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ABSTRACT 

Banana production in Kenya predominantly involves smallholder farmers, yet current 

yields fall short of meeting local and international market demands due to constraints 

faced by these farmers among them being soil health and lack of clean planting materials. 

To address this issue, the study assessed banana cultivation practices in Kisii, Nyamira, 

and Embu counties, aiming to understand strengths and challenges within these regions. 

In this study, rhizospheric soil physicochemical properties and the diversity of microbial 

communities was assessed, shedding light on soil health status. Furthermore, the efficacy 

of a cost-effective micro-propagation technique for local banana cultivars was 

determined, considering contamination susceptibility and acclimatization efficacy of 

arbuscular mycorrhizal fungi on micropropagated banana plantlets. The study revealed a 

reliance on ineffective traditional propagation methods, with over 30% of the smallholder 

farmers facing a banana seedlings shortage. The soil physic-chemical parameters 

indicated signs of degradation, with low pH and nutrient deficiencies raising concerns 

with Embu County having the lowest pH measured (4.43). Soil metagenomic studies by 

NGS showed that proteobacteria and basidiomycota were the two most prevalent 

bacterial and fungus divisions, respectively. Based on the Shannon diversity indices, the 

highest bacterial and fungal community diversity was in soil samples obtained from 

Embu County and Kisii County respectively. To evaluate efficacy using low cost tissue 

culture technology, selected banana cultivars were utilized and results indicated the 

highest survival rate of 100 % in Kiganda, Muraru and Kienyeji banana cultivars 

established in BAP and IAA. Ngôombe cultivar best responded to low cost 

micropropagation with the highest shoot establishment (80.5 %) and shoot emergence 

rates (75.5 %) producing the highest number of shoots per culture (10.61).  To investigate 

clonal fidelity of the tissue culture plantlets Inter Simpler Sequence Repeats (ISSR) and 

the research demonstrated genetic homogeneity in banana seedlings generated via low-

cost tissue culture to the mother plant. During the micropropagation process the presence 

of bacterial and fungal contaminants in the tissue culture laboratory was noted with the 

most predominant bacterial and fungal contaminants being Microccoccus luteus and 

Cladosporium sp respectively. Additionally, broad-spectrum antimicrobial agents 

nalidixic acid (30 µg) and carbendazim+ triadimefom (0.3 µg and 0.6 µg) exhibited 

100% inhibition rates against these contaminants. To determine the response of the 

micropropagated plantlets to AMF acclimatization, it was observed that Kiganda cultivar 

responded best to Rhizophagus irregularis which showed the highest recorded biomass at 

0.97. There is need to emphasize collaborative efforts among various stakeholders in 

establishing sustainable practices. Additionally, low-cost TC is a viable tool for 

producing disease-free seedlings and intergrating antimicrobial agents is recommended to 

minimize contamination risks. Finally, the use of AMF treatment in acclimatization with 

further research needed for validation across different agroecological conditions. These 

recommendations aim to enhance productivity, sustainability, and resilience in banana 

farming systems. 
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CHAPTER ONE 

INTRODUCTION  

1.1 Background of the study 

Standing as the fourth most impactful fruit crop globally, the banana (Musa spp.) 

promises to revolutionize food security and uplift farmer livelihoods on a grand scale 

(Kabunga et al., 2014; FAO, 2019). In 2014, it was reported that the average annual 

banana production was slightly above 200 million metric tons per year. Additionally, the 

crop is grown in 140 countries with a third originating from the African continent (FAO, 

2015). Smallholder farmers are the main banana producers in East Africa. Even amidst 

favorable conditions, the thriving commercial banana production encounters a spectrum 

of hurdles, encompassing biotic, abiotic factors as well as socio-economic, and technical 

factors (Arphaxard et al., 2019). 

 

The spotlight on bananas has intensified in Kenya, driven by a surge in consumer demand 

and the flourishing commercialization of this fruit. However, despite the fact that 

smallholder farmers form 85 % of the banana producers in Kenya, production do not 

meet the market demand (Okumu et al., 2011). There is an excessive dependence on 

conventional propagation methods that make use of already-existing banana plants, such 

as the vegetative means of suckers. This practice promotes pest and disease transmission, 

poor genetic diversity, low and unreliable yield, among other shortcomings (Njuguna et 

al., 2008; Angima et al., 2022). Tissue culture (TC) is an innovative propagation tool 

available for banana production that provides means of addressing the gaps associated 
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with the traditional mode of propagation. Seedlings free of pests and diseases may be 

produced using tissue culture techniques, with high genetic purity and improved growth 

and thus, it has been globally accepted as a potential means of addressing food security, 

crop productivity and income generation (Wang and Wang, 2012). 

 

Micropropagation using tissue culture technology is an efficient activity with a large 

turnover. However; the process is costly thus it is a challenge in laboratories with limited 

resources. Low-cost tissue culture refers to techniques and methods used to culture plant 

tissues in a laboratory setting with minimal expenses to make tissue culture technology 

more accessible to small-scale farmers, researchers, and entrepreneurs, particularly in 

resource-limited settings, by reducing the financial barriers associated with conventional 

tissue culture techniques. These low cost options do not compromise the quality of 

micropropagation help in reducing the cost of production (Gitonga et al., 2011; 

Dhanalakshmi and Stephan, 2014). Procedures such as the utilization of commercial 

sugar in place of sucrose as a carbon source significantly lowers the cost of 

micropropagation (Agrawal et al., 2010). 

 

A significant drawback in micropropagation using tissue culture is the occurrence of 

genetic anomalies such as somaclonal variations which can be associated with repeated 

sub-culturing and use of high concentrations of growth regulators (Koffi and Declerck, 

2015). In banana tissue culture, the development of somaclonal variations that arises in 

the resultant regenerated plantlets may add onto limitations in the broader outcome of 

tissue culture method, hence the need for high-quality, cost-effective throughput 



3 

 

protocols. However, these variations can be a good source of beneficial variants such as 

production of disease resistant varieties (Krishna et al., 2016). 

 

Tissue culture is carried out in a highly regulated environment such as research 

laboratories. However, the processes involved in tissue culture such as explant 

preparation, media preparation, culture initiation, sub-culture are normally prone to 

microbial contamination that may arise at different culture stages (Omamor et al., 2007). 

Microorganisms particularly bacteria and fungi utilize nutrients used in tissue culture 

media for their growth, therefore, reducing the quality of the output. For instance, some 

of the microbes produce phytotoxins which cause tissue necrosis, and reduced root and 

shoot proliferation (Msogoya et al., 2012). Bacterial contaminants include Bacillus 

subtilis, Corynebacterium spp. And Erwinia spp., Most of the microbial contaminants 

can be easily controlled by maintaining high levels of aseptic conditions (Ray and Ali, 

2017). Regenerated banana plantlets face various challenges in the field. These 

challenges include slow growth rate as well as low survival (Jefwa et al., 2012). To 

mitigate this, application of nature based solutions which include the use of beneficial 

microrganisms such as arbuscular mycorrhizal fungi (AMF) has been employed. AMF 

influence growth and physiological development of the plantlets during acclimatization 

phases through the formation of symbiotic association with the banana roots (Koffi and 

Declerck, 2015).  

 

Soil microbial diversity has increasingly become of great interest in agricultural research. 

It has been determined that soil microbial communities are essential in improving soil 
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health and quality. A significant number of microbes are essential in soil function and are 

key contributors to sustainable agriculture through mediation of many processes that are 

involved in agricultural production (Lupwaiya et al., 1998; Rondon et al., 2000; Gupta et 

al., 2018). Conducting a comprehensive investigation of microbial communities within 

banana-growing regions holds remarkable potential for deciphering the intricate puzzle of 

soil health and status specific to these areas. This exploration can be accomplished 

through rigorous soil sampling, advanced molecular analysis techniques, and thorough 

assessment of microbial diversity, offering a holistic understanding of the ecosystem 

dynamics and paving the way for informed agricultural practices. 

1.2 Statement of the problem 

Kenya has been faced with a decline in banana production in as a result of an increase in 

banana pests, diseases and poor agronomic practices applied by farmers (Kahangi et al., 

2002). Common banana diseases affecting banana farming include the fusarium wilt 

(Fusarium oxysporum f. sp. cubense), and Black and Yellow sigatoka leaf spot 

(Mycosphaerella fijiensis) while major pests are the plant parasitic nematodes and 

Cosmpolites sordidus weevils (Gaidashova et al., 2010; Anda et al., 2015). Other 

limitations constraining banana production include shortage of clean planting banana 

seedlings, genetic losses during propagation, high cost of inputs and declining soil 

fertility (Parida et al., 2017). Microbial contamination during in vitro culturing is a 

challenge in adoption of the modern micropropagation techniques. The high expenses 

incurred during conventional tissue culture acts as a major drawback in the establishment 

of the practice in in rural setups and this in turn creates a need for the development and 
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introduction of low-cost tissue culture technologies that are easily adaptable by 

smallholder farmers (Kalimuthu et al., 2007). These limitations consequently threaten the 

countryôs food security and economy and thus lead to increased poverty levels among 

households depending on agriculture for survival. Low adoption rate of micropropagated 

banana seedlings by farmers due to limited knowledge and insufficient support from the 

relevant stakeholders has also been registered as factors impeding banana cultivation in 

Kenya (Okumu et al., 2011). Conventional methods of agriculture mainly target 

pathogens using, antibacterial agents, pesticides and fungicides and this has the potential 

of reducing the soil microbial community. Microbial communities are essential in the 

maintenance of ecosystem stability. Through comprehensive analysis, this research aims 

to unravel and address the multifaceted aspects influencing banana production: 

encompassing farming practices and limitations, microbial diversity within banana 

rhizospheric soil, the efficacy of cost-efficient tissue culture techniques, microbial 

contaminants related to low-cost tissue culture, and the responsiveness of regenerated 

plantlets to Arbuscular Mycorrhizal Fungi (AMF) inoculation. 

 

1.3 Justification of the study 

Banana farming holds significant global and especially national importance for the 

Kenyan economy. However, the decline in banana production across Kenya can be 

attributed to various factors, including soil health deterioration and insufficient access to 

clean planting materials in East and Central Africa (Obaga and Mwaura, 2018). 
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Crucial agricultural processes are facilitated by soil microbes, playing a pivotal role in 

enhancing productivity (Gupta et al., 2018). Unfortunately, there's limited documentation 

concerning soil health and microbial communities in numerous Kenyan regions. To 

enhance banana production in Kisii, Nyamira, and Embu counties, comprehending the 

influencers of microbial communities becomes imperative, given their pivotal role. This 

understanding fosters innovative, eco-friendly agricultural tools for sustainable practices 

(Chaparro et al., 2012; Gupta et al., 2018). 

 

Kenya's future banana output is uncertain due to decreasing production in different 

regions (CIPD, 2019). A key challenge is the scarcity of planting materials. Tissue 

culture-based micropropagation offers a dependable solution, allowing efficient clean 

planting material generation within confined spaces (Gitonga et al., 2010; Ogero et al., 

2011). Yet, prohibitive costs restrict access for farmers. Documenting cost-effective 

tissue culture techniques tailored to local Kenyan cultivars, suitable for rural setups, 

remains unexplored (Kabunga et al., 2014). 

 

Losses during acclimatization of micropropagated plantlets due to their delicacy pose a 

challenge. Arbuscular mycorrhiza fungi (AMF) have demonstrated potential to enhance 

growth and vigor (Gaidashova et al., 2010), with successful acclimatization reported by 

Ortas et al. (2017). Mycorrhizal techniques for banana acclimatization have shown 

positive outcomes in survival, growth, and performance (Jefwa et al., 2012). Further 

understanding of different AMF strains' impacts on Kenyan tissue-cultured banana 

plantlet acclimatization is warranted. 
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Somaclonal genetic variations during micropropagation can lead to undesirable seedling 

qualities, hampering tissue culture's adoption. Screening for these variations is pivotal in 

creating low-cost, high-throughput protocols ensuring genetically pure seedlings (Parida 

et al., 2017; Sinha et al., 2018). This study aimed at determination of soil health status 

and microbial diversity in banana growing regions in Kisii, Nyamira and Embu County. 

Additionally, it aimed at producing high-quality seedlings of preferred banana cultivars in 

Kisii, Nyamira, and Embu counties through affordable tissue culture methods, enabling 

clean planting material availability for farmers. 

 

1.4 Research hypotheses 

i. Smallholder banana farmers in Kisii, Nyamira, and Embu counties have diverse 

preferences for banana cultivars but face various production constraints during 

banana cultivation.  

ii.  The microbial communities in banana rhizospheric soil exhibit significant genetic 

diversity across Kisii, Nyamira, and Embu counties. 

iii.  The low-cost tissue culture in vitro micro-propagation method effectively 

produces banana plantlets that demonstrate phenotypic and genetic diversity. 

iv. There are various species of bacterial and fungal contaminants present in the 

tissue culture laboratory that respond to antimicrobial agents. 

v. Different arbuscular mycorrhizal fungi isolates vary in their effectiveness in 

promoting the survival and growth of in vitro regenerated banana plantlets. 
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1.5 Objectives 

1.5.1 General objective 

To determine banana production practices and their limitations, microbial diversity in 

banana rhizospheric soil, efficiency of a low-cost tissue culture technology, microbial 

contaminants associated with low cost tissue culture and regenerated plantlets response to 

AMF inoculation. 

 

1.5.2 Specific objectives 

i. To survey smallholder banana farmers in Kisii, Nyamira, and Embu counties to 

determine cultivar preferences and assess production constraints. 

ii.  To characterize genetic diversity of banana rhizospheric soil microbial 

communities across Kisii, Nyamira, and Embu counties using high-throughput 

sequencing. 

iii.  To evaluate micro propagation efficacy and clonal fidelity of banana plantlets 

produced via low-cost tissue culture in vitro micro-propagation method. 

iv. To evaluate the distribution and types of bacteria and fungi contaminating the 

tissue culture laboratory and their response to antimicrobial agents.  

v. To assess the efficacy of different arbuscular mycorrhizal fungi isolates in 

promoting survival and growth of in vitro regenerated banana plantlets. 
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1.6 Significance of the study  

Soil microbial communities are key drivers in agricultural production. In this study, the 

soil microbial diversity in relation to soil health status in Kisii, Nyamira and Embu 

counties was determined. Soil parameters were observed to impact soil microbial 

communitiesô diversity and abundance. This information is essential in the development 

of soil improvement strategies that target improvement of soil health and microbial 

community.  In this study, the banana cultivars most preferred by smallholder farmers in 

Embu, Kisii and Nyamira were identified, and micropopagated using low-cost tissue 

micropropagation. The efficiency of alternative low-cost tissue culture technology to 

generate high quality and efficient seedlings were established. Additionally, the use of 

beneficial microorganisms such as AMF in the acclimatization process was observed to 

increase survival rate and enhance growth of the micropropagated plantlets. This 

willsignificantly lower the cost of seedling production and in turn lead to increased 

seedling availability, increased yields and income of smallholder farmers in the regions. 

These cost-effective strategies may be demonstrated to the smallholder farmers and other 

relevant stakeholder for continued and sustainable provision of improved bananas in 

Kenya. The study provides important information that will be utilized in sensitizing the 

County governments of Kisii, Nyamira, and Embu on the significance as well as potential 

of low-cost TC technology bananas in addressing food security and poverty alleviation. 

This is therefore in line with the first and second 2030 global Sustainable Development 

Goals (SDGs) aimed at alleviating poverty and ensuring zero hunger (UNDP, 2022). 
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CHAPTER TWO  

LITERATURE REVIEW  

2.1 Importance of bananas 

Banana is a fruit crop that is intensively produced and consumed globally (FAO, 2019). 

Banana contributes approximately 16 % of the total worldôs fruit production with more 

than 120 million tons of the produce recorded in 2014 (FAO, 2015). In developing and 

low income countries, banana contributed greatly to food security as a staple food and 

also contribute to the household income due to sale (FAO, 2019). 

 

Banana (Musa spp.) cultivars are grouped based on the use of their final products such as; 

those consumed as a dessert, making beer, roasting and cooking cultivars (Borthakur et 

al., 2018). Bananas are a good source of vitamins A, B6 and C, fibre content and starch 

(Okumu et al., 2011; JICA, 2019). In agriculture, bananas are grown through 

intercropping with plants such as cocoa and coffee to provide shade for the growing 

plants, protect soil from erosion and to restore soil fertility (Gaidashova et al., 2010).  

Majority of banana cultivars grow in Kenya which can be broadly grouped into three, i.e. 

plantains, dessert bananas and cooking bananas. Dessert bananas, the common sweet 

types and cooking bananas that are consumed after being cooked. However, the major 

cultivars that are grown are the East African highland bananas (EAHBs) which are the 

cooking type (Nyamamba et al., 2020).  
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Smallholder farmers are heavily reliant on subsistence systems where bananas are 

cultivated alongside various food crops that include legumes, grain, tubers as well as 

other fruit trees. However, there has been an expansion of banana production with more 

land allocated to banana farming compared to other food crops (Nyamamba et al., 2020). 

Local banana cultivars contribute significantly to Kenya's agricultural diversity and food 

security, feeding millions of people with wholesome food. They also preserve the 

country's cultural legacy. Local variants are prized for their hardiness, flavour, and 

nutritional value in communities all around Kenya, even if they may not necessarily be as 

economically well-known as contemporary cultivars like Cavendish bananas (Ocimati et 

al., 2013; Marimo et al., 2020). 

 

2.2 Propagation of bananas 

2.2.1 Conventional banana propagation 

The common techniques used in banana propagation are the conventional 

macropropagation and plant tissue culture methods (Kabunga et al., 2014). Bananas are 

vegetatively propagated because most of them exhibit parthenocarpic fruit development 

(Karugaba and Kimaru, 1999). In Kenya, a majority of the smallholder farmers use 

suckers or pulps that arise from the underground corm or the base of the main stem for 

propagation. This process often hinders farmers from fully exploiting the results of 

modern propagation methods. Seedling development through tissue culture of bananas is 

a modern technique used in establishing mass production of banana plants for research 

and commercial purposes (Parida et al., 2017).  
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2.2.2 Tissue culture technology 

Micropropagation through tissue culture technique can produce numerous new resultant 

plantlets that are genetically similar to the mother plant, disease free and offers the 

advantage of producing high quality plants (Onguso et al., 2004; Kavoo-Mwangi et al., 

2013). Tissue cultured bananas have been cultivated in several locations of Kenya to 

date, these include the Central highlands, Eastern region, Rift Valley and parts of Nyanza 

particularly along the Kisii highlands, which have proven to excel in commercialization 

of the crop (Kavoo-Mwangi et al., 2013).  

 

Several certified tissue banana outlets have been in the forefront in upscaling banana 

production through conventional tissue culture method in the country such as Kenya 

Agriculture Research Livestock Organization (KALRO) centers such as Embu, Katumani 

and Thika research stations. There exists a number of banana cultivars propagated 

depending on the geographical region and ecological conditions of the area (Kabunga et 

al., 2014). Some of the common cultivars associated with the Asian origin include 

Robusta (AAA), Martaman (AAB) and Giant Governor (AAA) (Ray et al., 2006). Other 

banana cultivars grown in Kenya include the Sabaki, Lacatan, Valery, Poyo, Giant 

Cavendish, Green-Red, Dwarf Cavendish, Amatoke and Apple Banana while tissue-

cultured bananas grown in Kenya are the Grand Naine, Williams and FHIA 17 cultivars 

(Njuguna et al., 2008; Kabunga et al., 2014).  

 



13 

 

2.2.3 Low-cost tissue culture technology 

Utilising tissue culture guarantees the production of a significant amount of planting 

material. However, high cost of production is a major demerit which limits its use and 

establishment of an efficient low-cost tissue culture techniques. This therefore is a major 

priority in agriculture in many countries (Dhanalakshmi and Stephan, 2014). Various 

strategies have been developed to reduce the costs without compromising the quality of 

the resultant plantlets. Some of these strategies include replacing expensive gelling agent 

with low cost starch or gelrite, and use of commercial fertilizers as macronutrient and 

micronutrient source. Procedures such as the substitution of sucrose with commercial 

sugar as a source of carbon has been reported to significantly reduce production cost by 

as much as 97.1 % (Table 1.1). These low-cost substitutes have been seen to reduce cost 

significantly (Datta et al., 2017). 

 

 

 

 

 

 

 

 

 

 

 



14 

 

Table 1.1: Low cost media constituents and percentage cost reduction 

Conventional TC 

Nutrient  

Low Cost 

Substitute 

Cost in one Litre  of the Medium 

(KShs.) 

Cost 

Reduction 

(%)  

 
Conventional Low 

Cost 

 

Macronutrient  
   

CaCl2  

 

 

 

Easygro 

Vegetative 

Fertilizer 

(N, P, K, S, Mg, 

Zn, Fe,Mn, 

Cu, B, Mo) 

3.3  

 

 

 

 

 

 

 

1.6 

 
KH2PO4 1.2 
KNO3 14.4 
MgSO4 1 
NH4NO3 21 
Sub-TOTAL  40.9 

Micronutrients  
 

CoCl2.6H2O 0.011 

CuSO4.5H2O 0.009 
Na2EDTA 0.154 
FeSO4.7H2O 0.078 
H3BO3 0.17 
KI  0.017 
MnSO4.4H2O 0.27 
Na2MoO4.2H2O 0.017 

ZnSO4.7H2O 0.038   

Sub-TOTAL  0.764 1.6  

TOTAL  
 

41.664 1.6 96.2 

Carbon Source 
    

Sucrose Table sugar 105 3 97.1 

TOTAL  
 

146.664 4.6 96.9 

Source: Gitonga et al., 2011 

 

There is a significant demand for the development of low-cost methods for 

micropropagating high-quality banana plantlets (Gitonga et al., 2010). The development 

of a successful protocol for the low-cost in-vitro micropropagation of bananas requires 
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that it is able to produce numerous pest and disease free plantlets that are genetically 

uniform to the mother plant at a lower cost of production (Elyazid et al., 2021). Low cost 

options that do not compromise the quality of micropropagation help in reducing the cost 

of production (Gitonga et al., 2010; Rakshi et al., 2017). The application of low-cost 

tissue culture technologies in micropropagation of local banana cultivars has not been 

widely documented in Kenya hence the need to develop protocols for low-cost 

micropropagation of local cultivars. 

 

2.3 Production constraints of bananas 

The conventional method of banana production is quite slow leading to a shortage of 

planting materials, which in most cases does not produce high yields, and is prone to 

transmission of pests and diseases from generation to generation through infected suckers 

(Gaidashova et al., 2010). The development of numerous plants in a short amount of time 

in limited space is possible with banana tissue culture propagation, which is very 

effective. (Arvanitoyannis et al., 2007). However, banana production through 

micropropagation is limited by numerous factors and the major one being the cost of 

production (Gitonga et al., 2010). Despite decades of usage of standard plant tissue 

culture, resource-constrained laboratories struggle because of the high cost of tissue 

production. (Rakshi et al., 2017). Establishment of applicable low-cost tissue culture 

protocols is a promising area of study which will go a long way in alleviating the high 

cost of production of tissue culture plantlets (Gitonga et al., 2010). 
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2.4  Somaclonal variations in in vitro culture 

One of the major challenges that arises from plant tissues that are cultured in vitro is the 

development of somaclonal variation arising amongst the sub-clones derived from a 

single mother plant (Ray et al., 2006). The genomic structure of different banana 

cultivars, the choice of explant materials, the specific concentration and combination 

present in the TC medium utilized, as well as the duration of propagation have been 

reported to significantly affect the genetic fidelity of TC clones (Sahijram et al., 2003).  

Several DNA markers associated techniques have largely been applied in determining 

somaclonal variation and other diversity-related analyses and among them are the 

Restriction Fragment Length Polymorphism (RFLP), isozyme analysis, inter-simple 

sequence repeat (ISSR) markers, sequence tagged microsatellite (STMS) and random 

amplified polymorphic DNA (RAPD) (Thorat et al., 2017; Osena et al., 2017). These 

techniques utilize random primers to generate different polymorphic patterns of DNA 

fragments that can be analyzed for genetic diversity. The RAPD, ISSR and directed 

amplification of microsatellites DNA (DAMD) techniques were successfully used to 

determine the genetic variation of 25 genotypes of wild Musa acuminata bananas 

collected in Meghalaya province, India (Lamare and Rao, 2015).  

Growth regulator concentration as well as number of subcultures is directly linked to 

level of somaclonal variations (Mamedes-Rodrigues et al., 2018). There is a need to 

establish the required concentration of growth regulators and the number of subcultures 

that are required for minimal occurrence of somaclonal variations. This is necessary to 

ensure there is production of genetically uniform local banana cultivar seedlings. 
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2.4.1   Inter Simple Sequence Repeat (ISSR) markers 

Inter Simple Sequence Repeat (ISSR) markers are molecular tools used in plant research 

to assess genetic stability and diversity. ISSR markers amplify regions between 

microsatellite sequences in the genome, allowing for the detection of polymorphisms. In 

the context of micropropagation, ISSR markers play a crucial role in evaluating 

somaclonal variations and confirming the genetic fidelity of micropropagated plantlets. 

Inter Simple Sequence Repeat (ISSR) markers have been widely used to assess genetic 

stability in micropropagated plantlets. Studies on various plant species have demonstrated 

the utility of ISSR markers in confirming the genetic fidelity of micropropagated plants 

(Mohan et al., 2013; Srilakshmi et al., 2016 and Ghandi, 2020). 

ISSR marker markers work by producing monomorphic bands across all the 

micropropagated plantlets when compared with the mother plants. The ability to analyze 

multiple samples simultaneously and the relatively low cost of ISSR primers make it a 

cost-effective option for many research and application purposes.The use of ISSR 

markers therefore provides a reliable method of determining whether micropropagated 

plantlets are true to type ensuring genetic stability and uniformity of in vitro regenerated 

plants (Reddy et al., 2002; Chandra Das et al., 2018). 
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2.5 Soil microbial diversity  

The intricacy of microbial interactions is related to soil microbial diversity, particularly 

those between microorganisms with soil and plants. Soil sustains an immense diversity of 

microbes, which has not been extensively explored. Type of plant and nature of soil are 

assumed to act as the two main drivers of the structure of the soil microbial community in 

a complex way (Garbeva et al., 2004).  

 

The diversity of soil microbes is crucial for sustainable agricultural practices and this is 

due to the fact that majority of soil borne microbes take part in the processes that promote 

productivity. It has been observed that farm practices such as conservation tillage and 

legume-based crop rotation supports soil microbial communities and may have direct 

positive effects on agricultural ecosystems (Lupwaiya et al., 1998; Nguyen et al., 2018).  

 

The changes in land use techniques have had a notable effect on soil microbiome. This is 

because these practices directly impact the soil physico- chemical properties that have a 

direct association with soil microbial communities (Gupta et al., 2018). Studies carried 

out by Khoiri et al. (2021) showed that conventional farming practices increase the 

abundance of pathogenic microbe species while organic systems promote proliferation of 

beneficial microbes. Metagenomics enable the study of complete composition of 

microbial populations including the non-culturable microorganisms (Bakshi et al., 2020). 

Therefore, metagenomic research on agro-ecosystems serves as a foundation for the 

creation of sustainable systems that enhance both production and ecosystem health.  

(Khoiri et al., 2021). 
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Microbial communitiesô studies plays a significant role in understanding the roles of 

agriculturally important microbes such as PGPRs (Bakshi et al., 2020). The utilization of 

inorganic fertilizers and other agrochemicals in conventional farming systems have been 

reported to reduce photosynthetic potential of phyllosphere microbes (Crouzet et al., 

2019). The adoption of organic systems of farming has been encouraged over the years. 

However, the exploration of how these systems improve microbial communities havenôt 

been extensively studied (Khoiri et al., 2021). Studying microbial diversity of soil is a 

major opportunity in advancing biology, biotechnology and agriculture. Advances in 

molecular application in determining microbial diversity in nature show that there is a lot 

of information that was not previously accessible. Therefore, understanding the factors 

that influence microbial communities can assist greatly in the innovation of new 

agricultural tools for sustainable environment (Chaparro et al., 2012; Gupta et al., 2018). 

 

2.6 Sources of microbial contaminants in in vitro cultures 

Microbial contamination is one of the major challenges facing banana in vitro 

micropropagation. Microorganisms compete with banana tissue cultures for nutrients in 

the growth media and some of the microbes produce phytotoxins which cause tissue 

necrosis, culture mortality and reduced root and shoot proliferation (Msogoya et al., 

2012).  
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Tissue culture contamination by fungal microorganisms such as Fusarium oxysporum, F. 

culmorum, Mycosphaerella fijiensis (Odutayo et al., 2007), and bacteria like Bacillus 

subtilis, Corynebacterium spp., Erwinia spp. and Pseudomonas syringae (Ali et al., 

2018) are very common in tissue culture laboratories. Fungal contaminants such as 

Aspergillus flavus and A. niger are associated with oxalate production and aflatoxin 

poisoning that destroy tissue cultures (Omamor et al., 2007). According to Msogoya et 

al. (2012) the laboratory that carries out plant tissue culture at Sokoine University of 

agriculture located in Tanzania had serious microbial contamination to an extent of 

causing up to 40 ï 60 % losses of banana in vitro cultures annually. Fungal contaminants 

such as Aspergilus flavus and A. niger, are associated with oxalate production and 

aflatoxin poisoning that destroy the tissue cultures (Ray and Ali, 2017). 

 

Some of the common sources of microbial contamination include insufficient sterilization 

of growth media, explants, working tools and operatorsô hands (Ali et al., 2018). To 

reduce in vitro contamination, explant materials for use in tissue culture 

micropropagation are surface sterilized with sodium hypochlorite (1.0 % m/v) for 10-20 

minutes or using mercuric chloride solution (1.0 % m/v) for 10 minutes. Systemic and 

broad-spectrum antibiotics and fungicides with low phytotoxicity levels are used to 

control epiphytic and endophytic microbial contaminants (Ali et al., 2018). Microbial 

contamination remains to be a major threat in tissue culture laboratories and therefore 

contamination levels should be assessed regularly and the sources of the contaminants 

determined. This will therefore improve efficiency and minimize losses of cultures 

(Varghese and Joy, 2016). 
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2.7 Impact of arbuscular mycorrhizal fungi on growth and development of bananas  

Arbuscular mycorrhizal fungi (AMF) are fungi that belong to the phylum 

Glomeromycota and are crucial for nutrient uptake that form mutualistic symbiotic 

relationships with the roots of most plant species. AMF enhances water utilization and 

facilitates nutrient uptake, particularly for nutrients with limited mobility. This 

consequently bolsters plant resilience in challenging conditions (Bada and Fagbola, 

2014). 

The presence of symbiotic microorganisms within plants holds great importance in 

promoting sustainable agricultural practices by enhancing plant performance in both 

biotic and abiotic stress conditions (Smith and Read, 1997). This utilization of 

microorganisms offers an ecologically friendly alternative, diminishing the reliance on 

chemical interventions for pest and disease control (Hajek and Eilenberg, 2018). These 

mutualistic root endophytic fungi exhibit the ability to trigger systemic resistance against 

pathogens and pests in host plants, thereby elevating crop tolerance to various biotic and 

abiotic factors (Sommermann et al., 2018). 

 

AMF have been documented to suppress disease progression in various crops, including 

instances such as Fusarium oxysporum in banana cultivation (Bawa, 2016). Anene and 

Declerck (2016) also reported that AMF is beneficial in the control of nematodes. The 

use of biological agents in the improvement of productivity as well as the control of 

diseases is based on the principle of management of biological resources which inhibit 

pathogens (Oye Anda et al., 2020).  
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Plants face a lot of hardships outside the laboratory environment such as somaclonal 

variations, lack of microorganisms that form beneficial relationships with plants as well 

as issues with their physiology (Mukhongo et al., 2015).  The use of AMF in biological 

hardening of micropropagated plantlets is recommended by Mukhongo et al. (2015) as it 

reduces shock and the loss of plantlets due to their delicate nature. However, according to 

Mukhongo et al. (2015) there were reduced incidences of disease development of leaf-

spot disease symptoms caused by M. fijiensis in previously mycorrhized banana plantlets 

compared to non-mycorrhized plants. There has been a report that co-inoculation with 

biocontrol agents such as saprophytic fungi Trichoderma pseudokoningii has an effect on 

spore germination of AMF species Glomus mosseae and Gigaspora rosea (Mukhongo et 

al., 2015). 

 

AMF increase the growth and development of banana plantlets by enhancing water and 

mineral uptake and more so the absorption of phosphorus (P) (Jefwa et al., 2012). In 

addition, AMF provides protection to the host plant against root pathogens and mitigates 

the disastrous effects caused by pH, temperature variations and water stress (Yano-Melo 

et al., 1999). The acclimatization phase, which occurs after the in vitro regeneration of 

bananas, is a critical stage in the physiological maturation and adaptability of banana 

plantlets. Despite the micro propagated plantlets being disease free at this stage, they still 

lack the essential AMF that would enhance the plant growth and vigor (Gaidashova et al., 

2010), hence the need for inoculation.  

 



23 

 

Successful AMF inoculation during acclimatization phase has been reported (Declerck et 

al., 2002; Ortas et al., 2017) and is suggested that the symbiosis between the banana root 

system and the AMF is useful leading to the rigorous development of micro-propagated 

banana plants. Jaizme-Vega et al. (1997) associates the benefits of AMF-banana plant 

root symbiosis to increased transpiration and photosynthetic rates, enhanced water and 

nutrient absorption and increased stress tolerance. Various strains of AMF have been 

reported to interact differently with specific banana cultivars hence the need to screen for 

specific AMF strains that work with particular banana cultivars (Jefwa et al., 2012). A 

wide range of AMF strains associated with bananas (Musa spp.) has been documented 

and different comparisons have been drawn regarding the suitability of indigenous and 

exotic AMF strains for acclimatization (Declerck et al., 1995; Jefwa et al., 2012).  

 

Declerck et al. (1995) stated that Glomus macrocarpum species was more effective 

compared to G. geosporum and G. mosseae in improving the growth and development of 

in vitro propagated banana cultivars. Other improved parameters that have been 

associated with AMF colonization include increased leaf surface area, higher stomatal 

conductance and enhanced copper accumulation in the roots (Cornejo et al., 2017). Like 

other microorganisms, AMF strains introduced into a new ecological environment are 

sensitive to the new ecological conditions. Therefore, AMF strains showing adaptive 

preference to the local conditions should be established or else the positive effect of AMF 

inoculation on banana plantlets may not be achieved (Kavoo-Mwangi et al., 2013). There 

is need need for further research on identifying and establishing AMF strains that exhibit 
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adaptive preferences to local ecological conditions when introduced to a new 

environment. 

Despite the existence of research evidence that AMF influences plant growth and 

development, there is little evidence on how different AMF species affect different 

banana cultivars during acclimatization. Further investigation is therefore necessary to 

ascertain the viability of integrating the inoculation of AMF in the acclimatization 

process of various cultivars of in vitro micro propagated banana plantlets 
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CHAPTER THREE  

MATERIALS AND METHODS  

3.1 Study areas  

In Kisii, Nyamira, and Embu counties (Figure 3.1), which are among the top counties for 

banana production in Kenya, a study was conducted to ascertain the favoured banana 

cultivars. Kisii County has a 1,317 km2 area and a typical highland equatorial climate, 

with bimodal rainfall patterns of 1200 -1600 mm and temperatures ranging from 19 to 30 

oC on an annual average. (Makone et al., 2015). Nyamira County covers an area of 912.5 

km2 and receives an average annual rainfall and temperatures between 1700-2000 mm 

and 15-27 ºC respectively (Kenyanya et al., 2013). Embu County covers an area of 2821 

km2 and receives annual rainfall of between 1500 ï 2500 mm with an annual temperature 

range of 17- 21 ºC (Nyaga et al., 2014).  
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Figure 3.1: Map generated from GPS co-ordinates showing Kisii, Nyamira and Embu 

sampling sites (APPENDIX I) 

3.2 Survey on preferred banana cultivars and production constraints  

Structured questionnaires (Appendix II) were administered to 90 smallholder farmers 

(Kisii -30, Nyamira-30 and Embu-30) who were growing over 30 stands of bananas 

(Musa spp.) in selected parts of Kisii, Nyamira and Embu counties during the month of 

June 2019. Throughout the course of this research, careful attention was given to ethical 

considerations to ensure the protection of participants' rights. This included obtaining 

informed consent, maintaining participant confidentiality, and adhering to guidelines. The 

aim was to collect data on the banana cultivars grown by smallholder farmers in the three 

study sites, adoption of tissue culture technology and other related factors affecting 

cultivation of tissue cultured bananas. A simple random sampling method was used to 

select the identified farmers who consented to taking part in the study.  
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Inclusion Criteria:  

¶ Farmers actively engaged in agriculture: Only individuals who are currently 

involved in agricultural activities will be considered eligible for participation. 

¶ Crop production: Farmers who primarily focus on crop cultivation as part of their 

agricultural activities and have more than 30 stands of banana. 

¶ All farm sizes: smallholderôs farmers 

¶ Different crops: Farmers cultivating a diverse range of crops, reflecting the 

agricultural diversity in the region. 

¶ Various experience levels: Farmers with different levels of experience in 

agriculture, including both newcomers and seasoned practitioners. 

Exclusion Criteria:  

¶ Non-farmers: Individuals not actively involved in any form of agricultural 

production. 

¶ Non-crop producers: Individuals whose agricultural activities primarily involve 

livestock or other non-crop-related endeavors. 

¶ Specialized farmers: Individuals engaged exclusively in niche or highly 

specialized agricultural activities that do not align with the scope of the survey. 

¶ Inactive farmers: Farmers who have ceased agricultural operations for an 

extended period before the survey. 

The sampling size of households was obtained using Snedecor and Cochran (1989) 

formula;   
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Where p = proportion in the target population, q = 1 ï p, n = sample size, and L = 

accepted error. The population in this study refers to the number of banana growing 

households growing bananas. 

Where p = proportion in the target population, q = 1 ï p, n = sample size, and L = 

accepted error. The population in this study refers to the number of households. 

Embu County household target population was 14,300 and a proportion of 363 

smallholder farmers was used to determine the sample size 

p= 363/14,300=0.025, q=1-0.025=0.975, L2= (0.05)2= 0.0025 

n= (4x0.025x0.975)/ 0.0025=39 

Kisii County target household population was 13,405 and the proportion of 255 

smallholder farmers was used to determine the sample size 

P= 255/13,405=0.019, q=1-0.019=0.981, L2= (0.05)2= 0.0025 

n= (4x0.019x0.981)/ 0.0025=29.8 

Nyamira County target household population was 15,307 and the proportion of 279 

smallholder farmers was used to determine the sample size 

P=279/15,307= 0.018, q=1-0.018= 0.982, L2= (0.05)2= 0.0025 

n= (4x0.018x0.982)/ 0.0025= 28.2 
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3.3 Soil sampling and analyses 

The soils were collected from the smallholder farmersô fields at a depth of 5-20 cm using 

a sterile hand shovel. Soil sampling was carried out across and diagonally from 20 points 

in the field and the samples were mixed to form a composite sample which was packed in 

sterile bags. Sterilizing a hand shovel during soil sample collection was conducted to 

prevent cross-contamination between sampling locations and to ensure the accuracy of 

soil analyses. Before sterilization, it was ensured that the hand shovel was free of any 

visible soil or debris using water and a brush to scrub away any dirt or residue from the 

shovel's surface. After physical sterilization, further disinfect the shovel using a chemical 

sterilizing solution of sodium hypochlorite and the shovel was rinsed thoroughly with to 

remove any residual chemicals. The shovel was then air dried and the sterilization 

process was repeated between each sampling location. 

All the soil samples were transported to the Kenyatta University laboratory and a portion 

of the soil used in metagenomic analysis was stored in the freezer at -30 ϊC. Soil physico-

chemical parameters for each soil sample were determined according to the standard 

procedures described by Anderson and Ingram (1993) and Okalebo et al. (2002).  
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3.4 Soil DNA extraction and Next Generation  sequencing of soil metagenome 

targeting 16S rRNA ant ITS regions  

A metagenomic analysis on the selected soil samples through soil DNA extraction and 

next generation sequencing was carried out according to the procedures described by 

Gastauer et al. (2019). 

 

3.4.1 DNA extraction  

DNA for metagenomic analysis was obtained from the soil samples selected through the 

use of a soil DNA extraction kit (Invitrogen by thermofisher scientific) based on the 

manufacturerôs protocols. A 1.2 % agarose gel was prepared by dissolving agarose 

powder in 0.5X TBE (Tris-Borate-EDTA) buffer. The stained DNA samples, along with 

a DNA size marker (1 kb gene ruler), were loaded into the wells of the agarose gel. The 

gel was placed in an electrophoresis chamber filled with 0.5X TBE buffer. After 

electrophoresis, the agarose gel was carefully removed from the gel tank and placed on a 

UV transilluminator for visualization.  The 1 kb gene ruler, which consists of DNA 

fragments of known sizes ranging from 250 bp to 10,000 bp, was used as a reference to 

estimate the sizes of the DNA fragments (Gupta et al., 2018). 

 

3.4.2 Next generation sequencing 

Next Generation Sequencing (NGS) employed primer sets that targeted the 16S rDNA 

gene of bacteria and archaea, an internal transcribed spacer (ITS) region of fungi. This 

was followed by library preparation and sequencing was carried out on an Illumina 

MiSeq using MiSeq Reagent Kit V3 (Soliman et al., 2017). 
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The 16S rRNA primer pair, 515F GTGYCAGCMGCCGCGGTAA/806R 

GGACTACNVGGGTWTCTAAT for bacterial communities and the internal transcribed 

spacer (ITS) primer pair, ITS1F CTTGGTCATTTAGAGGAAGTAA/ ITS4R 

TCCTCCGCTTATTGATATGC for fungal communities were used to evaluate microbial 

ecology of each sample on the Illumina NovaSeq with methods via the bTEFAP® DNA 

analysis service. Prokaryotic and eukaryotic libraries were constructed and each sample 

underwent a single-step 35 cycle PCR using HotStarTaq Plus Master Mix Kit (Qiagen, 

Valencia, CA). The PCR amplification conditions were as follows: initial denaturation at 

95°C for 10 minutes, followed by 35 cycles (denaturation at 95 °C for 30 seconds; 

annealing at 53°C for 40 seconds and elongation at 72 °C for 1 minute) and a final 

elongation step at 72 °C for 10 minutes. Following PCR, all amplicon products from 

different samples were purified using SPRI beads (Soliman et al., 2017). Samples were 

sequenced based on the Illumina NovaSeq chemistry following manufacturerôs 

instruction (Gastauer et al., 2019). 

For next generation sequencing, the open source package DADA 2 running under R was 

used to process the raw reads. The Q25 sequence data derived from the sequencing 

process was processed using the MR DNA ribosomal and functional gene analysis 

pipeline (www.mrdnalab.com , MR DNA, Shallowater, TX). The unique sequences were 

deionized and identified with illumina sequencing. PCR point errors were removed, 

followed by chimera removal, thereby providing Final sequence operational taxonomic 

units (zOTUs). Final sequence operational taxonomic units (zOTUs) were taxonomically 

http://www.mrdnalab.com/
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classified using BLAST against a curated database derived from NCBI 

(www.ncbi.nlm.nih.gov) and compiled into each taxonomic level and compiled into bith 

counts and percentages. Counts files contain the actual number of sequences while the 

percent files contain the relative (proportion) percentage of sequences within each sample 

that map to the designated taxonomic classification.   

3.5 Low-cost micropropagation of local banana cultivars from Kisii, Nyamira and 

Embu counties 

Thirty young banana plantlets (suckers) with fully 2-3 open leaves and 70-90 cm height 

were obtained from the farmersô fields in Kisii, Nyamira and Embu counties (Plate 3.1).  

 

Plate 3.1: Plant suckers obtained from the field in Kisii, Nyamira and Embu counties. 

 

http://www.ncbi.nlm.nih.gov/
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3.5.1 Production of banana plantlets using low cost tissue culture technologies 

The sword suckers of the explant were cleaned using running water and the pseudostem 

was cut off 30 cm above the base to expose the corm (Plate 3.2). The outer leaf sheaths, 

corm tissue and leaf bases of the explant were trimmed away until a 2 x 2 x 2 cm3 cube 

was formed. The cubes were washed using Tween 20 (3 drops per litre of water) for 30 

minutes and rinsed thoroughly using four (4) changes of sterile distilled water. The 

prepared explants were treated with 0.1 % carbendazim fungicide for one hour to control 

fungal contamination (Parida et al., 2017). The explants were then sterilized using 3 % 

sodium hypochlorite solution for 10 minutes and then rinsed three times using distilled 

water that has been sterilized. Another unsheathing layer of the explant was peeled off 

and then the explant were sterilized using 2 % sodium hypochlorite for 10 minutes after 

which they were rinsed six times with distilled water that has been sterilized. The 30 

healthy sterile meristematic cubes per banana cultivar were cultured in low cost tissue 

culture establishment media (M1) containing nutrient contents described by Saraswathi et 

al. (2014) (Appendix III ).  
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Plate 3.2: Explant preparation and inoculation in low cost tissue culture media. A, Explant 

trimming, washing in teepol, B, Surface sterilized meristematic cube, C, 

Unsheathed meristematic cube, D, Culture establishment in low cost initiation 

media. 

The experiment had four treatment blocks with different hormone concentrations and a 

control with zero hormones in the amended low-cost media. The four treatments were 

replicated 10 times (Table 3.1). The experimental design was CRD.  
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Table 3.1: Experimental design of the treatment blocks for shoot initiation in the 

micropropagation of banana cultivars 

Treatments Hormone Compostion No. of replicates per cultivar 

T1 BAP 3.0 10 

T2 BAP 4.0 10 

T3 BAP 5.0 10 

T4 BAP 6.0 10 

T5 BAP 3.0+IAA 0.3 10 

Control BAP 0.0 10 

BAP, Benzyl aminopurine IAA, Indole acetic Acid 

The cultures were kept at optimal growth temperatures of 25 ± 2 °C, 70 % relative 

humidity and under 16/8-hour photo-period provided by white fluorescent tubes. After a 

regular interval of 3 weeks, the apical meristematic shoots were sub-cultured (3-4 times) 

on shoot bud initiation medium, and the buds that were obtained after the fourth 

subculture were transferred to the shoot proliferation medium (Plate 3.3). The buds were 

sub-cultured 4-6 times and after the sixth sub culture on shoot proliferation medium, the 

apical meristematic shoots of 2-3 cm size were transferred onto the rooting medium 

(M4). The number of days to shoot initiation, number of shoots per explant, number of 

days taken for root establishment were recorded. The plantlets were cultured on the 

rooting medium for 40 days after which those with shoots of 8-10 cm length were 

transferred to jars containing sterile vermiculite for primary hardening (Jefwa et al., 

2012). 
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Plate 3.3:Low cost tissue culture technology procedure. A, Initiation; B, Shoot 

proliferation; C, Quality inspection; D, Rooting. 

 

3.6 Determination of clonal fidelity of in vitro regenerated banana plantlets using      

ISSR markers 

3.6.1 DNA extraction 

Each cultivar had its own mother plant as a control whose DNA was extracted and stored 

in Tris EDTA (TE). Total DNA was obtained from four fresh leaves of each of the micro 

propagated plantlets after 90 days according to the Cetyldimethylethyl Ammonium 

Bromide (CTAB) procedure described by Porebski et al. (1997) with some modifications 

which involved the addition of PVP to increase DNA purity.  
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DNA quality was determined using gel electrophoresis, and stored at 4 °C according to 

Lamare and Rao (2015).  

 

3.6.2  PCR amplification 

The protocol for ISSR analysis was carried out according to the procedure described by 

Babu et al. (2018). The genomic DNA that was extracted from leaves of banana plants 

were subjected to PCR amplification. Five primers were used for the ISSR analyses 

(Table 3.2).  

Table 3.2:Primers use in ISSR analysis to determine presence of somaclonal 

variations 

 

 

 

 

Primer  Primer sequence Number 

of bands 

Annealing 

temperature 

References 

UBC-811 GAGAGAGAGAGAGAGAC 7 43.3 Venkatachalam 

et al., 2007 
UBC-812 GAGAGAGAGAGAGAGAA 8 45 Venkatachalam 

et al., 2007 
UBC-820 GTGTGTGTGTGTGTGTT 11 45 Venkatachalam 

et al., 2007 
UBC-825 ACACACACACACACACC 14 47 Ray et al., 

2006 

UBC-826 ACACACACACACACACC 8 49 Venkatachalam 

et al., 2007 
UBC-834 AGAGAGAGAGAGAGAGYT 13 50 Venkatachalam 

et al., 2007 



38 

 

The PCR amplification were carried out in a 25 µl volumes reaction consisting of 50 ng 

template DNA, 200 nM oligodeoxynucleotide primer (both a forward and reverse primer) 

2 mM Mg Cl2, 13.40 µl of PCR buffer, 0.1 mM dNTP mix and 2 U Taq DNA 

Polymerase. The mixture was subjected to PCR amplification using a PCR thermal cycler 

along with the control (without genomic DNA). The amplification conditions were; initial 

denaturation carried out at 94 °C for 60 seconds followed by 40 cycles (denaturation at 

94 °C for 2 minutes, annealing temperature of 43.3-50 °C (depending on the primer) for 

45 seconds and a final extension at 72 °C for 5 minutes. The amplified products were 

stored at 4 °C in Tris EDTA (T.E) at pH8.0 for further processing.  

3.6.3 Gel electrophoresis 

The amplified products were loaded into 1.8 % agarose gel using 1X TBE buffer and the 

gels were stained with SYBR green dye. A 100 bp gene ruler was used to estimate the 

band sizes. The DNA band presence or absence was recorded as 1 and 0 respectively.  

 

3.7 Isolation and characterization of fungal and bacterial contaminants in the tissue 

culture laboratory  

Bacterial and fungal contaminants associated with banana tissue cultures at Tissue 

Culture Laboratory, located in the plant sciences department in Kenyatta University were 

isolated and characterized based on morpho-cultural and biochemical characteristics. 

Routine laboratory cleanup of all the surfaces were carried out using 3 % sodium 

hypochlorite.  Swabs were collected from various surfaces in the laboratory of the tissue 

culture laboratory preparation room, culturing room and incubation room surfaces (floor, 

benches, laminar flow cabinets, growth racks, and walls). Additionally, swabs were also 
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collected from contaminated cultured banana explants (Musa spp.). The sterile cotton 

swabs were used to swab 4 cm2 of the TC laboratory surfaces were streaked onto sterile 

Nutrient Agar (NA) and Potato Dextrose Agar (PDA) which were prepared aseptically 

according to the standard microbiological procedures (Odutayo et al., 2007). 

 

To isolate contaminants from the air the prepared plates were exposed to the air in the TC 

lab for 120 seconds after which the plates were covered and sealed and then incubated at 

28 ºC for 24 hours for bacteria and 24 ºC for 5-8 days for fungi. Pure isolates of bacteria 

and fungi were stored in MacCartney bottle agar slants at 4 ºC for further microbiological 

analysis. 

Bacteriological analysis involved assessment on nutrient agar plate, microscopy through 

gram staining as well biochemical analysis which included catalase test, indole oxidase 

test and TSI test. Mycology assessment involved observations on potato dextrose agar 

plate as well as microscopy by staining with lactophenol cotton blue on a microscopic 

slide to evaluate mycelia, hyphae, conidia and spores (Buller, 2014). 

Bacterial contaminants were grouped based on the results obtained from colony 

morphology, biochemical tests and microscopy while the fungal contaminants were 

grouped based on the results obtained from colony morphology and microscopy. These 

isolates were categorized based on the laboratory section they were isolated from which 

included the preparation room, culturing room and incubation room and the contaminated 

cultured banana explants. 
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Determination of identities of bacterial and fungal isolates was based on colony 

morphology, biochemical tests and microscopy using the fungal and bacterial 

identification manual described by Buller (2014). 

 

3.7.1 Antimicrobial s usceptibility tests for bacterial and fungal contaminants 

The susceptibility of bacterial and fungal isolates was tested using the Kirby-Bauer 

method described by Kirby et al. (1957) and Msogoya et al. (2012). Fungal and bacterial 

suspensions were prepared based on 0.5 McFarland standards estimated to contain 108 

CFU/ ml of microooorganisms to carry out antimicrobial susceptibility tests. A 1 µl of the 

suspension was spread on petriplate and disks impregnated with antimicrobial agents 

placed after which the plates were incubated at a temperature of 28 ºC for 24 hours for 

bacteria and 24 ºC for 5-8 days for fungi (CLSI, 2006). 

Susceptibility to selected antibiotics was carried out using vancomycin (30 µg), nalidixic 

acid (30 µg), chloramphenicol (30 µg), ciprofloxacin (5 µg), ampicillin (25 µg), 

tetracycline (30 µg), cefuroxime (30 µg) and cifotaxime + clavulate (40 µg). The bacteria 

susceptibility test through disc diffusion involves placing antifungal discs onto agar 

plates inoculated with fungal cultures. The zones of inhibition around the discs indicate 

the sensitivity of the bacteria to the antibiotics. Larger zones suggest greater 

susceptibility, while smaller or absent zones suggest resistance. This interpretation was 

aided by the table described in Appendix iv.  

Susceptibility to antifungal agents carbendazim + triadimefom (0.3 µg and 0.6 µg) and 

metalaxyl-M + mancozeb (1.25 µg and 2.5 µg).The fungi susceptibility test through disc 
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diffusion involves placing antifungal discs onto agar plates inoculated with fungal 

cultures. The zones of inhibition around the discs indicate the sensitivity of the fungi to 

the antifungal agents. Larger zones suggest greater susceptibility, while smaller or absent 

zones suggest resistance. This interpretation was aided by the table described in 

Appendix V.  

3.8 Acclimatization efficacy of micropropagated plantlets using arbuscular 

mycorrhizal fungi  

This investigation was done to ascertain the effectiveness of commercial and indigenous 

AMF in establishment and development of banana plantlets produced through low cost 

tissue culture technology during the acclimatization phase. Three mycorrhizal isolates 

Funneliformis mosseae (BEG 12), Rhizophagus irregularis (BEG 44) donated by the 

International Bank of the Glomeromycota INRA, France and commercial AMF 

(Rhizatech) (G. mosseae, G. Intraradices, G. Etunicatum and G. aggregatum) from 

Dudutech, Kenya were employed as inocula. They were bulked excluding Rhizatech and 

multiplied using sterile soil and sand (1:1) and Bermuda grass as the host plant for four 

months. Plantlets that had been in vitro regenerated were placed in planting pots with 

sterile soil and vermiculite (ratio 1:1), different treatments were administered including 

different AMF species applied at 5 g per pot which contained approximately 100 spores 

(Table 3.3).   
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Table 3.3: Treatments used to determine AMF efficacy in improving in vitro 

regenerated plantlets survival rate and growth 

Treatment Composititon 

Treatment 1 Soil + Vermiculite + Rhizophagus 

irregularis  

Treatment 2 Soil + Vermiculite + Commercial AMF 

(Rhizatech) 

Treatment 3 Soil + Vermiculite + Funneliformis 

mosseae  

Treatment 4 No treatment (control) 

Treatment 5 NPK fertilizer (17:17:17) 

AMF, Arbuscular mycorrhizal Fungi; N, Nitrogen; P, Phosphorus; K, Potassium. 

The study was conducted in a randomized complete block design (RCBD) with five 

replications for all treatment and was maintained in greenhouse conditions for a period of 

70 days (Plate 3.4). Observable features that were recorded during hardening stages 

included survival rates, plant height, leaf number, dry weight, shoot dry weight and root 

dry weight after complete desiccation in an oven for 48 hours at 80 ºC of the banana 

plantlets. 
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Plate 3.4:   Acclimatization of micropropagated banana plantlets using AMF. A, Primary   

aaaaaaaaaaacclimatization; B, Secondary acclimatization; C, Growth monitoring; D, 

aaaaaaaaaaaFully developed banana seedlings. 
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3.9 Data analysis 

In order to evaluate data gathered from the study survey, SPSS software (v22.0) was used 

to summarize the data collected on banana cultivars. Two way Analysis of variance 

(ANOVA) using Statistical Analysis Software (SAS v9.0) was carried out to evaluate the 

data on banana growth parameters. The data was checked for homogeinity of variance 

and transformations where feasible. Data response of micropropagated banana plantlets 

to AMF inoculation was analyzed using repeat measures ANOVA and two way Analysis 

of variance (ANOVA). The means were separated using Tukeyôs Honest Significant 

Difference at p<0.05. On antimicrobial susceptibility testing, data analyses comprised of 

computing mean diameters of the inhibition zones and comparing them with the standard 

zone diameter ranges for a particular antimicrobial agent. Data on PCR amplifications 

was scored into binary form and analyzed using GENAlex software version 6.5. 

   

Statistical analysis of NGS data was performed using a variety of computer packages 

including XLstat (Dowd et al., 2008a), NCSS 2007 (Dowd et al., 2008b), ñRò (Tasnim et 

al., 2017) and NCSS 2010 (Eren et al., 2011; Swanson et al., 2011).  Alpha and beta 

diversity analysis was carried out as described previously using Qiime 2 (Boylen et al., 

2018). Based on the analysis, percentages, counts and diversity indices with a P value < 

0.05 were recorded as significant. 
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CHAPTER FOUR 

RESULTS 

4.1 Banana production survey 

4.1.1 Social demographic features of banana smallholder farmers in Ki sii, Nyamira 

and Embu counties 

The survey conducted showed smallholder farmers in the three counties preferred 

different banana cultivars. The social demographic information showed that majority of 

the respondents in the three counties were male with Embu, Kisii and Nyamira counties 

recording 53.3 %, 60 % and 63.3 %, respectively. It was noted that the respondents' ages 

differed among the three counties, with the biggest proportion of young (18ï25) farmers 

being found in Kisii which represented about 16.7 % of the respondents (Table 4.1). 

 Table 4.1: Age distribution of respondents in Nyamira, Kisii and Embu counties 

 

Nyamira Kisii  Embu 

Age  

group 

Frequency 

 

Percentage 

 (%)  

Frequency 

 

Percentage  

(%)  

Frequency 

 

Percentage  

(%)  

18-25 1 3.3 5 16.7 1 3.3 

26-30 2 6.7 3 10 2 6.7 

31-35 2 6.7 1 3.3 2 6.7 

36-40 2 6.7 7 23.3 2 6.7 

41-45 5 16.7 4 13.3 5 16.7 

46-50 7 23.3 4 13.3 7 23.3 

51-55 6 20 3 10 6 20 

56-60 3 10 1 3.3 3 10 

>60 2 6.7 2 6.7 2 6.7 

Total 30 100 30 100 30 30 
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It was established that 70 % of the respondents had attained at least a primary school 

level of education. Fifty percent of the respondents from Nyamira, Kisii and Embu had 

attained a secondary education while those with tertiary school education were 30 % of 

the respondents in Kisii, Nyamira and Embu Counties. The findings show that the main 

occupation of over 50 % of the respondents in Kisii, Embu and Nyamira counties is 

farming while 23 % from Nyamira, 20 % in Kisii and 9 % in Embu indicated that they 

were employed. Additionally, it was noted that in Kisii, 30% of respondents had their 

own businesses, compared to a lower percentage in Embu (23.3 %) and Nyamira (16.7 

%).  

 

4.1.2 General farming practices in Kisii, Nyamira and Embu counties 

Farming land availability varied with 83.3 % of the farmers in Kisii and 76.7 % of the 

farmers in Nyamira had less than an acre of farm land. However, 26.7 % of the farmers in 

Embu County had more than two acres of farm land (Figure 4.1).  

 

Figure 4.1: Farm land allocation among the respondents in Kisii, Nyamira and Embu 

Counties 
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It was established that 50 % of the respondents in Nyamira County used hired labour as 

the main source of labour while in Embu it was 46.7 % and Kisii 36.7 %. Respondents in 

Embu County recorded the least percentage (6.7 %) involvement of family labour 

followed by Nyamira (30 %) and the highest was recorded in Kisii (40 %). Acreage 

allocated to cultivation varied between the counties.  

 

Smallholder farmers in the three counties practice mixed farming systems in order to 

provide food for the homestead and the surplus for sale. Eighty percent of the 

respondents in the three counties were practicing integrated farming which includes 

cultivation, livestock keeping and others such as poultry farming (Figure 4.2).  

 

Figure 4.2: Diversity of crops grown by respondents in Kisii, Nyamira and Embu 

Counties.  
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4.1.3 Fruit product ion in Kisii, Nyamira and Embu counties  

Fruit farming was a major farming activity in Kisii, Nyamira and Embu counties with 

banana being the highest-ranking fruit out of the five fruit crops. There was significant 

difference is the production of bananas in the three counties. Kisii County was the highest 

producer of bananas followed by Embu County and lastly Nyamira County. The second 

ranking fruit crop was avocados with the highest producing County being Kisii County 

followed by Embu County and lastly Nyamira County (Table 4.2). 

 

 

Table 4.2: Yield index of fruits in Kisii, Nyamira and Embu counties 

 

 

 

 

 

Means are expressed as mean ± standard error of the mean. Means within rows with the 

same letters are not significantly different using Tukeyôs HSD at P < 0.05. 

 

4.1.4 Banana production in Kisii, Nyamira and Embu counties 

Eighty-six percent of respondents in Kisii and ninety-three-point three percent of the 

respondents in Nyamira counties had planted bananas on 0.2-0.5 acres. In Embu County 

40 % of the respondents grew bananas on 0.5 acres and above. It was observed that 93.3 

%, 80 % and 80 % of respondents in Kisii, Nyamira and Embu counties respectively 

 Kisii  

 Mean±SE 

 Embu  

Mean± SE 

    Nyamira  

Mean± SE 

   P -

value 

   

Banana 5.80 ± 0.14a  5.47±0.21a 4.23±0.21b    0.04    

Pawpaw 1.40 ± 0.09b  1.20±0.09b 1.10±0.07b    0.21    

Oranges 1.10 ± 0.06b     1.07±0.07b 1.00±0.00b    0.53    

Avocados 2.07 ± 0.16a  1.83±0.19b 1.50±0.18b    0.02    

Mangoes 1.23  ± 0.08b  1.10±0.07b 1.33±0.15b    0.08    
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harvest more than 20 bunches annually averaging 22-35 kgs per bunch. From the study it 

was observed that Kisii was leading in banana production (Table 4.2). 

 

A survey of the preferred banana cultivars in the three counties showed that in Kisii and 

Nyamira, the most preferred cultivar was ngôombe with 73.3% of the respondents in Kisii 

(Fig. 4.3) and 90 % of the respondents in Nyamira (Fig. 4.4). However, in Embu County 

the preferred cultivar was Israel with 96 % of the respondents growing it followed by 

Moraru with 73 % of the respondents (Fig. 4.5). 

 

 

 

4.1.5 Factors affecting banana farming in Kisii, Nyamira and Embu counties 

Pests and diseases ranked as the major challenge in banana production with Embu being 

the highest affected with 73 % of the respondents identifying it as a major challenge (Fig. 

4.6).  

Fig 4.3: Local banana 

cultivars in 

Kisii County. 

Fig 4.4: Local banana 

cultivars in 

Nyamira 

County. 

Fig 4.5: Local banana 

cultivars in 

Embu 

County. 
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Lack of planting materials ranked as the second significant challenge that is facing these 

farmers with Kisii County respondents being the most affected with 43.3 of the 

respondents indicating that they had limited access to planting materials (Fig. 4.7).  

             

 

 

Availability of ready market is another factor that has to be put into consideration. 

Majority of the respondents in Embu (70 %), and Nyamira (45 %) indicated that they sold 

their bananas to their neighbors while 60 % of the respondents in Kisii indicated that they 

sold to neighbors and at the local trading Centre. There is limited market access and with 

transportation acting as a major contributor. The respondents indicated that they had 

limited access to agricultural services, such as access to an agricultural extension officer 

and this may plays significant role in low productivity of bananas in the three regions. In 

the counties of Nyamira and Kisii, it was determined that none of the respondents had 

any interactions with agricultural extension officers. Embu County differed in that 23.3 % 

of the respondents had access to services offered by agricultural extension officers. 

Additionally, other challenges mentioned by farmers included limited access to 

Fig 4.6: Pests and diseases as a 

challenge in banana 

farming.  

 

Fig 4.7: Lack of planting materials as a 

challenge in banana farming.  
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agrochemicals (pesticides, fungicides and herbicides). This was indicated by more than 

20 % of respondents from Kisii, Nyamira and Embu counties. 

 

4.1.6 Banana tissue culture technology adoption 

Most respondents had little or no understanding of banana tissue culture technology, with 

60% of those in Kisii, 66.7% of those in Nyamira, and 63% of those in Embu County 

indicating they were unaware of the practise. Less than 35 % of the respondents from the 

three counties indicated that they had scanty knowledge on tissue culture technology. 

Embu County had the highest number of respondents (36 %) (Fig. 4.8) planting tissue 

cultured banana varieties, followed by Kisii County (10 %) (Fig. 4.9). Twenty percent of 

the respondents who grew tissue cultured bananas in Embu preferred FHIA 17 followed 

by grandnaine (6.7 %) and giant Cavendish (6.7 %) (Fig. 4.10). 

 

 

 

 

Figure 4.8: Tissue cultured 

banana cultivars 

grown in Embu 

County. 
 

Figure 4.9: Tissue cultured 

banana cultivars 

grown in Kisii 

County. 

 

Figure 4.10: Tissue cultured 

banana cultivars 

grown in Nyamira 

County. 

 

Cultivars Cultivars Culture Cultivars 
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Based on the study there were various factors that influenced banana farming and tissue 

culture adoption, this was determined from a pearsons correlation test. This revealed that 

there was significant correlation at 0.01 level between access to agricultural services and 

whether or not the respondents had received farm management training. There was also 

significant correlation between access to farm management training and whether or not 

the respondents had knowledge about tissue cultured banana technology, whether they 

plant tissue cultured bananas, duration of tissue culture farming and availability of tissue 

culture bananas (Appendix II). 

 

4.2 Soil physico-chemical parameters 

The samples obtained from the three counties varied in soil organic carbon levels with 

majority of the soil samples from Embu and Nyamira containing moderate organic 

carbon levels. The study showed the average pH recorded in the soils obtained from the 

Counties was 4.94. Additionally, there was a significant difference in the pH between the 

three Counties (P= 0.01).  Macronutrients which are required in high amounts varied in 

the soil samples from the three counties. Soil samples from Embu County had the highest 

total nitrogen (TN) reported at 0.61 followed by Nyamira County at 0.21 and lastly Kisii 

County at 0.16. Additionally, there was a significant difference in the total organic 

Carbon (TOC) with soil samples from Embu County having an average of 18.20 and the 

lowest observed in Kisii County at 1.72 (Table 4.3). 
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Table 4.3: Soil physico- chemical properties of rhizospheric soil obtained from Kisii, 

Nyamira and Embu counties 

 

Embu Kisii  Nyamira P- Value 

pH 4.94±0.12b 6.15±0.24a 5.09±0.17b 0.01 

TN 0.61±0.30a 0.16±0.01a 0.21±0.01a 0.14 

TOC 18.20±11.20a 1.72±0.10b 2.39±0.11b 0.03 

TP 37.35±7.07a 36.30±3.40a 32.00±3.27a 0.71 

TK  1.15±0.20a 1.04±0.14a 1.50±0.44a 0.62 

Ca 1.28±0.50ab 3.32±0.66a 1.50±0.44ab 0.02 

Mg 2.09±0.23a 3.07±0.30a 2.21±0.40a 0.08 

Mn 1.32±0.22a 1.27±0.11a 1.10±0.33a 0.97 

Cu 2.39±1.12a 1.84±0.24a 2.52±0.63a 0.71 

Fe 54.70±6.50b 70.76±4.03ab 84.20±11.70a 0.05 

Zn 9.31±1.97b 16.65±3.92a 19.84±3.12a 0.04 

Na 1.40±0.70ab 0.34±0.06a 0.34±0.06a 0.05 

pH= acidity/ basicity, TN = total nitrogen, TOC = total organic carbon, TP = total 

phosphorus, TK = total potassium, Ca =calcium, Mg = magnesium, Mn = Manganese, Cu 

= Copper, Fe = Iron, Zn = Zinc and Na = Sodium. Different letters indicate significantly 

difference within rows (P < 0.05) according to Tukeys Honest Significance (HSD) test. 

 

4.3 Banana Rhizosphere Microbial Diversity determination using next generation 

sequencing (NGS) of rhizospheric soil 

DNA was isolated from soils from Kisii, Nyamira, and Embu counties and visualised in 

1.2% agarose to determine the quality of DNA. (Plate 4.1). 
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Plate 4.1: Gel electrophoresis image of soil metagenomic DNA in 1.2 % agarose and 1kb 

gene ruler (Thermofisher). Lanes 1-4, DNA from Kisii  soil samples; Lanes 5-

8, DNA from Nyamira soil samples and lanes 9-12, DNA from Embu soil 

samples.  

 

4.3.1 Relative abudance of bacterial phyla based on soil metagenomic analysis 

targeting 16S region 

The bacterial communities varied in the different rhizospheric soil samples obtained from 

the three counties. The resultant 420000 sequences were parsed and 335089 formed 

(operational taxonomic units (OTUs), 324697 sequences were within the Bacteria and 

Archaea domains. The dominant bacterial phyla were 

actinobacteria, proteobacteria, acidobacteria (Figure 4.11).   
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Figure 4.11: Relative abundance of observed bacteria kingdom phyla in banana 

rhizosphere soil samples. Nyamira County (N1, N4, N6, N8); Kisii  County 

(C11, C14, C16, C19); Embu County (C3, C5, C7, C10). 

 
 

  

4.3.2 Hierarchal clustering of bacterial communities in banana rhizospheric soils 

Based on the dual hierarchal dendrogram, there was a lack of distinct clustering between 

the presumed sample groups N and C (Fig 4.12).  There is no clear evidence of a 

significant difference between sample groups. The heatmap obtained from the dual 

hierarchal classification of the predominant genera enabled the visualization of 

predominant bacterial genera such as Acidobacterium sp.  
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Figure 4.12: Dual Hierarchal dendrogram evaluation of the taxonomic classification 

data, with each sample clustered on the X-axis labeled based soil sample. 

The heatmap represents the relative percentages of each genus.  The 

predominant genera are represented along the right Y-axis.   
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Majority of the bacterial genera identified were those associated with soil. However, 

there were plant beneficial bacterial genera such as Rhizobium sp. and Azospirillum sp. as 

well as plant pathogenic genera such as Ralstonia sp. And Xanthomonas sp. identified 

from the soil samples (Figure 4.13). 

 

Figure 4.13: Relative abundance of bacterial genera. A, Beneficial bacteria genera; B, 

disease causing bacterial genera. Soil samples from Nyamira County (N1, 

N4, N6, N8), Kisii County (C11, C14, C16, C19); Embu County (C3, C5, 

C7, C10). 

 

4.3.4 Alpha and Beta diversity analysis of bacterial communities in banana 

rhizopsheric soils 

The number of operational taxonomic units (OTU) at the species level defined alpha 

diversity among different groups which showed that different microbial species are 

within the given sample. The Shannon-Wiener Index curve plot reached a plateau at 
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approximately 2000 sequences indicating sufficient sequencing depth to characterize 

bacterial diversity (Fig. 4.14). 

 

Figure 4.14: Alpha diversity of bacterial microbial communities in soil samples 

expressed as Shannon-Wiener and Rarefaction curves calculated based upon 

detection of ASVs (Amplicon Sequence Variants) using DADA2. Soil 

samples from Nyamira County (N1, N4, N6, N8); Kisii County (C11, C14, 

C16, C19); Embu County (C3, C5, C7, C10). 

A Bray-Curtis dissimilarity matrix principal coordinate analysis plots of the microbial 

communities showed that there appears to be phylogenetic assemblage in sample group N 

that is distinct from sample group C (Figure 4.15). 
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Figure 4.15:   Principal coordinate plot of weighted UniFrac data with colors keyed on 

the sample-id. Primary vector (Axis 1) explains 45.12 % of the variation 

between the samples. Soil samples from Nyamira County (N1, N4, N6, N8); 

Kisii County (C11, C14, C16, C19); Embu County (C3, C5, C7, C10).  

The alpha diversity (Shannon- weiner index) and beta diversity (Principle component 

analysis) indices showing bacterial communities diversity and community abundance 

varied in the soil samples. Soil sample N6 from Nyamira County had the lowest shannon 

diversity, faith and PCOA indices indicating low diversity and abundance of bacterial 

genera. Soil sample C5 from Embu County had the highest shannon diversity, faith and 

PCOA indices indicating high diversity and abundance of bacterial genera (Table 4.4). 
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Table 4.4: Alpha and Beta diversity  bacterial communities analysis of banana 

rhizospere soil samples  

 

Shannon diversity  

Index 

Faith 

Index 

Principle component 

 Analysis (PCoA) 

Index 

C14 8.961142 79.44049 -0.072402585 

N4 8.215836 45.39901 0.156259897 

N8 9.310428 78.61191 0.291114114 

C10 8.518025 75.05421 -0.070074251 

C11 9.292135 108.6745 -0.050913035 

C16 8.637193 67.11941 -0.001735964 

C19 8.623961 66.22904 -0.009044414 

C3 8.73809 91.60279 -0.101475774 

C5 9.301601 106.0649 -0.057552317 

C7 8.948829 80.48075 -0.077219799 

N1 8.275062 48.58578 0.280032429 

N6 5.36682 15.70566 -0.286988302 

Soil samples from Nyamira County (N1, N4, N6, N8); Kisii County (C11, C14, C16, 

C19); Embu County (C3, C5, C7, C10). 

 

4.3.5 Relative abundance of fungal phyla based on metagenomic soil analysis 

It was observed that 314531 sequences identified from the blast analysis were within the 

fungi kingdom and showed the fungal phyla in the soil samples obtained from Kisii, 

Nyamira and Embu counties. The average sequence reads per sample was 26210 and the 

most abundant fungal phyla was ascomycota followed by basidiomycota in all the soil 

samples (Figure 4.16). 
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Figure 4.16: Relative abundance of observed fungal kingdom phyla in banana 

rhizosphere soil samples. Nyamira County (N1, N4, N6, N8); Kisii County 

(C11, C14, C16, C19); Embu County (C3, C5, C7, C10). 

 

4.3.6 Hierarchal clustering of fungal communities in banana rhizospheric soils 

A dual hierarchal dendrogram of the predominant genera showed clustering related to the 

different groups. Based on the lack of distinct clustering between the presumed sample 

groups N and C. Soil associated fungal genera such as Mortierella sp. And Cryptococcus 

sp. were the most predominant. Fusarium sp. Which are commonly associated with plant 
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diseases had a relative abundance ranging from 0.38 to 96.06 in the soil samples from 

Kisii, Nyamira and Embu counties (Figure 4.17) 

 

Figure 4.17: Dual Hierarchal dendrogram evaluation of the taxonomic classification 

data, with each sample clustered on the X-axis labeled based soil sample. 

The heatmap represents the relative percentages of each genus.  The 

predominant genera are represented along the right Y-axis.  Soil samples 
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from Nyamira County (N1, N4, N6, N8); Kisii County (C11, C14, C16, 

C19), Embu County (C3, C5, C7, C10). 

 

It was observed that there were plant beneficial fungal genera such as arbuscular 

mycorrhiza fungi (AMF) Acaulospora sp. and Glomus sp. Their percentage occurrence 

was lower than fungal genera mostly associated with plant diseases such as Fusarium sp., 

Colletotrichum sp. and Vertilicillum sp (Figure 4.18). 

 

 

Figure 4.18: Relative abundance of observed fungal genera in banana rhizosphere . A, 

Beneficial fungal genera. B, Pathogenic fungal genera. Soil samples from 

Nyamira County (N1, N4, N6, N8); Kisii County (C11, C14, C16, C19); 

Embu County (C3, C5, C7, C10). 

 

 

A B 

 Soil samples 
 

 Soil samples 
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4.3.7 Alpha and Beta diversity analysis of fungal communities in banana 

rhi zopsheric soils 

The number of operational taxonomic units (OTU) at the genus level defined the alpha 

diversity among different groups which evaluated how many different microbial species 

are within the given sample. The Shannon-Wiener Index curve plot reaches a plateau at 

approximately 2000 sequences indicating sufficient sequencing depth to characterize 

fungal diversity (Fig. 4.19). 

 

 

Figure 4.19: Alpha diversity of fungal microbial communities in soil samples expressed 

as Shannon-Wiener Rarefaction curves calculated based upon detection of 

ASVs (Amplicon Sequence Variants) using DADA2. Soil samples from 

Nyamira County (N1, N4, N6, N8); Kisii County (C11, C14, C16, C19); 

Embu County (C3, C5, C7, C10). 
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Beta diversity analysis showed the fungal community structure of the different soil 

samples.  A principal coordinate analysis A Bray-Curtis dissimilarity matrix principal 

coordinate analysis plots of the microbial communities showed phylogenetic relatedness. 

There were phylogenetic assemblage amongst sample group N that is distinct from 

sample group C (Figure 4.20). 

 

 

Figure 4.20:   Principal coordinate plot of weighted UniFrac data with colors keyed on 

the sample-id. Primary vector (Axis 1) explains 19.57 % of the variation 

between the samples. Soil samples from Nyamira County (N1, N4, N6, N8); 

Kisii  County (C11, C14, C16, C19); Embu County (C3, C5, C7, C10). 
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The alpha diversity (Shannon-weiner index) and beta diversity (Principle component 

analysis) figures showing fungal communities diversity. Soil sample C14 from Kisii 

County showed the highest diversity with a diversity index of 6.686194 while N6 from 

Nyamira County showed the lowest diversity index (Table 4.5). 

Table 4.5: Alpha and Beta diversity fungal community analysis of banana 

rhizospere soil samples  

Sample Identity 

Shannon 

Diversity index 

Faith 

Index 

Principle Component Analysis 

(PCoA) Index 

N6 0.677111 3.814889 -0.00006 

N1 3.26986 11.92947 0.269778 

N4 3.667344 10.82037 -0.56726 

N8 3.22053 8.366606 0.295455 

C14 6.686194 52.56977 0.032562 

C16 5.792565 39.74698 0.020006 

C19 6.079599 31.46444 0.025211 

C5 4.189097 14.2502 -0.00526 

C10 5.496617 44.34761 0.03522 

C11 4.805027 23.60839 -0.08128 

C3 5.985529 30.4308 -0.01315 

C7 6.531445 47.61447 -0.01128 

Soil samples from Nyamira County (N1, N4, N6, N8); Kisii  County (C11, C14, C16, 

C19); Embu County (C3, C5, C7, C10). 

 

4.3.8 The influence of soil physicochemical parameters on microbial communities 

There were variations in bacterial and fungal communities which closely correlated with 

the soil parameters based on Canonical correspondence analysis. These included soil pH, 

total organic carbon (TOC), total nitrogen which were the main drivers of microbial 

community distribution (Fig 4.21).  



67 

 

 

Fig 4.21: Canonical correspondence analysis of bacterial species against soil parameters 

for banana rhizospheric soil. a, Beneficial; b, Pathogenic bacterial species. Red 

arrows represent fungal species while the blue arrows represent soil physico-

chemical parameters. 

Plant beneficial bacteria species such as Bradyrhizobium sp., Azotobacter sp. and 

Rhizobium sp. distribution was mainly affected by soil pH, soil P (Phosphorus), Total 

Nitrogen (TN) and TOC. In plant pathogenic bacterial species TN, TOC and soil pH were 

the main drivers, in which soils with high pH, adequate TN and TOC had low incidences 

of pathogenic bacterial species such as Xanthomonas sp. and Ralstonia sp.  

 

The distribution and abundance of beneficial fungal species such as arbuscular 

mycorrhiza fungi (AMF) which include Gigaspora sp. was affected by soil pH with low 

counts observed in highly acidic soil. Other species such as Acaulospora were affected by 

total nitrogen (TN) and total organic carbon (TOC) (Fig 4.22). Population of plant 

pathogenic species such as Colletotrichum sp. and Verticillium sp. were TOC and TN 

while majority of Fusarium species were affected by soil pH and P.  
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Fig 4.22: Canonical correspondence analysis of fungal species against soil parameters for 

banana rhizospheric soil. a, Beneficial; b, Pathogenic fungal species. Red 

arrows represent fungal species while the blue arrows represent soil physico-

chemical parameters. 

 

4.4  In -vitro micropropagation efficiency of local banana cultivars using low cost 

tissue culture technology 

4.4.1 Cost analysis of reduction of production cost 

Local fertilizers were used instead of standard macronutrients and micronutrients, which 

resulted in cost savings of 90 and 66.7%, respectively. Additionally, total cost reduction 

incurred by using low- cost media was 84.5 % (Table 4.6). 

 

 

 

a b 
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Table 4.6: Cost differences of conventional and low cost alternative sources of 

micronutrients, macronutrients and sucrose used in the preparation of a 

litre of tissue culture media 

Conventional 

Sources 

Cost per litre of 

media (Ksh) 

Low cost 

sources 

Cost per litre of 

media (Ksh) 

Cost 

reduction (%) 

Macronutrients 50 Local 

fertilizers 

5 90 

Micronutrients 1.50 Easy grow 0.50 66.7 

Sucrose 120 Table sugar 4 96.7 

Total 180.50   9.50 84.5 

  

 

The cost incurred was lowered by 93% through the use of alternate culture bottles in the 

tissue culture process, such as the substitution of jam jars for traditional tissue culture 

bottles. (Table 4.7). 

 

Table 4.7: Cost differences of conventional and low cost alternative sources of 

culturing materials used in the preparation of tissue culture media 

Conventional 

Sources 

Cost per item 

(Ksh) 

Low cost 

sources 

  

Cost per item 

(Ksh) 

Cost 

reduction 

(%)  

Culture bottles 650 Jam jars 40 93 

Sodium 

hypochlorite per 

litre 

1600 Jik per litre 110 93.1 

Aluminium foil 600 Sterile waste 

paper 

0 100 

Ascorbic acid 4195 per 100 g Activated 

charcoal  

450 per 100 g 89.3 

Total 6555   600 93.9 
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4.4.2 Effect of micropogation on local banana cultivars  

Survival rate at different hormonal concentration varied based on the banana cultivars. 

Highest survival rate for Kiganda, Israel, Muraru and Kienyeji banana cultivars was 

recorded in cultures established in low- cost MS media supplemented with BAP and IAA 

hormones. However Kienyeji also did well in BAP 4.0 mg/l (Figure 4.23).  

 

 

Figure 4.23: Explants survival rate in low-cost tissue culture media supplemented with 

different hormone concentrations. BAP, Benzyl aminopurine; IAA, Indole acetic acid. 

Error bars indicate standard error at p = 0.05. 

 

4.4.3 Shoot establishment and initiation response of local banana cultivars from 

Embu, Kisii and Nyamira counties using low cost tissue culture technology 

Those cultures initiated in initiation media without BAP did not produce shoots. The 

presence of a growth regulator had significance influence on the survival and 

establishment of the shoot tip cultures. Some of the cultivars collected from Kisii County 

took an average of between 28.1- 29.6 days to establish a shoot (Table 4.8). 
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 Table 4.8: Shoot initiation response at different hormone concentrations of local 

banana cultivars from Embu, Kisii and Nyamira counties using low cost 

tissue culture technology 

Treatments Region 

Shoot 

Emergence 

(%) 

Shoot tip 

Establishment 

(%) 

No. of days to 

shoot 

establishment 

Cultivars  

     Kiganda Embu 75.5 ±0.70 a 60.5 ±0.67 b 29.7 ±0.82a 

 Israel Embu 0.00 0.00 0.00 

 Muraru Embu 65.5 ±0.75ab 65.5 ±0.19ab 30.0 ±0.89a 

Ng'ombe Kisii  80.5 ±0.05a 75.5 ±0.70a 28.3 ±0.67a 

Sukari Kisii  55.5 ±0.05b 55.5 ±0.15 bc 29.6 ±0.97a 

Kienyeji Kisii  76.0 ±0.15a 73.5 ±0.05a 28.1 ±0.95a 

Ng'ombe Nyamira 66.5 ±1.41ab 60.5 ±0.73b 28.7 ±1.41a 

Sukari Nyamira 35.5 ±1.13c 0.00 28.9 ±1.62a 

Kienyeji Nyamira 70.5 ±1.51a 65.5 ±0.75ab 29.3 ±1.33a 

Hormone  

    BAP 0.0 
 

0.00  0.00 0.0  

BAP 3.0 
 55.0 ±0.25bc 40.5 ±1.83bc 27.0 ±1.01a 

BAP 4.0 
 65.5 ±0.19b 63.5 ±1.44ab 30.0±1.54a 

BAP 5.0 
 68.5 ±0.2 b 60.5 ±1.19ab 28.5 ±0.67a 

BAP 6.0 
 60.5 ±0.66bc 55.0 ±1.08b 30.92±1.02a 

BAP 3.0+IAA 0.3 
 80.5 ±0.15a 73.5 ±1.11a 26.5±1.25a 

P value 
 

   Cultivar 
 

<0.001 <0.001 0.031 

Hormone  
 

0.015 0.018 0.045 

Cultivar*Hormone  
 

0.019 0.021 0.054 

Values are expressed as mean ± standard error of the mean. Means having the same 

letters are not significantly different within the columns. According to Tukeyôs HSD at 5 

%. Letters a, b and c represent statistical difference within columns. BAP, Benzyl 

aminopurine. 

 

Banana Cultivars from Nyamira counties took an average 28.7- 29.3 days to establish 

shoots. The cultures placed in initiation medium supplemented with 3.0 mg/l BAP and 




























































































































































































