F7441   1.15   6   246   572   172   0.16   5.06   3   4.28   2.4   24   10.6     1.9    0.12      41  

HAZYVIEW  1a  F1049   1.07   7   105   1109   224   0.08   7.73   1   5.60   1.2   36   3.6  2.2 0.10 18 

HAZYVIEW 1b  F1050   1.07   10   107   1027   186   0.11   7.04   2   5.50   1.6   42   4.4  1.6 0.07 17 

NKOMAZI 1a  F1051   1.27   31   95   799   96   0.06   5.08   1   6.20   7.8   14   1.2  1.6 0.08 18 

NKOMAZI 1b  F1052   1.26   27   82   876   103   0.08   5.51   1   6.33   6.9   14   1.0  1.2 0.08 16 

NKOMAZI 2a  F1053   1.40   3   159   402   60   0.22   3.13   7   4.22   0.3   26   0.8  1.0 0.09 8 
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UNIVERSITY OF 
MPUMALANGA a 

F1054 1.14 3 104 95 44 0.16 7.73 5.08 4.36 8.8 56 1.4 2.2 1.2 0.08 

UNIVERSITY OF 

MPUMALANGA b 

F1055 1.13 3 105 82 37 0.16 7.04 5.50 4.44 0.8 55 1.4 1.6 1.2 0.08 

ZULULAND 1 F7418 1.14 6 91 513 240 0.16 4.93 3 4.36 0.7 7 1.4 0.9 0.10 7 

ZULULAND 2 F7419 1.13 3 96 571 247 0.15 5.28 3 4.44 1.2 7 1.4 0.7 0.05 41 

ZULULAND 3 F7420 1.10 3 93 473 212 0.15 4.49 3 4.33 0.8 8 1.8 0.7 0.05 35 

ZULULAND 4 F7421 1.13 3 86 455 274 0.09 4.84 2 4.51 0.8 5 1.2 0.7 0.07 16 

BOCHFON 1 F7422 1.45 3 57 306 44 0.06 2.09 3 4.83 0.4 72 0.6 0.9 0.09 14 

BOCHFON 2 F7423 1.46 3 53 268 37 0.04 1.82 2 4.85 0.5 68 0.5 0.9 0.10 7 

HLAMALANI 1a  F1055   1.40   2   71   442   50   0.05   2.85   2   5.08   5.5   14   0.8   0.5    0.05      10  

HLAMALANI 2b  F1056   1.40   3   73   448   55   0.10   2.97   3   5.16   4.5   16   0.9   0.5    0.07      10  

 GAVAZA 1a  F1061   1.14   5   104   1001   306   0.08   7.86   1   4.78   1.3   54   10.4     1.3    0.05      39  

 GAVAZA 1b  F1062   1.16   5   105   993   283   0.08   7.63   1   4.79   1.6   60   11.2     1.1   0.05      35  

 CASTEEL 1a  F1057   1.24   12   80   619   73   0.07   3.96   2   5.20   28.7   19   2.1   0.5    0.05      20  

 CASTEEL 1b  F1058   1.24   14   95   672   61   0.06   4.16   1   5.20   41.9   22   2.1     0.9    0.12      25  



 

 

Appendix 4.2: Shapiro-Wilt normal distribution test for soil properties and enzyme activities on 

Bambara groundnut rhizosphere soil. 

Variables N W P 

Density 29 0.9206 0.0316 

Phosphorus 29 0.1838 0.0000 

Potassium 29 0.8872 0.0049 

Calcium 29 0.9087 0.0159 

Magnesium 29 0.9057 0.0135 

Exchangeable acidity 29 0.8348 0.0004 

Total cation (ECEC) 29 0.9369 0.0831 

Acid saturation  29 0.7754 0.0000 

pH 29 0.9145 0.0222 

Zinc 29 0.5380 0.0000 

Manganese 29 0.8641 0.0015 

Copper 29 0.7750 0.0000 

Organic carbon 29 0.9276 0.0477 

Organic matter 29 0.9276 0.0013 

Nitrogen 29 0.8617 0.0013 

Clay 29 0.8889 0.0054 

Acid  48 0.2310 0.0000 

Alkaline  48 0.6832 0.0000 

Β-Glucosaminidase  48 0.8279 0.0000 

Glucosidase  48 0.5806 0.0000 
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Appendix 4.4: Analysis of variance (ANOVA) for exchangeable acidity (cmolc kg-1) on 

Bambara groundnut rhizosphere soil. 

Source DF SS MS F P 

Treatment 9 0.003755 0.00004173 1.31 0.2947 

Error 19 0.006049 0.00003184   

Total 28 0.009804    

 

Appendix 4.5: Analysis of variance (ANOVA) for acid saturation (%) on Bambara 

groundnut rhizosphere soil. 

Source DF SS MS F P 

Treatment 9 0.001189 0.0001321 0.66 0.7359 

Error 19 0.003818 0.0002009   

Total 28 0.005007    

 

 

 

Appendix 4.3: Analysis of variance (ANOVA) for phosphorus on Bambara groundnut 

rhizosphere soil. 

Source DF SS MS F P 

Treatment 9 4.5378 0.50420 0.30 0.9643 

Error  19 31.5345 1.65971   

Total  28 36.0723    
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Appendix 4.6: Analysis of variance (ANOVA) for manganese (mg kg-1) on Bambara 

groundnut rhizosphere soil. 

Source DF SS MS F P 

Treatment 9 0.08037 0.008930 9.31 0.0000 

Error 19 0.01821 0.0009587   

Total 28 0.09858    

 

Appendix 4.7: Analysis of variance (ANOVA) for pH on Bambara groundnut rhizosphere 

soil. 

Source DF SS MS F P 

Treatment 9 0.001566 0.0001740 3.08 0.0187 

Error  19 0.001074 0.00005655   

Total  28 0.002641    

 

Appendix 4.8: Analysis of variance (ANOVA) for Zinc (mg kg-1) on Bambara groundnut 

rhizosphere soil. 

Source DF SS MS F P 

Treatment 9 0.20371 0.02263 9.12 0.0000 

Error  19 0.04714 0.00248   

Total  28 0.25085    
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Appendix 4.9: Analysis of variance (ANOVA) for copper (mg kg-1) on Bambara groundnut 

rhizosphere soil. 

Source DF SS MS F P 

Treatment 9 0.20926 0.02325 58.41 0.0000 

Error  19 0.00756 0.00040   

Total  28 0.21682    

 

Appendix 4.10: Analysis of variance (ANOVA) for organic carbon (%) on Bambara 

groundnut rhizosphere soil. 

Source DF SS MS F P 

Treatment 9 0.00003042 0.000003830 10.13 0.0000 

Error  19 0.000006339 0.0000003337   

Total  28 0.00003676    

 

Appendix 4.11: Analysis of variance for organic matter (%) on Bambara groundnut 

rhizosphere soil. 

Source DF SS MS F P 

Treatment 9 0.00004741 0.000005268 10.94 0.0000 

Error  19 0.000009150 0.0000004816   

Total  28 0.00005656    
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Appendix 4.12: analysis of variance (ANOVA) for nitrogen (mg kg-1) on Bambara groundnut 

rhizosphere soil. 

Source DF SS MS F P 

Treatment 9 0.01243 0.001382 3.25 0.0146 

Error  19 0.00808 0.0004250   

Total  28 0.02051    

 

Appendix 4.13: Analysis of variance (ANOVA) for clay (%) on Bambara groundnut 

rhizosphere soil. 

Source DF SS MS F P 

Treatment 9 0.0001518 0.00001687 20.27 0.0000 

Error  19 0.00001581 0.0000008323   

Total  28 0.0001676    

 

Appendix 4.14: Analysis of variance (ANOVA) for soil density (g L-1) on Bambara 

groundnut rhizosphere soil. 

Source DF SS MS F P 

Treatment 9 0.04668 0.005186 20.08 0.0000 

Error  19 0.00446 0.0002349   

Total  28 0.05114    
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Appendix 4.15: Analysis of variance (ANOVA) for potassium (cmolc kg-1) on Bambara 

groundnut rhizosphere soil. 

Source DF SS MS F P 

Treatment 9 0.05306 0.005895 21.99 0.0000 

Error  19 0.00509 0.0002681   

Total  28 0.05815    

 

Appendix 4.16: Analysis of variance (ANOVA) for calcium (cmolc kg-1) on Bambara 

groundnut rhizosphere soil. 

Source DF SS MS F P 

Treatment 9 0.36669 0.04074 6.61 0.0003 

Error  19 0.11711 0.00616   

Total  28 0.48380    

 

Appendix 4.17: Analysis of variance (ANOVA) for magnesium (cmolc kg-1) on Bambara 

groundnut rhizosphere soil. 

Source DF SS MS F P 

Treatment 9 0.60085 0.06676 11.44 0.0000 

Error  19 0.11091 0.00584   

Total  28 0.71176    

 

 

 

 

 

 



187 
 

Appendix 4.18: Analysis of variance (ANOVA) for soil acid phosphatase enzyme activity 

nmolh-1 g-1 of Bambara groundnut rhizosphere soil. 

Source DF SS MS F P 

Treatment 7 0.0002016 0.00002880 0.89 0.5225 

Error  40 0.001292 0.00003231   

Total  47 0.001494    

 

Appendix 4.19: Analysis of variance (ANOVA) for soil Alkaline phosphatase enzyme 

activity in nmolh-1 g-1 of Bambara groundnut rhizosphere soil. 

Source DF SS MS F P 

Treatment 7 0.000001671 0.0000002387 0.44 0.08724 

Error  40 0.00002181 0.0000005451   

Total  47 0.00002348    

 

 

Appendix 4.20: Analysis of variance (ANOVA) for soil β-glucosaminidase enzyme activity 

in nmolh-1 g-1 of Bambara groundnut rhizosphere soil. 

Source DF SS MS F P 

Treatment 7 0.000001671 0.0000002387 0.44 0.08724 

Error  40 0.00002181 0.0000005451   

Total  47 0.00002348    
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Appendix 4.21: Analysis of variance (ANOVA) for β-glucosidase soil enzyme activity in 

nmolh-1 g-1 of Bambara groundnut rhizosphere soil. 

Source DF SS MS F P 

Treatment 7 0.000001676 0.0000002394 1.72 0.1314 

Error  40 0.000005560 0.0000001390   

Total  47 0.000007236    

 

 


