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ABSTRACT 

Banana is one of the most traded agricultural commodities globally. With the discovery 

of Fusarium wilt of banana (FWB) also known as Panama wilt caused by a soilborne 

fungus Fusarium oxysporum f.sp. cubesne (Foc), it has raised concern for the future of 

banana industry globally. Among all the races of Foc, Tropical Race 4 (TR4) is 

considered to be more devastating. The pathogen has been spread globally and the 

discovery of disease in major banana growing districts of Nepal such as Nawalparasi 

(West), Kailali and Chitwan, has raised a threat upon Nepali banana industry. With no 

effective control methods developed so far, researchers are looking for the robust 

biological management for the disease. In this study, four different soil types were used 

to evaluate the natural suppressive potential of the soils. Soils from various ecosystem 

such as virgin land, healthy banana field, diseased field and the autoclaved sterilized 

soils were used to evaluate their suppressiveness for FWB in greenhouse. The banana 

plants grown on virgin soil showed significantly the least disease revealed by area under 

disease progress curve and disease severity index which was 12.83±17.38 and 

16.67±12.91 respectively for the first trial and 10.5±15.8 and 25±15.81 respectively for 

the second trial as compared to sterile soil which showed 78.17±54.39 and 75±38.73 

respectively for the first trial and 100.91±52.63 and 87.5±20.91 respectively for the 

second trial. These different soils were then subjected for DNA extraction after which 

they were proceeded for 16S amplicon sequencing. From the results, it was observed 

that the virgin soil had balanced distribution of key antagonistic phyla such as 

Proteobacteria (30%), Firmicutes (15.23%), Actinobacteria (13.71%) and 

Acidobacteria (12.53%) and which contributed to the suppressiveness nature of virgin 

soil against the pathogen. The findings suggest the potential usage of bacteria belonging 

to these phyla for the control and management of TR4 in consortium. The results further 

clarify the role of native soil microbiomes in the management of soilborne pathogens 

such as Foc TR4 for sustainable food production.  

Keywords: Fusarium wilt of banana, Soil Suppressiveness, Rhizosphere microbiome, 

Metagenomics 
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शोधसार 

केरा विश्वभर नै सिााविक व्यापार हुने कृषी उपज मध्य एक हो । केराको ओईलाउने  रोग  (Fusarium 

Wilt) अथिा पनामा ओईलाउने  रोगका नामले पवन विनेने रोगको पत्ता लागेसङै्ग यसले केराको विश्व 

व्यपार र खाद्य सुरक्षा माथी सङ्कट पारेको छ । यो रोग Fusarium oxysporum f. sp. Cubense नामक 

ढुसीको कारणले लाग्दछ ।  यस ढुसीका विवभन्न िार जात मधे्य टर वपकल रेस ४ अझ सबैभन्दा  विनाशकारी 

मावनन्छ । यो रोग हाल विश्वभरी नै फैवलएको अिस्थामा नेपालको प्रमुख केरा खेती हुने वजल्लाहरु जसै्त 

निलपरासी (पविम), कैलाली र वितिनमा पवन फेला पररसकेको  हुुँदा, यसले नेपालको केरा उत्पादनमा 

ठुलो त्रास फैलाएको  छ । हाल सम्म कुनै प्रभािकारी व्यिस्थापन वििी पत्ता नलागेको यस रोगको जैविक 

व्यिस्थापनका लागी बैज्ञावनकहरुले खोज अनुसन्धान गरररहेका छन । यो अनुसन्धानमा विवभन्न िार 

प्रकारका माटोहरुको, प्राकृवतक गुणले रोगलाई दमन गनासके्न क्षमताको  बारेमा अध्य्यन गररएको छ ।  

पररक्षण वनरन्तर  दुई िक्र सम्म सम्पन्न गररएको छ। विवभन्न पाररस्स्थवतक पद्दती बाट जसै्त कवहलै्य खेती 

नगररएको बाझो खेत, रोग नलागेको स्वस्थ केराको खेत, ओइलाउने रोग देस्खएको खेत र वनमुावलकरण 

गररएको  माटोहरुलाई हररतगृहमा पररक्षण गररएको वथयो। रोगको कारक ढुसीलाई कृवतम पालन गरी 

टर वपकल रेस ४ को लागी  केराको संिेदनशील जात वज नाईन लाई नबे्ब वदनसम्म लगाएर पररक्षण गदाा, 

बाझो खेत बाट सङ्कलन गररएको  माटोमा रोवपएका केराको बोटमा उले्लखनीय   रुपमा कम रोगका 

मापनहरु देस्खएका वथए । बाझो खेतको माटोमा रोगको मापक AUDPC र  DSI पवहलो िक्रमा  क्रमश 

१२ .८३±१७.३८ र १६.६७±१२.९१ देस्खएको वथयो र दोश्रो िक्रका मा क्रमश १०.५±१५.८ र २५±१५.८ 

देस्खएको वथयो भने वनमुावलकरण गररएको माटोमा AUDPC र  DSI पवहलो िक्रमा क्रमश 

७८.१७±५४.३९ र ७५±३८.७३ र दोश्रो िक्रमा क्रमश १००.९१±२.६३ र ८७.५±२०.९१ देस्खएको वथयो ।  

त्यसपिात वत बोटहरुको जरामा रहेको माटो वलई त्यसबाट DNA  पृथवककरण  गरी माटोमा भएका 

व्याके्टररयाहरुको पवहिानको लागी full length 16S Metagenomic sequencing गररएको वथयो । 

पररक्षणको नवतजाबाट बाझो माटोमा Proteobacteria (३०%), Firmicutes(१५.२३%), Actinobacteria 

(१३.७१%), Acidobacteria (१२.५३%)  लगायत अन्य ढुसी विरोिी  वजिाणु रहेको पाइयो जसले यस 

प्रकारको माटोमा ढुवसलाई दमन  गरेको हुनसके्न सम्भाि नालाई इवङ्गत   गरेको छ  । यस अध्य्यनका 

नवतजाहरुले त्यस प्रकारका वजिाणुहरुलाई एवकतृत  रुपमा प्रयोग गरी रोग व्यिस्थापन गना सवकने 

सम्भािनालाई उजागर गरेको छ। यस अध्य्यनको नवतजाले केरामा ढुसीका कारण लागे्न विनाशकारी 

ओईलाउने रोगलाई नेपालको माटोमा प्राकृवतक रुपमा रहेका रैथाने वजिाणुहरुले रोगहरुको  

व्यिस्थापनमा गना सके्न सम्भािनालाई उजागर गरेको छ   ।  

शब्द कुन्जिका:  Fusarium wilt of banana, Soil Suppressiveness, Rhizosphere microbiome, 

Metagenomics 
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CHAPTER 1 

INTRODUCTION 

1.1 Background  

Bananas (Musa spp.) which belongs to order zingiberales hold a prominent position in 

global market (Baruah et al., 2025). With the existence of more than 1000 variety 

worldwide, Banana is one of the most produced and traded agricultural commodities 

throughout the world of which Cavendish variety being one of the highly traded variety 

accounting for approximately half of global production (FAO, 2025). In the year 2023 

the global banana production was recorded to around 139.29 million mt with Asia being 

highest producer contributing to 51.9% of global production. This was followed by 

Americas with 23.9% and Africa with 22.5% of total production while Europe 

contributed to only 0.5% of total global production. India was the leading producer of 

banana producing about 36 million mt of banana and followed by China (mainland) 

producing about 11 million mt of banana in the year 2023 (FAOSTAT, 2023). In the 

year 2023, the World Export quantity of banana was 21 million mt with approximate 

value of US $ 12million (FAOSTAT, 2023). 

 

 

Figure 1 : Top 10 Banana producing countries (FAOSTAT, 2025) 
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Banana is one of the  most important horticultural crop in Nepal. In the financial year 

2023/24, banana contributed to about 1.04% of agricultural GDP (Gross Domestic 

Product) of the country. Banana is cultivated at around 25,972 ha of land with the 

production of 383,285 mt. and yield of 16.38 mt/ha in the fiscal year 2023/24. It is 

cultivated in 72 out of 77 districts of Nepal. Nawalaparasi west district has the largest 

area under banana cultivation of around 3650 haand with the production of 58,240 mt. 

This is followed by Morang with 2490 ha and Jhapa with 1932 ha under cultivation. 

However in terms of production, Jhapa ranks second with 38,399 mt and Morang ranks 

second with production of 37,051 mt in the financial year 2023/24 (MOALD, 2025). 

However, Nepal still imports huge quantity of banana from its neighboring country 

specifically India. Nepal has imported the bananas worth US $403,225 highlighting its 

growing demand in Nepalese market (Jumaway, 2024).  

 

Figure 2:  Province wise banana production status of Nepal 2023/24 (Source: 

MOALD, 2025) 

Fusarium wilt of banana popularly known as panama wilt is a destructive disease caused 

by fungus called as Fusarium oxysporum f. sp. cubense (Foc) that affects significantly 

bananas and plantains. This disease has historical evidence of its severe impact on 

global banana production (Venkatesh et al., 2025). This fungus has been 

physiologically classified into three races; race1, race2 and Tropical Race 4 (TR4) 

which is also based on the banana cultivars they infect (Cong et al., 2025; Pankaj et al., 

2025). In mid 20th century, Foc race 1 led to heavy destruction of ‘Gros Michel’ cultivar 

also including other cultivars such as ‘Lady Finger’ and ‘Silk’ cultivars leading banana 

market’s dependence on cavendish cultivar (AAA group) which was resistant to race 1 
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(Lu et al., 2025; Sun et al., 2025). However with the emergence of Tropical Race 4, the 

global banana production is in more critical situation as it exhibits broader host range 

infecting almost all commercial banana cultivars including the cavendish varieties 

which was resistant to race 1 (Xie et al., 2025). The spread of this highly virulent 

pathogen to Asia, Middle East, Africa and Latin America raises the escalating threat of 

global food security and economic revenues (Sun et al., 2025).  

TR4 was first identified in Taiwan in 1989 which subsequently spread to other countries 

as well (Blomme et al., 2024). The pathogen was then found in Indian subcontinent , 

first reported in India in 2015 in Kathihar district of Bihar, India. This pathogen was 

further reported in northen banana growing states of India including Uttar Pradesh, 

Gujarat and Madhya Pradesh (Raman et al., 2021). The disease was further reported in 

countries such as Pakistan in 2015, Veitnam and Laos in 2016 and Mynmar in 2018 

(Zhang et al., 2024). After the severe spread in border states of India, TR4 was first 

reported in Nepal in 2023. It was reported in Pratappur of Nawalparasi (west) district 

and Tikapur of Kailali district of Nepal (FAO, 2023). The disease was further reported 

in Chitwan, one of the leading district for banana production in 2025 (TRN Online, 

2025) further highlighting the possibility of being transmitted through neigbouring 

indian states.  

FWB is a vascular wilt disease. The pathogen is soilborne which initiates the infection 

by invading banana roots and successively colonizing the vascular bundles specifiaclly 

xylem of banana plant blocking the transport of minerals and water from roots thereby 

leading to the death of the plant (Pankaj et al., 2025; Pérez-Vicente & Dita, 2014). The 

disease symptom appears as wilting and internal discoloration of tissues caused by  

water stress  due to colonization of xylem tissues by pathogen, mediated by a 

combination of pathogenic activities such as mycelial expansion inside tissues and 

production of phytotoxins (Pérez-Vicente & Dita, 2014). External symptoms of the 

disease includes yellowish and gradual wilting of the old leaves and collapse of leaves 

to form hanging skirt like appearance (Baruah et al., 2025; Priya et al., 2025) while 

internal symptoms of the disease is characterized by dark brown discoloration of 

vascular bundles in the pseudostem (Priya et al., 2025). The main challenge in FWB  

management is the survival of the pathogen in soil for decades by producing the 

chlamydospores (Shen et al., 2022). The pathogen can also surivive in the ecosystem 

by infecting its alternate hosts such as Commelina diffusa, Euphorbia heterophylla, 
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Ensete ventricosum, Tridax procumbense and the infection is restricted to vascualr 

tissues of roots and stem (Pérez-Vicente & Dita, 2014).   

The virulence of TR4 is also contributed by its ability to modify its surrounding by 

producing secondary metabolites such as fusaric acid (FSA), beauviricin and effector 

proteins encoded by secreted in xylem (SIX) gene. However fusaric acid remains the 

main virulent factor that contributes to FWB by decreasing K+ absorption and 

subsequently reducing K+ content in roots. FSA through ROS production induces the 

S-glucathionylation of Cys202 thereby inhibiting MaAKT1 channels resulting to 

reduced uptake of K+ (Zhang et al., 2025).  

The conventional disease management strategies such as chemical fungicides and lack 

of resistance in cavendish banana are said to be ineffective for the management of TR4 

while biological control methods as critical alternative (Pankaj et al., 2025; Shao et al., 

2025). The escalating threat of Foc TR4 has incurred the need of natural disease control 

method, leveraging the potential of rhizospheric microbes present in disease 

suppressive soil (Mazzola, 2002). These soils are peculiar in characteristics as disease 

incidence is low even when the virulent pathogen is present (Ossowicki et al., 2020). 

The process of soil suppressiveness is generally accredited to biological activity of 

native soil microbial community, forming a natural defense system against the plant 

pathogen (Wang et al., 2022). Suppressive soils contain important antagonistic 

microorganisms, including specific group of plant growth promoting rhizobacteria 

(PGPR) such as Pseudomonas, Burkholderia, Rhodopseudomonas palustris and 

Bacillus and Paenibacillus species (Nisrina et al., 2021). The beneficial microbes 

interfere with the pathogen through diverse mechanisms such as competition for 

nutrients, secretion of antibiotics and induction of host resistance in plants (Belgrove et 

al., 2011; Wang & Sugiyama, 2024). Soil suppresiveness can be either general or 

specific. General soil suppressivenss is caused because of collaborative antagonistic 

effect of total microbes present in the soil, whereas specific soil supressiveness is 

caused due to targeted activity by the specific group of micro-organisms against 

specific pathogen (Cha et al., 2016).  

While the molecular mechanism underlying the soil suppresiveness is poorly 

understood (Weller et al., 2022), the challeneges posed by soilborne disease such as 

FWB necessiates the deeper understanding of complex microbial interactions that occur 
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in rhizosphere (Nisrina et al., 2021). Since the conventional culture-based method has 

limited scope, often covering very few percentage of total microorganisms are 

culturable in artificial media and therefore is inadequate for truly understanding the 

diversity and function of soil microbial ecosystem (Gómez-Godínez et al., 2025). 

Metagenomics, a next generation sequencing (NGS) technique has become a necessity 

for studying the microbial ecology(Safaie & Sadeghi, 2021). This technique involves 

the analysis of total genetic material (DNA) recovered from soil or other environmental 

samples avoiding the need to isolate and culture the individual microrganism (Mohanan 

et al., 2025) . This helps to directly study and understand the composition of entire 

microrganisms present in the sample using genetic barcodes (Hayden et al., 2018). 

Functional metagenomics has further revealed that the disease suppression mechanism 

is linked with the increase frequency of the genes which are invoved in the biosynthesis 

of antimicrobial compounds such as polyketides, quorum sensing, biofilm formation 

and competition for the resources (Shen et al., 2022; van Elsas et al., 2008). 

1.2 Research Hypothesis 

a) Null Hypothesis (H0) : Soil type do not exhibit any significant effect on 

Fusarium wilt of banana (TR4) development and there is no relationship 

between bacterial commmunity composition and disease parameters.  

b) Alternative Hypothesis (H1) : Soils suppressive to Foc TR4 exhibit  a 

significant effect on disease development in plants driven by the structure of 

their bacterial community composition.  

1.3 Research Objectives 

1.3.1 General Objective:  

 To evaluate the effect of different soil types on Fusarium wilt of banana Tropical 

Race 4 development and uncover the roles of soil bacterial community 

composition to suppressive potentiality.  

1.3.2 Specific Objectives: 

 To evaluate the effect of soil types on disease development and severity. 

 To determine the relationship between disease parameters and bacterial 

communities across various soil types. 
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 To assess and compare the disease suppressive potential of different soil 

types against the Foc TR4. 

 To characterize the bacterial community present across different soils with 

focus on taxonomic composition at phyla and class level 

 To assess the relative abundance (%) of Amplicon Sequence Variants 

(ASVs) across different soil types.  

1.4 Rationale of study 

Banana holds prominent position in Nepal’s agricultural GDP which accounts for 

1.04% of agricultural GDP of the country (MOALD, 2025).  Apart from its economic 

value, the importance of banana is rooted in our social, cultural and religious norms. 

Banana is cultivated at around 25,972 haarea in 72 districts of the country (MOALD, 

2025). However after the report of occurrence of Fusarium wilt of banana caused by 

Fusarium oxysporum f.sp. cubense , it has raised a concern among Nepali banana 

growers. The ineffectiveness of disease management strategies which primarily 

included the usage of chemical fungicides has surged the intensisty of disease directing 

to adopt biological based solutions which predominantly includes the usage of different 

microorganisms.  

Disease supressive soils are considered to maintain low disease occurrence even in the 

presence of virulent pathogen. The resason for supressive nature of soil is mostly 

attributed to the microbial commuity present in it. Understanding the underlying 

molecular mechanism of such supressive soils can be a cornerstone on maintaing soil 

health, an important element for sustainable farming. However conventional culture 

based methods might not be sufficient to study and understand such mechanism as they 

might not cover all the diversity of microbial community. Hence, metagenomics is the 

powerful tool through which the microbial ecosystem can be explored which is not 

possible through culture dependent methods. This involves the sequencing of total 

microbial DNA present in the sample through which microbial taxa and the consortia 

involved in disease suppression can be studied without the need for isolation of 

microorganisms. In contrast to targeted sequencing approach, metagenomic provides 

the scope for unbiased and comprehensive microbial community structure. This also 

helps in better understading of soil microbial ecology. Understanding the key microbial 
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communities and their functions  provides the way forward for developing effective 

management strategies against TR4.  
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1 Taxonomy, domestication and  global importance of banana 

2.1.1 Taxonomy of banana 

Banana (Musa sp.)  is a herbacerous plant which belongs to the family Musaceae and 

order zingiberales, a perennial plant mostly grown in tropical and subtropical climate 

(Li et al., 2018). Morphologically, banana plants are distinguished into roots & 

rhizomes, pseudostem, leaves and inflorescense. While the true stem of this plant is 

underground rhizome which has feeder roots for absorption of nutrients and water, 

pseudostem is responsible for providing mechanical support to the plants   (Jideani & 

Anyasi, 2020; Wang et al., 2012). The plants have xylem tissues present on root, 

rhizomes and pseudostems which is responsible for the transportation of minerals and 

resources to the plants (Pegg et al., 2019). The morphology of the plant also varies 

according to the cultivars such as Valery (AAA genotype) has taller and thinner 

pseudostems while the Grand Naine (AAA) has comparatively stronger and medium 

sized pseudostems (Sarma et al., 2025). The inflorescense of banana is a complex 

reproductive structure that arises from heart of the plant’s pseudostem which later 

develops into fruit bunches (Salacinas, 2019). 

While the taxonomy of banana is complicated due to its natural hybridization and 

human selection for seedless variety (Ryley & Drenth, 2024), current edible banans are 

classified in genus Musa, originating from the hybridization of two wild ancestors Musa 

acuminata contributing A genome and Musa balbisiana contributing with B genome 

(Sruthy et al., 2026). Historically the term Musa  is believed to be originated from arabic 

word “Mouz” to honor roman physician Antonia Musa of the first century (Jideani & 

Anyasi, 2020). The majority of modern edible banana are parthenocarpic (seedless) 

obtained from intra and interspecific of these two wild banana and are mostly diploids 

such as Rose, Calcutta (AA genotype), Bb genotype and AB genotype  and triploids 

including the most popular comercial cultivars such as Cavendish and Gros-Michel 

(AAA genotype) and Silk and Ladyfinger (AAB genotype) (Ploetz et al., 2015; Miguel 



9 
 

Dita, 2021). The cavendish group alone accounts to approximately 50% of global 

banana production (Kema et al., 2021). Banana are also further grouped into four 

groups such as Emusa, Rhodochlamys, Callimusa and  Australimusa. The Emusa group 

of bananas contain the mostly consumed banana cultivars while rhodochlamys groups 

are popular for ornamental purpose and australimusa for fiber extraction (Jideani & 

Anyasi, 2020).  

2.1.2 Domestication of banana  

Bananas are believed to be one of the earliest crops to be domesticated, the complex 

evolutionary process through which seedy, wild bananas were transformed into 

seeedless and parthenocarpic fruits. The domestication of banana includes thousand of 

years of natural selection, hybridization, human migration and environmental 

adaptations from seeded, large, hard fruits with very less pulp to seedless and 

parthenocarpic culivars today. Most of the edible bananas are the triploid hybrids  

obtained from  intra and inter specific hybridization between its native wild species  

Musa acuminata and Musa balbisiana (Jideani & Anyasi, 2020.; Sruthy et al., 2026). 

While the edible bananas today are infertile, farmers often depend on clonal 

propagation allowing rapid multiplication but reducing the genetic diversity when 

comapred to other cross pollinated crops (Jankowicz-Cieslak & Ingelbrecht., 2022).  

2.1.3 Global Imporatnce in economy and food security 

Recognized as the fourth most important crop in the world after cereals, banana is 

regarded as the cornerstone global food security and economy with its nutritional, 

economical and social significances (Liu et al., 2024; Sruthy et al., 2026). Cultivated at 

around 130 countries across the globe, this fruit crop is a primary source of diet and 

economical resource to million of people from tropical and subtropical regions and also 

regarded as a crucial economic pillar to many developing countries (Fan et al., 2021; 

Mirmajlessi et al., 2025). According to the report by FAO, 13 Million Metric tonnes 

bananas were produced globally in the year 2023 majority of which around 51.9% of 

total production contributed by asian region alone which is followed by Americas 

(23.9%) and Africa (22.5%), while the total export quantity of banana was 21 Million 

Metric tonnes worth US$ 12million (FAOSTAT, 2025). Out of diverse cultivars of 

banana, cavendish is the most dominant cultivar in market which accounts for 40-50% 

of global production, contributing to about 99% of internnational export market 
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(Mirmajlessi et al., 2025; Ploetz et al., 2015) . Of  the total global production around 

84% of banana is produced by small scale farmers for local markets highlighting its 

significant importance in rural livelihood and local food system (Kema et al., 2021). 

Globally about 400-500 million people take banana as a staple food while serving as 

major nutrient source in african, southern asia and tropical american region (Jankowicz-

Cieslak & Ingelbrecht, 2022.; Kema et al., 2021). This fruit is considered nutritious 

with signficant level of carbohydrates, vitamins (A, B6, C) and micro nutrients such as 

potassium and iron (Costa et al., 2025). Apart from its nutritional value, this crop is also 

best known for its pharmaceutical properties such as its use in traditional medicine for 

managing ulcers, diabetes and inflammation (Jideani & Anyasi, 2020).  

2.1.4 Banana cultivation in Nepal  

Banana is one of the most important crop in context of Nepalese agriculture. It has been 

found to be cultivated in Nepal since ancient times holding social, economic and 

religious value (NCFD, 2025). With around twenty six thousands haof land under 

banana cultivation, the productivity was recorded to be 16.38 mt/ha in the fiscial year 

2023/24. The crop is cultivated in 72 districts of the country with Nawalparasi (west) 

district having largest area under cultivation followed by Morang and Jhapa. In terms 

of production Nawalparasi (west) produced at approximately 58 thousand metrict 

tonnes of banana in the fiscial year 2023/24 which was followed by Jhapa and Morang 

district respectively. The province wise statistics suggests that the Lumbini province 

had highest production of banana followed by Koshi and Madhesh province (MOALD, 

2025).  While only three cultvars of varieties including Grand naine, William Hybrid 

and Malbhog are registered in Nepal, other common cultivars are robusta, harichal, 

chini champa, dhusre and mungre as per the report by National Centre for fruit 

Development, Kirtipur (NCFD, 2025 ).  

2.2 Insights to Fusarium wilt of banana  

2.2.1 Taxonomy of Fusarium  

Fusarium is one of the most eonomically important agriculture pathogen which belongs 

to the phylum ascomycota, class sodariomycetes, order hypocreales and family 

nectriaceae. The genus consists of more than 400 phylogenetically distinct species 

(Bugingo et al., 2025; Ekwomadu & Mwanza, 2023). Earlier, dual system of taxonomic 
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nomenclature were used to represent asexual (anamorph) and sexual (telemorph) stages 

of the fungus belonging to the genus Gibberella however, later grouped under same 

name Fusarium for both of the stages. Fusarium are one of the most important 

phytopathogens and are grouped into five important complexes including F. fujikuroi, 

F. sambucinum, F. oxysporum, F. tricinctum and F. solani  (Todorović et al., 2023).  

The compartmentalized genome  of Fusarium  which consists of core genome 

responsible for primary metabolic processes and reproduction and a lineage specific 

(adaptive) genome mostly located in acessory chromosome makes the taxonomy of the 

fungus more complicated (Bugingo et al., 2025).  

2.2.2 Fusarium wilt of banana  

Fusarium wilt of banana (FWB) also known as panama wilt is soilborne disease caused 

by fungus named Fusarium oxysporum f.sp. cubense (Foc). The name Fusarium 

cubense  was named by a bacteriologist Erwin Frink Smith in 1910 who isolated the 

fungus from the specimen received from Cuba, however the observation was based only 

upon lab specimen and description from growers. Later in 1919, Elmer Walker Brandes 

proved the pathogenicity of the fungus using steam sterilized soil and inoculated 

healthy plants and the fungus was later classified as Fusarium oxysporum f.sp. cubense  

(Ryley & Drenth, 2024). This fungus is the member of Fusarium oxysporum species 

complex which contains both the non pathogenic and highly pathogenic strains. This is 

a devastating plant disease affecting the vascular bundles and capable of reducing the 

yield by 100% (Dita et al., 2018; Solórzano et al., 2025). Foc are further classified into 

different physiological races which is based on the specific cultivars they infect. Race 

1 was known for its virulence to Gros Michel cultivars in mid 20th centuries, Race 2 is 

virulent to  Bluggoe cultivar and Race 4  is considered as the most virulent of all races 

affects cavendish as well as other cultivars susceptible to race 1 and race 2. Race 4 is 

further categorized into Sub Tropical Race 4 (STR4) which infects cavendish group 

only when plant is predisposed by abiotic stress such as cold temperature while and 

Tropical Race 4 (TR4)  which infects cavendish and other cultivars as well in both 

tropical and sub tropical climate even in absence of abiotic stresses (Costa et al., 2025; 

Roberts et al., 2024). The Foc strains can be further identified through Vegetative 

Compatibility Groups (VCGs) which refers the capacity of  fungal hyphae to fuse and 

form a stable heterokaryon. At least 24 VCGs of Foc have been reported to date which 
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are also associated with specific physiological races of the pathogen (van Westerhoven 

et al., 2022; Velame et al., 2024).  

2.2.3 Structure and morphology of FWB  

Foc is a filamentous asexual fungus producing two major type of asexual spores; 

macroconidia and microconidia, both of which are formed in the structure known as 

sporodochia (Pérez-Vicente & Dita, 2014). Macroconidia are larger, elongated and 

septate spores and mostly sickle or slightly curved shape in structure while microcinidia 

are smaller and most abundantly found spores and are non septate which are extensively 

produced in plant’s xylem tissues (Ekwomadu & Mwanza, 2023; Pegg et al., 2019). 

The distinct feature of Foc is the production of survival spores known as 

chlamydospores. These are resting spores which are rough walled globose to sub 

globose (Lu et al., 2024). The chlamydospores are formed in hyphae or conidia, appear 

singly or in groups or in chain with the capacity of remaining viable in soil for 20 to 30 

years even in the absence of the host plants (Li et al., 2022). When cultured in Potato 

Dextrose Agar (PDA), Foc exhibit fluffy, cottony mycelia whose colour ranges from 

white to pale violet or pinkish (ÖZARSLANDAN & AKGÜL, 2024). Normally the 

hyphae of Foc  is smooth, robust and uniform thickness however, during the period of 

infection, slender and unbranched hyphae grow within the vascular bundle  (Pegg et al., 

2019; Shen et al., 2022).  

2.2.4 Historical development of FWB 

Caused by Fusarium oxysporum f.sp. cubense, FWB is a persistent soilborne infection 

and regarded as a pandemic in global agriculture which was first noticed during the ate 

19th century (Ryley & Drenth, 2024). The disease was first scientifically reported in 

Australia in 1874 however it is believed to be originated from southeast asia as the 

phylogentics evidences suggests that pathogen co-evolved with its host plant in Indo – 

Malayan region (Jankowicz-Cieslak & Ingelbrecht, 2022.; Ploetz et al., 2015). An 

Australian medical practitioner, Dr. Joseph Bancroft examined a fungal wilt affected 

sugar cultivars (AAB, silk subgroup) in Brisbane and first describing the symptoms of 

the disease as hearts of pseudostems turning black and identifiction of fungal hyphae in 

the vascular tissue (Ryley & Drenth, 2024).  Bancroft published the report in 1876 

making it the first recorded plant pathological evidence in Queensland and further 

stated that pathogen could be ransferred through infrcted plant material. Later in 1890’s 
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this pathogen caused a havoc in southern america including Panama and Costa Rica. 

The symptoms were similar to that of described by Bancroft and thereafter  called as 

panama wilt due to its catastrophic damage in the region  (Pegg et al., 2019). Tha 

pathogen later spread through Central America, Carribean region and Africa and  most 

of the banana trade was based on Gros Michel which was highly susceptible to race 1, 

it caused unprecedented loss in the regions and later by 1960s, around forty thousand 

ha of banana plantation was abandoned causing the collapse of global banana market 

(Ploetz et al., 2015).  

2.2.5 Timeline of global emergence of TR4 & status of Nepal 

By 1960’s, the Gros Michel cultivar was replaced by cavnedish which was resistant to 

race 1 and race 2 and it accounted for 50% of the global production and 99% of 

international banana export (Kema et al., 2021). In 1953, a strain infecting cavendish 

group of bananas were detected in Queensland, Australia affecting William hybrid 

cultivars, which was later named as Sub Tropical Race 4 (STR4) (Pegg et al., 2019). 

Though cavendish provided temporary security to banana production, in 1960 a new 

strain emerged infecting cavendish bananas in Taiwan which was later named as 

Tropical Race 4 (Chen et al., 2024; Wang et al., 2012). TR4 is found more virulent than 

any other races as it is also capable of attacking cavendish group as well as the cultivars 

susceptible to race 1 and race 2 (Sutherland et al., 2013).  The pathogen spread out 

through east asia and also to the parts of Australia. A heavy damage was recorded in 

commerical plantations in Malaysia and Indonesia causig the loss of around $75 million 

during 1990s and later confirmed in Northern Territory of Australia in 1997 (Pegg et 

al., 2019; Pérez-Vicente & Dita, 2014). The pathogen accelerated its spread 

geographically as it reached China in 2004 and the Philipines in 2008. The pathogen 

was later reported in Jordan, Mozambique, Lebanon, Pakistan and other countries of 

Asia and Africa. In 2019, severe outbreaks of TR4 occured in northern region of India 

affecting global banana trade (Damodaran et al., 2020; ÖZARSLANDAN & AKGÜL, 

2024). It was also reported in American region such as Colombia (2019), Peru (2021) 

and Venezuela (2023) (Costa et al., 2025).  

The disease have also been recorded in Nepal. According to the report by Food and 

Agriculture Organization of United Nations (FAO), TR4 have been reported in Tikapur 

area of Kailali district and Pratappur rural municipality of Nawalparasi West district in 
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2023 and was found to be spreading rapidly in banana orchards (FAO, 2023). In 2025, 

it has been detected in Chitwan distrct infecting the plantations spread at around 27000 

square feet area (TRN Online, 2025).  

2.2.6 Biology of TR4 

The life cycle of TR4 is distinguished by its potential of transition between dormant 

phase in the soil i.e.,chlamydospores which has ability to stay dormant and viable for 

more than decades  to violent pathogen in host body (Djohan et al., 2020; Li et al., 

2019). These spores can also remain as an asymptomatic endophyte by invading the 

root epidermis and cortex of other alternative hosts such as weeds and grasses (Pegg et 

al., 2019). These spores germinate only when stimulated by specific molecules found 

in exudates secreted by susceptive plants (Pegg et al., 2019; Were et al., 2022). After 

the spores are activated and germinates, the fungal hyphae spreads around the rhizomes 

and penetrates into the host through root tips or  zone of elongation after which the 

fungus establishes the parasitic relationship with root cortex until it reaches xylem 

vessels (Pegg et al., 2019; Wang et al., 2022). After the fungus successfully reaches 

xylem vascular tissues, pathgen produces microconidia in abundance. These 

microconidia moves upward passively through the plant’s transpiration stream and 

colonizes nearby vessels (Kema et al., 2021; Todorović et al., 2023). These spores are 

blocked by xylem perforated plates after which they germinate prodcing the new 

generation of microconidias and successively invading the entire vascular bundles. The 

plant secretes gums, tyloses and gels in response to pathogen’s invasion as a plant’s 

immune response leading to the blockage of xylem causing disruption in water and 

nutrient supply to plant. This results to the appearance of characteristic symptoms of 

disease which includes yellowing of leaves, longitudinal split of pseudostems and 

eventual plant death after which the fungus moves to surrounding parenchymal and 

cortical cells producing new chlamydospores in dead tissues (Kema et al., 2021). These 

newly formed spores area again dispersed into the soil from dead tissues of pants which 

disseminates to new fileds through plant residues, soil, water or farm implements 

thereby initiating new infection cycle (Pegg et al., 2019).   

2.2.7 Molecular basis for TR4 pathogenesis 

During the entry of pathogen into the host, TR4 makes the usage of Bikaverin, a 

polyketide pigment to manipulate the host’s rhizospheric microbiome. The molecule 
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acts as antimicrobial which suppresses PGPRs and thus creating favorable environment 

for colonization and infection (Lu et al., 2025). The pathogenesis of TR4 involves 

complex interplay of signalling molecules, specialized toxins and an arsenal of effector 

proteins to disable plant’s immune system colonize vascular bundles and disrupt 

nutrient homeostasis. TR4 posses around 2450 proteins which are involved in host 

manipulation, which is comparatively higher than those present in race 1 (He et al., 

2021). The pathogen has specialized genomic characteristics such as accessory 

chromosome 12 (AC12) which is responsible for its virulence and adaptation to the host 

(Dijkstra et al., 2025). After the germination of chlamydospores stimulated by 

signalling molecules present in root exudates, a complex chain of interconnected 

signalling pathways are stimulated such as Mitogen Activated Protein Kinase (MAPK) 

pathway, G Protein Couple Receptor (GPCR) signalling pathway and cyclic AMP 

(cAMP) pathway. The heteromeric G proteins (Fga2 and Fgb1) and MAPK casscades  

(FocBck1 → FocMkk2 → FocSlt2) collectively regulate the cAMP levels and 

transcriptional modification necessary for the grown and virulence of the pathogen 

(Chen et al., 2024). The pathogen further makes the use of α Pheromone precursor 

proteins (Foc4-PP1), which behaves as an autocrine signal promoting the hyphal 

development and initial invasion (Liu et al., 2023).  

The main strategy of TR4 for causing damage to the host is attributed to its complex 

secretome regulated by the transcription factors SGE1 and FTF1 (Zhao et al., 2020) . 

These factors also control the synthesis of secreted in xylem (SIX) effectors, which 

includes SIX1a, SIX8 and SIX4 crtical for cavendish specific pathogenicity (Zhang et 

al., 2024). SIX1a and SIX8 genes are responsible for the full pathogenicity of the fungus 

as confirmed from the trageted knockout of these genes (Chen et al., 2024). An effector 

OASTL ( O – acetylhomoserine thiol lyase) interferes with plant’s cysteine biosynthesis 

restricting the production of sulphur containg defense compounds (Wang et al., 2020). 

Defense genes related with salicyclic acid (SA) and jasmonic acid (JA) are then 

downregulated by Focupin1 effector which also suppresses BAX-mediated cell death 

(Yan et al., 2022). The pathogen activates the nitric acid biosynthesis to overcome 

jasmonic acid secreted in response to pathogen by plant’s immune system which are 

assisted by assessory genes present at the end of core chromosome (Zhang et al., 2024).  

The lethal and the final stage of TR4 pathogenesis is the production of phytotoxin 

fusaric acid (FSA) produced via FUB1-12 gene cluster which accelerates the 
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environmental acidity, disturbs the mitochondrial function of host and suppress the 

accumulation of host derived ROS (Reactive Oxygen Species) (Chen et al., 2024). It  

creates the oxidative stress inside the cells promoting the S-glutathionylation of the 

MaAKT1 potassium channel of highly conserved Cys202 residue restricting the upatke 

of K+ ion which further increases the net K+ loss leading to yellowing of leaves, wilting 

and reducing the growth of roots (Zhang et al., 2025). The host responds to these attacks 

by the formation of tyloses, gels and gums, however these molecules block the xylem 

restricting the flow of water and nutrients resulting internal colour discoloration and 

plant collapse (Li et al., 2022; ÖZARSLANDAN & AKGÜL, 2024).  

2.2.8 Host pathogen interaction  

The host pathogen interaction in TR4 starts with the recognition of signalling molecules 

produced by the host plant’s root exudates leading to the germination of dormant 

chlamydospores (Pegg et al., 2019). Pathogen produces the polyketide pigment called 

as Bikaverin which manipulates the rhizosphere by suppressing the activity of PGPRs 

which are also the first line of defense, creating the suitable environment for 

colonization and invasion ( Lu et al., 2025). The pathogen then enters the host’s cell 

through root surface by directly penetrating the epidermal cells (Pegg et al., 2019). The 

pathogen releases cell wall degrading enzymes (CWDEs) such as cellulase, pectinases 

and proteinases to break the cellular barriers (He et al., 2021). M35, a metalloprotease 

effector (FocM35_1) secreted by the pathogen is highly upregulated during the 

infection phase, which reduces the activity of banana’s chitinase, thereby surpassing 

one of the important plant’s defense mechanism (Zhang et al., 2021). Another effector 

FSE1 targets the host’s MYB transcription factor suppressing the plant’s hypersensitive 

response, maintaing biotrophic state during colonization (Yang et al., 2023). Once the 

pathogen enters the xylem through cortex, pathogen spreads rapidly by forming 

microconidia which moves through plant’s transpiration stream. When the path of 

microconidia is blocked by xylem perforated plates, these spores germinate, grow 

across the plates and sporulate again continuing their expansion (Pegg et al., 2019). 

Simultaneously, pathogen secretes SIX effectors which are responsible for full 

virulence of the pathogen in cavendish bananas (Chen et al., 2024). In response to 

pathogen invasion, plant secretes defense hormones such as jasmmonic acid. However, 

pathogen disable host’s defense response through mitochondrian localized NO 

secretion, creating nitrosative pressure (Zhang et al., 2024).  
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The crtical point of TR4 infection is the secretion of phytotoxin fusaric acid which 

induces the the accumulation of ROS, triggering S-glutathionylation MaAKT1 channel 

in the roots. This increases the net loss of K+ ions (Zhang et al., 2025). As the invasion 

by pathogen continues, plant secretes gums, gels and tyloses to block the infected 

vessels, however this results in vascular clogging blocking the transportation of water 

and essential nutrients producing the characteristic symptoms of the disease such as 

vascular discoloration and collapse of the plant (Pegg et al., 2019).  

2.2.9 Symptomology of disease  

The symptomolgy of TR4 is characterized by the series of external and internal signs 

that eventually leads to the collapse of plant. The disease normally begins with the long 

incubation period initially colonizing and invading  roots and pseudostems before any 

external symptoms are visible (Mirmajlessi et al., 2025). The most common external 

symptom of the disease is the yellowing of the leaves starting from the oldest ones 

which simultaneously progresses towrds the younger leaves. Subsequently, as the 

disease progresses the leaves start to collapse from the petiole bending downwards 

forming a charactersitic skirt pattern around the pseudostem however, sometimes plants 

may also show green leaf syndrome where leaves are still green but even petioles fall. 

New and younger leaves might show sympyoms such as pale, distorted or shriveled 

leaves with the reduced size of lamina  (Pérez-Vicente & Dita, 2014). The common 

external symptom of the disease is characterized by the longitudinal splitting of the 

pseudostem. Plants of field with intensive inoculum might have reduced growth or 

stunting  (Pegg et al., 2019).  

The most prominent internal symptom of the disease is the reddish/ brownish 

discoloration of the vascular bundles. In rhizomes, necrosis and rotting starts from the 

edges and successively progresses towards the center until the whole tissue is affected 

(Sarma et al., 2025; Wang et al., 2012). The underlying mechanism of the discoloration 

of vascular bundle is due to plant’s defense mechanism in response to pathogen such 

as secretion of tylose, gums and gels in xylem to block the pathogen’s advancement. 

These secretions leads to the occlusion of xylem vessel disrupting the supply of water 

and nutrients (Ekwomadu & Mwanza, 2023). Additionally, the fusaric acid secreted by 

the pathogen disrupts the mitochondrial function, prohibits defensive oxidative brusts 
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which speeds up the senescence and yellowing of the leaf tissue (Chen et al., 2024; 

Pegg et al., 2019).  

2.2.10 Challenges in disease management  

The control and management of TR4 is difficult due to its robust spores dispersal, 

extreme biological resilience and limitations of diagnostic and control strategies. The 

chlamydospores of TR4 are capable of surviving without the host plant for more than 

decades in the soil (Ploetz et al., 2015; Roberts et al., 2024). The fungus can also survive 

as non parastitc endophytes in weed and grass  host plants such as Chloris inflata, 

Cyanthillium cinireum, Tridax procumbens and Euphorbia heterophylla. These 

alternative host act as inoculum reservoir remaining asymptomatic (Dita et al., 2018; 

Pegg et al., 2019). The longevity and persistence of spores in the environment make it 

challenging to eradicate the disease through agricultural practices such as fallow period, 

tillage practices or crop rotations once the filed is infected  (Li et al., 2022; Roberts et 

al., 2024) .  

The incubation period of the pathogen adds up to the challenge of disease management 

since it has long incubation period with the potency to infect plant for several month 

without showing any external symptoms allowing the fungus to spread quickly and 

silently (Jamil et al., 2022; Pegg et al., 2019). The spores are also diseminated through 

various vectors which are difficult to control in agricultural setting such as through 

machineries, irrigation water, human’s movement and also the movement of 

asymptomatic planting  materials which are more lethal since they do not exhibit 

symptoms but carry pathogens to new healthy field (Pérez-Vicente & Dita, 2014; 

Roberts et al., 2024). The spores are are also carried by insect vector specifically banana 

weevil (Cosmopolites sordidus) which carries spores on its exoskeleton further adding 

complexcity to disease management (Pérez-Vicente & Dita, 2014) .  

The genetic makeup of cavendish as well sets the limitations for the management and 

control of TR4. Since these cultivars are triploid and sterile and do not produce seeds, 

introducing the resistance from wild cultivars through conventional cross breeding 

process is not possible (Fan et al., 2021). Though the modern biotechnological tools 

such as somaclonal variation, mutagenesis and genetic engineering exists, these 

alternatives pose a regulatory framework and public and legal critisism in many 

countries (Dong et al., 2020; Pankaj et al., 2025).  
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The existing chemical and biological practices haven’t shown any significant results in 

controlling the disease. While in laboratory condition fungicides and soil fumigants 

tend to limit the fungal spread but they normally fail to stop the formation of spores or 

eradicate the pathogen in the field (Ye et al., 2022). It has also been noticed that the 

usage of herbicides includng glyphosate, atrazine or paraquat further exacerbates fungal 

colonization during plant senescense (Solórzano et al., 2025). Such as biocontrol agents 

such as Bacillus, Trichoderma exhibit promising results in laboratory but their 

efficiency in filed trials aren’t satisfactory and often unstable on repititive trials (Shen 

et al., 2022; Xue et al., 2015).   

2.3 Soil suppressiveness 

2.3.1 Concept of soil suppressiveness  

Soil suppresiveness of disease-suppressive soils are defined as those soils in which the 

disease incidence remain less even in presence of virulent pathogen, a susceptible host 

and  favorable environmental condition that promotes disease development (J. Wang et 

al., 2024). In contrast, those soils which allow pathogen to colonize and can cause 

damage significantly are the conducive soil. The suppressive nature of the soil is mostly 

microbial in nature as studies reveal soils which are sterilized loose the suppressive 

property (Weller et al., 2022).  

Soil suppressiveness are classified into two types; general suppression induced by the 

synchronised activity of total microbes present in the soil whereas specific suppression 

is due to the antagonistic activity of certain microbe or consortium of microbes to the 

targeted pathogen (Alaoui et al., 2025). General suppression is the result of synergistic 

competitive effect of overall microbial population present in the soil (Weller et al., 

2022). The primary mechanism for general suppression is the competition for available 

resources such as carbon, nitrogen and space. In such soils with active microbial activity 

the rhizospheric microbiomes overcome pathogens for the resouces disabling them to 

establish the disease (Expósito et al., 2017; Monohon et al., 2021). General suppression 

relies on total microbial biomass and overall microbial activity establishing the natural 

barriers against survival and proliferation of pathogens (Fu et al., 2017; Todorović et 

al., 2023). General suppression behaves as a broad defense range mechanism and it is 

the intrinsic characteristics of the soil which cannot be transferred (Ossowicki et al., 

2020; Todorović et al., 2023).  
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Specific suppression precisely targets the single pathogen or of related species by 

certain microbes or consortium of microbes which interferes with the life cycle of 

pathogen (Expósito et al., 2017; Weller et al., 2022). The peculiarity of this suppression 

is its transferability , meaning the property of suppresiveness can be granted to 

conducive soils by mixing small amount of suppressive soil into the conducive ones. 

Specific suppression is further classified into two categories which are long – stand and 

induced. Long – stand suppression is natural property of certain soils and remains in 

the environment even in the absence of the host plant whereas induced suppression is 

sustained by agricultural practices, primarily the continuous monoculture of susceptible 

host or the repeated addition of pathogen inoculum (Siegel-Hertz et al., 2018; Weller 

et al., 2022).  

2.3.2 Mechanism of soil suppressiveness 

The primary mechanism of disease suppression by soil is due to the process known as 

antibiosis which is due to the production of different metabolic compounds produced 

by the microbes (Mohanan et al., 2025). This can also be termed as microbial 

antagonism where microbes produce microbial arsenals such as antibiotics, bioactive 

compounds that can destroy the pathogen (Shen et al., 2022; Shen et al., 2015). The 

aresenals include diverse group of  microbial compounds including volatile organic 

compunds, antibiotics and cell wall degrading enzymes such as β-1,3-glucanases, 

chitinases which can potentially mycelial cell wall (Nakkeeran et al., 2021; Yuan et al., 

2021). The most abundant taxa involved in suppression, Pseudomonas, Bacillus and 

Streptomyces  have non-ribosomal peptide synthetase (NRPS) and polyketide synthase 

(PKS) gene clusters which are responsible for the production of antibiotics and 

lipopeptides such as iturinA, surfactin, phenazines and bacillomycin. The compounds 

have the potential of destroying the pathogens, disrupting their cell membranes or by 

inhibiting the germination of their spores (Zhao et al., 2018). These microbes also 

produce iron chelating molecules called siderophores which has higher affinity towards 

iron than those produced by fungal pathogen leading to iron sequestration. Through 

iron sequesteration, the bacteria reduces the bioavilabilty of iron molecules for 

pathogen (Nisrina et al., 2021).  

Another significant mechanism is through parasitism or hyperparasitism in which the 

beneficial microbes attack the pathogen by producing CWDEs including chitinase, 
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glucanases and proteases which potentially disrupt the fungal hyphae and spores 

leading to cell death (Long et al., 2023; Solórzano et al., 2025). 

Microbes found in suppressive soils activates the plant immune response towards 

pathogen through induced systemic resistance (ISR). This stimulates jasmonic acid, 

salicyclic acid and ethylene signalling pathways (Solórzano et al., 2025). These 

signalling pathways upregulates the secretion of defense related enzymes in plants such 

as peroxidases or polyphenol oxidases, lipoxygenase etc. (Todorović et al., 2023).  ISR 

is also accompanied by plant growth stimulation since the microbes produce Indole-3 

acetic acid (IAA) which promotes root development and also produce ACC deaminase 

to minimize stress induced ethylene levels that could inhibit the plant growth (Tian et 

al., 2023; Weller et al., 2022).  

2.3.3 Factors influencing soil suppressiveness  

The most important  decisive factor influencing soil suppressiveness is the composition 

and functional activity of the soil mirobiome (Siegel-Hertz et al., 2018). The 

suppressive soils tends to have higher microbial diversity (alpha diversity) as compared 

to condusive soils which enables for more interaction between microbes and pathogen 

that inhibit pathogen’s growth (Jamil et al., 2022). From the previous studies key taxa 

that are found abundantly in suppressive soils include bacterias such as  Bacillus, 

Pseudomonas, Chujaibacter, Actinobacter (Streptomyces) and fungus like 

Trichoderma, Acermonium , Mortierella (Siegel-Hertz et al., 2018; Wang et al., 2022). 

These microbes produce several metabolic compounds like phenazines and 

lipopeptides, CWDEs like chitinases, β-1,3-glucanases  and use them to denend against 

pathogen (Damodaran et al., 2020; Zhang et al., 2021). In contrast, disease conducive 

soils were found to have profuse amount of antibiotic resistance genes (ARGs) 

revealing that soilborne disease outbreaks are often linked with ARGs (Wang et al., 

2024). Molecular ecological network analysis suggests suppressive soils have distinct 

and connected microbial communities with higly positive co-occurrence relationship 

revealing that stable and cooperative microbial core is efficient in inhibiting the 

pathogen as compared to the single taxon alone (Xiong et al., 2017).  

Soil suppressiveness is also affected by several abiotic factors such as pH, organic 

matter and nutrient content. Studies reveal that the acidic pH and nutrient deficiency 

triggers pathogen to produce metabolite namely bikaverin, which pathogen use as 
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weapon to manipulate the rhizosphere microbial environment leading to disease 

development (Lu et al., 2025). Fusarium wilt suppressive soils were found to have near 

neutral or slightly alkaline pH with higher amount of phosphorus and potassium content 

along with total organic carbon (Shen et al., 2022). Similarly, magnesium and cation 

exchange capacity (CEC) were also found to be significantly high along with iron and 

zinc (Jamil et al., 2022).  

Soil suppressiveness is higher in the soils enriched with clayey particles because clay 

micro particles have unique microbial communities that have enzymatic activities 

during disease suppression. But in sandy and silty soils with high bulk density and 

drainage problem, such soils  tend to be more conducive towards disease  (Olivares et 

al., 2022; Wang et al., 2022).  

Agricultural operations can have influential effect on soil suppressiveness. A study 

reveals that the soil heavily infected with Fusarium wilt of banana when incorporated 

with pine apple residues showed the decreased number of pathogens and the soils were 

enriched with non pathogenic Fusarium solani and Aspergillus fumigatus where both 

of the fungus had inhibitory effect towards the pathogen (Yuan et al., 2021). Similarly 

the incorporation of biofertilizers can potentially induce suppressiveness by triggering 

the proliferation of indegeneous beneficial microbial communities (Shao et al., 2025).  

Plants when attacked  by the pathogen release different root exudates. These exudates 

contain molecules such as lysine and threonic acid which attracts the beneficial 

bacterias such as Bacillus and Sphingomonas  through chemotaxis, attracting them 

towards rhizosphere which later trigger microbe mediated immunity by inducing ROS 

burst near rhizosphere inhibiting the pathogen penetration into the roots (Wen et al., 

2023).  

2.3.4 Case studies in different crops  

A study in strawberry showed that their roots recruit Actinobacterias which is 

responsible for the disease supprssiveness to Fusarium wilt caused by Fusarium 

oxysporum f.sp. fragagariae. The suppression was found to be due to Streptomyces  

genes regulating the ribosomal synthesis of conprimicin which is a heat stable 

antibiotics and disrupts the biosynthesis of cell wall of the pathogen (Cha et al., 2016).  
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In potato, soil suppression of common scab disease is found to be associated with high 

bacterial diversity and presence of non pathogenic Streptomyces which competes for 

soil resources such as magnesium and sulphur  with pathogen (Kopecky et al., 2019). 

Another study reveals that growing wheat as a cover crop in apple orchards leads to the 

soil suppressiveness against Rhizoctonia solani AG 5, leads to the enhanced growth of 

antagonistic Pseudomonas putida (Mazzola, 2002).  

The Take- all decline in wheat and barley, where the disease incidence suddenly 

decreases after a severe outbreak and long term monoculture is accredited 

Pseudomonas fluorescens producing the antibiotic 2,4-diacetylpholoriglucinol (2,4-

DAPG) (Weller et al., 2022). The suppressiveness to Fusarium culmorum in wheat and 

barley lacks the individual universal bacterial indicator but co-occurrence network 

reveals shared bacterial guild mostly dominated by acidobacteria and specifically 

Blastocatella (Ossowicki et al., 2020). In Rhizoctonia root rot of wheat caused by 

Rhizoctonia solani AG8, suppressive soils contain enriched Stenotrophomonas and 

Buttiauxella in the rhizospheric zone. When metatranscriptomic analysis was perfomed 

for suppressive soils, they showed higher expression of terpenoid biosyntheis backbone 

gene (dxs), polyketide cyclase and cold shock proteins (csp) whereas conducive soils 

showed the expression of genes responsible for ROS and superoxide radicals (Hayden 

et al., 2018).  

Specific suppressiveness in cucumber against Fusarium oxysporum f.sp. cucurmerinum 

begins with cry for help mechanism where cucumber roots secrete exudates containing 

lysine and threonine which acts as signalling molecule for Bacillus and Sphingomonas.  

These microbes through microbe modulated immunity involves in triggering ROS burst 

within the roots which restricts the penetration of pathogen into thr roots thereby 

protecting the plant (Wen et al., 2023).  

Suppressive soils in monoculture of vanilla is observed to be distinct from others. While 

many suppressive soils are enriched with bacterial diversity suppressive soils to vanilla 

fusarium wilt caused by Fusarium oxysporu f.sp. vanillae ,  have higher fungal diversity 

than bacterial diversity. The soil is dominated by Mortierella genus which accounts for 

37% of total fungal sequences. The molecular Ecological Network analysis suggests 

that the fungal communities are more connected showed higher co-occurrence 
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relationship in the suppressive soils indicating the role of fungal communities in soil 

suppressiveness to vanilla fusarium wilt (Xiong et al., 2017).  

2.4 Soil microbiome and plant health 

2.4.1 Rhizosphere ecology 

Rhizosphere is the narrow and nutrient rich region of the soil where the intensive 

tripartite relationship occur between the plant, soil environment and the microbial 

community (Wang et al., 2025). This region is characterized by high microbial density 

and significantly higher oxygen and nutrient level with enhanced microbial activity (J. 

Wang et al., 2024). This region functions as interface between plant - microbe 

interaction, also known as holobiont. This region depicts the coordinated and complex 

system where the total genetic material of the associated microbe is much higher than 

of plant itself (Todorović et al., 2023). Considered as plant’s second genome and the 

first line of defense against soilborne pathogen, rhizosphere harbors approximately 109 

microbial cells per gram of soil, hence referred as hostpot for microbial activity and 

interactions (Jamil et al., 2022; Mohanan et al., 2025).  

Plants have role in shaping the rhizosphere ecology through the process referred as 

rhizodeposition where plants release exudates containing sugars, amino acids and 

organic acids which act as chemoattractants selectively recruiting beneficial microbes 

and prevent the pathogen’s growth (Weller et al., 2022; Ye et al., 2022). A classical 

example of this phenomenon is the scretion of fumaric acid by banana’s root, which 

attracts Bacillus subtilis which then forms biofilm around the roots preventing pathogen 

entry (Ye et al., 2022). The recruitment of such antagonistic microorganisms by plant 

helps developing the defense mechanism to suppress the growth and establishment of 

the virulent pathogen (Jamil et al., 2022).  

The relationship between rhizosphere ecology and plant health is largely moderated by 

PGPRs and other beneficial microbes which are capable of producing different 

metabolites to protect the host plant against the pathogen (J. Wang et al., 2024). The 

microbes defend the plants through both direct and indirect mechanism. Direct 

mechanism is by antibiosis where the microbes secrete antimicrobial compounds such 

as phenazines, iturin, surfactin etc. which are regulated by NRPS and PKS gene clusters 

and also through resource competition like the production of siderophore which 
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sequester iron making it unavailable to pathogen (Lv et al., 2023; Mohanan et al., 2025). 

The indirect mechanism includes ISR, where different beneficial microbes including 

different strains of Bacillus and Pseudomonas operate as biological elicitors that primes 

plant’s innate immune system. This involves the jasmonic acid and ethylene signalling 

pathways, enhancig plant’s potential to resist pathogen attack (Jamil et al., 2022; 

Nisrina et al., 2021). Apart from defense against the pathogen, the rhizosphere microbes 

secrete several phytohormones including auxin and gibberlins thereby promoting root 

elongation and solublizing minerals (Gómez-Godínez et al., 2025).  

The rhizosphere ecology can be disbalanced by the virulent plant pathogen thus 

compromising plant health. For an example, Fusarium oxysporum secrete fusaric acid 

which obstruct the plant’s mechanism of recruiting beneficial taxa to suppress plant 

pathogen (Jin et al., 2024). Likewise, pathogen can maniulate the rhizosphere ecology. 

In Fusarium wilt of banana, pathogen secrete bikaverin which function as a molecular 

weapon to suppress beneficial rhizosphere bacteria hence promoting fungal dominance 

and facilitating the colonization of roots (Lu et al., 2025).  

2.4.2 Rhizosphere microbial community structure and function 

The taxonomic structure of rhizosphere normally varies according to plant, type of soil, 

climatic factors and growth stage of plant. However, the rhizosphere is essentially 

dominated by bacterial taxa such as Fermicutes, Proteobacteria, Acidobacteria and 

Actinobacteria and fungal phyla such as Basidiomycota, Ascomycota and 

Mortierellomycota (Jamil et al., 2022; Wang et al., 2025). According to several studies, 

the core microbial genera specifically bacterial includes Pseudomonas, Bacillus, 

Burkholderia and Streptomyces (Wang et al., 2024; Zhao et al., 2018). The bacterial 

community of the rhizosphere  remains relatively stable, fungal communities shows 

variability along with environmental changes during plant’s growth period (Ye et al., 

2022).  

The function of rhizosphere microbiome is driven by Molecular Ecological Networks 

which explains the connection and co-occurrence of microbial communities. These 

networks are structured by topological properties which are modularity, average 

connectivity and clustering coefficients, which determines stability and level of 

microbial association in the community. The disease suppressive soil often exhibits 
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higher ratio of positive co-occurrence relationships recommending strong association 

of core microbial taxa (Lv et al., 2023). 

The functional role of rhizosphere ecology spreads from biogeochemical cycles to 

serving as plant’s first line of defense. The function of rhizosphere microbiome is also 

explained by its metabolic and enzymati activities. The rhizosphere microbiome not 

only protects the plant from pathogen through antibiosis, parasitism, competition and 

ISR but also stimulates the plant growth through secretion of phytohormones such as 

cytokinins, auxins and gibberlins (Weller et al., 2022b; Ye et al., 2022). The functional 

analysis of soil microbial communities indicates that healthy rhizosheres are linked 

with metabolic pathways including RNA metabolism, carbohydrate biodegradation, 

metabolism of amino acids, terpenoids and ketides and xenobiotics metabolism 

contributing to community’s capacity to maintain homeostasis and resist against 

diseases (Du et al., 2024; Jamil et al., 2022).  

2.5 Metagenomic approach in plant pathology   

2.5.1 Concept of metagenomics 

Metagenomics is the tool in microbial ecology which enables to study and analyze the 

total genetic material of the microbial communities present in an environmental sample 

such as soil, faeces, water or plant tissues without a need of culturing the organism 

(Masenya et al., 2024). The traditional culture based method depends upon isolation 

and culturing of individual microorganisms which becomes limitation in studying the 

functional potential of microbiome since only 1-5% of microbes can be grown by 

culturing leaving others as microbial dark matter till they are identified by their DNA 

signatures (Roman-Reyna & Crandall, 2024; Shen et al., 2022). The metagenomic 

analysis helps to comprehend the interconnected dynamics of entire microbiome 

including its composition, diversity and functional potential bypassing the need for 

laboratory cultivation of indidual microorganisms and also plays crucial role in 

identification of non-culturable microorganisms (Gómez-Godínez et al., 2025; Nisrina 

et al., 2021).  

The methodological approach of metagenomics gives information on both taxonomic 

and functional depth through amplicon sequencing and shotgun sequencing (Ehau-

Taumaunu et al., 2025). Amplicon sequencing specifically targets 16s rRNA gene for 
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bacteria and ITS region in fungi to assess community richness, alpha/beta diversty and 

their functional profiles (Köberl et al., 2017). On the contrary, shotgun metagenomics 

sequencing involves the sequencing of entire pool of DNA allowing to reconstruction 

of  metagenome assembled genomes (MAGs) and the identification of global metabolic 

pathway (Ehau-Taumaunu et al., 2025).  

2.5.2 Application of metagenomics in plant pathology 

Metagenomic approach offers the detailed information on microbial community 

structure, composition and abundance helping to understand the ecological relationship 

and interaction between virulent pathogen, suceptible host and conducive environment 

(Roman-Reyna & Crandall, 2024). High throughput sequencing platforms such as 

Illumina, Pacbio and Oxford nanopore allows the monitoring of diseases through eDNA 

analysis (Paredes Salgado et al., 2025; Zhou et al., 2019). The metagenomic technology 

also allows to identify the link between disease outbreaks and the antibiotic resistant 

genes or mobile genetic elements providing new insights aboutv soil health (J. Wang et 

al., 2024). The technology also provides higher taxonomic resolutions as compared to 

conventional methods offering the identification of non-culturable pathogens and 

grouping into specific strains, pathovars or formae speciales (Roman-Reyna & 

Crandall, 2024).  

Metagenomics has also helped in understanding of interactions between soilborne 

pathogen and the microbiome. For an example, in case of field infested with potato cyst 

nematode (PCN), studies have showcased that their rhizospheres contain abundant of 

Enterobacteriacea and Pseudomonaceae which includes the genera known for disease 

suppression and nutrient solubilization. When suppressive and conducive rhizospheres 

are compared, specific biomarker taxa and functional genes involved in iron acquisition 

and chemotaxis can be identified using metagenomics (Kiige et al., 2025).  

The targeted metagenomics using probe identifies significantly higher taxonomical 

diversity of functional guilds as compared to conventional shotgun sequencing 

providing more comprehensive information on rhizosphere of host plant (Siljanen et 

al., 2025). These information helps in the development of synthetic microbial 

communities and enforcement of innovative managemnt strategies including 

microbiome engineering for the promotion of agriculture and global food security 

(Fadiji et al., 2025; Masenya et al., 2024).  
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2.5.3 Metagenomics in study of disease suppressive soils  

Metagenomics has been the impactful approach in investigating the unseen majority of 

soil microbes providing comprehensive insights to microbial community’s structure, 

diversity and function in disease suppressive soils (Wang et al., 2024). The usage of 

high throughput sequencing platforms and bioinformatic tools such as QIIME, Mothur 

etc. the microbial community of the suppressive soils can be studied and compared 

against conducive soils for the identification of biomarkers linked with plant’s 

immunity (Wang et al., 2022). Similarly, the metagenomics data helps in identification 

of key species and complex microbial consortia responsible for maintaing soils 

suppressive the pathogens (Mirmajlessi et al., 2025; Weller et al., 2022).  

The metagenomic study of Fusarium suppressive soil of Strawberry (Fusarium 

oxysporum f.sp. fragariae) revealed Streptomyces  specific genes responsible for the 

synthesis of heat stable thiopeptide antibiotic called conprimycin which inhibits the 

pathogen by interferring with fungal cell wall biosynthesis mechanism (Cha et al., 

2016).  

Shotgun sequencing of soils suppressive to FWB revealed the significantly higher level 

of functional genes linked with quorum sensing, biofilm production and production of 

antimicrobial compounds. The antiSMASh database further revealed the elevated level 

of NRPS which are linked with the production of antagonistic lipopeptides in 

suppressive soils  (Shen et al., 2022).  

The integration of metagenomics with metatranscriptomics can provide more insightful 

information of biological activity of microbiomes by evaluating gene expression in 

addition to gene content (Expósito et al., 2017). A metatranscriptomics study in wheat 

reports that the suppressive rhizospheres shows higher expression of polyketide 

cyclase, terpenoid biosynthesis genes and cold shock proteins (Hayden et al., 2018) 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Research design 

The overall research design of this study is given in Figure 3.  

 

Figure 3: Framework of research methodology 
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3.2 Selection of soil & soil sampling  

Soils were selected from the region of banana cultivation. Four differen kinds of soils 

namely virgin soil (FS), healthy soil (HS), conducive soil (CS) and sterile soil (SS). 

Virgin soil refers to soil colleted from uncultivated land. Healthy soil referes to soil 

from healthy banana field whereas conducive soil means the soil collected from 

diseased banana field. Three soils namely FS, HS and CS were collected from Chitwan 

district whereas SS was collected from Khumaltar, Lalitpur (Figure 4). The soils were 

taken from rhizosphere zone from the depth of 10-25 cm using shovel and spade. Shovel 

and spade were sterilized with washing through tap water followed by spraying 80% 

ethanol and wiping out to eliminate potential cross contamination between the sample 

collection. The soil were transferred into plastic bags for the transportation. After the 

arrival of the soil sample at the research location they were stored in 4°C (Barillot et 

al., 2013) under coolbot.  

 

Figure 4: Soil sample collection sites 
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3.3 Mass culture of pathogen 

The agar plate of  Fusarium oxysporum f.sp. cubense isolate 12 was obtained from 

Molecular Plant Pathology Laboratory of National Plant Pathology Research Centre,  

Khumaltar which was isolated from the infected plants from Tikapur, Kailali (Figure 

5). The fungus was already characterized by Molecular Plant Pathology Research 

Laboratory of National Plant Pathology Research Centre, Khumaltar.  The fungus was 

first subcultured in acidified PDA (750μL lactic acid in 1000mL PDA) to obtain the 

pure culture free from bacterial contamination. It was then transferred into PDA plates 

incubated at 28°C until the full plate was colonized for the preparation of inoculum. 

 

Figure 5: Colony morphology of Fusarium oxysporum f.sp. cubense. Colony 

morphology of Fusarium oxysporum f.sp. cubense on potato dextrose agar after 7 

days of incubation at 28°C. (A) observed view of the fungus showing mycelia and (B) 

reverse view showing pigmentation 

3.4 Measurement of soil pH and moisture content  

Soil pH is the measure of acidity or alkalinity of the soil. Soil pH was measured using 

HI2210 pH bench meter by Hanna Instrument (Hannah®  instruments, U.K) . The pH 

meter was calibrated by using pH buffers of 4.01 and 7.01. The soil samples and 

deionized water were taken in the ratio of 1:2.5 (weight/volume) and mixed thoroughly 

using glass rod to form slurry  in the glass beaker. The bulb of the electrode of pH meter 

was dipped into the slurry and the pH value was noted from the LCD of the pH meter 

(Djekiref et al., 2025).  

A B 
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Soil moisture content is the mass percentage of the water amount present in the soil. 

The soil mositure content in this experiment was calculated using thermo-gravimetric 

(oven drying) method. At first, the initial weight of the soil was weighed. The weighed 

soil was packed into the envelope and then put into the hot air oven for drying at 105°C 

for 24 hours. After 24 hours the weight of oven dried soil was taken and the gravimetric 

soil moisture content was calculated using the formula mentioned below:  

𝑆𝑀𝐶𝑔 =
𝑀𝑠−𝑀𝑑

𝑀𝑠
× 100% (1)  

Where,  

SMCg = Soil gravimetric moisture content, Ms = Mass of wet soil ,  Md = Mass of dry 

soil  (Li et al., 2022) 

3.5 Experiment design  

The experiments were set in randomized complete block design (RCBD) with two 

factors. The first factor was the soil type which included HS, SS, CS and FS 

representing healthy soil, sterile soil, conducive soil and virgin soil respectively while 

the second factor was the treatment which included TR4 inoculated and TR4 non 

inoculated control. Each treatment had six biological replicates. The experiment had 

total of 48 plants in each trial. The experiment was repeated twice.  

Table 1: Soil type and treatment combination of experiment 

1.  HS – Inoculated 2.  HS – Non inoculated 

3.  SS – Inoculated 4.  SS – Non inoculated 

5.  CS – Inoculated 6.  CS – Non inoculated 

7.  FS – Inoculated 8.  FS – Non inoculated 
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Figure 6: Experimental set up for greenhouse assay 

3.6 Selection of plant variety  

The banana cultivar used in the experiment was Grand Nain (G – 9), a cavendish group 

of banana susceptible to  Foc TR4. The tissue cultured plantlets were purchased from 

Nepal Agro Biotech & Research, Kumaripati, Lalitpur.  

3.7 Greenhouse assay  

The assay was carried out at the greenhouse of National Plant Pathology Research 

Centre, Khumaltar, Lalitpur of Nepal Agriculture Research Council. Initially the soil 

collected from different locations were sieved through the fine wired mesh and made 

into fine consistency. Moreover the foreign materials such as pebbles, plastics, tubers, 

roots etc. were removed from the soil. The soil was made sterile through moist heat 

sterilization technique by autoclaving for the sterilized soil. The soil was packed into 

autoclavable plastic bags and were loaded into the autoclave for 60 minutes  at 121°C 

and  20 psi. The sterilization process was slightly modified than suggested by King et 

al., (2024) by increasing autoclaving time from 45 minutes to 60 minutes.  

The plantlets obtained were then transplanted into the plastict pots, with each pot 

containg of 4.5 Kg of soil for the establishment of the plant roots. The diameter of the 

pot was 22cm while the height was 18cm.  

Simultaneously, the suspension of  TR4 was prepared for inoculating into the plants. 

For the preparation of pathogen suspension, 10mL of autoclaved distilled water was 

poured into the surface of petri-plates containing 10 days old culture of TR4. It was 

then scraped using sterile glass slides for each plate. Plates were washed with sterile 
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distilled water and collected (Francesconi et al., 2019). Suspension was then vortexed 

briefly and taken for the spore count using hemocytometer.  

𝑆𝑝𝑜𝑟𝑒𝑠/𝑚𝐿 = (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑝𝑜𝑟𝑒 𝑐𝑜𝑢𝑛𝑡 𝑝𝑒𝑟 𝑠𝑞𝑢𝑎𝑟𝑒) × (𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟) × 104(2) 

The spore concentration was maintained to 106 spores per mL for innoculation. The 

spores were inoculated by soil drencing near the root zone of plants at the rate of 2 ×

104 spores per mL per gram of soil. 

  

Figure 7: Soil drenching of TR4 inoculum 

3.8 Observation and scoring of internal symptoms 

After the inoculation of pathogen into the plants, the plants were then kept for 

observation of symptoms for 90 days. The disease development and symptoms were 

scored based on the external symptoms after the appearnce of the first symptom in the 

plant. The scoring was done in the interval of 7 days.  

The scoring was perfomed as per the guidelines suggested by Pérez-Vicente & Dita, 

(2014) with slight modifications in scoring scale. The scoring scale in this experiment 

was used from 0 - 4 instead of 1 – 5 (Figure 8).  
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Figure 8: External symptoms evaluation of FWB Scoring scale (0-4) 0: No 

symptoms; 1: Initial yellowing mainly in the lower leaves; 2: Yellowing of all the 

lower leaves with some discoloration of younger leaves; 3: All leaves with intense 

yellowing; 4: Plant dead (Pérez-Vicente & Dita, 2014) 

3.9 Termination of greenhouse assay  

The greenhouse experiment was terminated 90 days after  pathogen inoculation. The 

banana plants were uprooted from the pots, rhizosphere soil was taken and stored at 

4°C for DNA extraction. The plant roots were then washed with water for internal 

symptoms evaluation.  

For the evaluation of internal symptom, the juntion of rhizome and pseudostem was 

split with surface sterilized blades. The internal symptoms were score from 0 – 4 based 

on the severity of vascular discoloration. This was done as suggested by Pérez-Vicente 

& Dita, (2014) but with the modification in score range which is 0 – 4 instead of 1 – 5 

(Figure 9). 

 

Figure 9: Internal symptoms of FWB observed by splitting the pseudostem Scoring 

Scale (0-4) 0: No symptoms; 1: Initial rhizome discoloration; 2: Slight vascular 

discoloration along the whole rhizome; 3: Rhizome with most of the tissue showing 

necrosis; 4: totally necrotic rhizome. 

To further analyse the plant growth parameters, root and shoot mass was weighed and 

root and shoot length was measured. The root length was measured from the junction 

of pseudostem and rhizome to tip of longest rhizome while shoot height was measured 
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from junction of pseudostem and rhizome to tip of the youngest leaf of the plant using 

measuring tape. The root and shoot were let to dry for one hour in greenhouse to remove 

excess moisture absorbed during washing and mass was recorded using Kern® 

weighing balance (Kern & Sohn, Germany) .  

3.10 Calculation of AUDPC & DSI 

Area under disease progress curve is a tool in plant pathology which is used to assess 

progression of the disease over the time. This helps for the clear understanding of disese 

intensity throughout the growth period of the plant (Dita et al., 2021).  

The AUDPC value was calculated based on the weekly disease score for external 

symptoms. The AUDPC values were calculated as per the equation mentioned by 

Shaner & Finney (1977) (Huang et al., 2012).  

𝐴𝑈𝐷𝑃𝐶 = ∑ [
𝑋𝑖 + 1 + 𝑋𝑖

2
]

𝑛=1

𝑖=1

(𝑡𝑖 + 1 −  𝑡𝑖) (3) 

 Here,  

n = number of observations/scoring made  

Xi = score of disease at i th observation 

ti = time (number of days) at ith observation  

Often expressed in terms of percentage, disease severity index (DSI) is the quantitative 

measure of overall disease intensity in a plant sample by integrating the number of 

infected plants with particular severity of their symptom.  

DSI can be calculated based on both or external symptom scoring. In this study, the 

DSI was calculated based on the scores of internal symptoms. The most followed 

formula for the calculation of DSI was proposed by McKinner (1923) and  Dita et al. 

(2021).  

The formula for calculating DSI is given as below  

𝐷𝑆𝐼 = ∑
(𝑁𝑎 × 𝑆𝑎)

(𝑁 × 𝑆)
× 100% (4) 
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Here,  

Na = number of banana plants with symptoms  

Sa = value of the score of symptoms 

N = number of plants experimented 

S = Maximum score of the scale  

3.11 DNA extraction  

Prior to DNA extraction from the soil, the rhizosphere soil samples were dried under 

laminar hood for approximately for 8 hours to remove excess moisture from the sample. 

The soil was grounded ino fine powder then, 0.25gram of soil sample was kept in 

microcentrifuge tube for further processing.  

The DNA from the soil was extracted using Qiagen DNeasy® PowerSoil® Pro Kit 

(Qiagen, U.S.A) at molecular plant pathology laboratory of National Plant Pathology 

research Centre, Khumaltar, Lalitpur. The extraction protocol was supplied with the kit 

by the company which was strictly followed during the process.  

Initially, the PowerBead Pro Tube was spun to ensure that the beads present inside 

settled at the bottom. Then, 0.25gram of soil sample was added to the tube followed by 

the addition of 800μL of solution CD1 solution. The tubes were then vortexed for 10 

minutes in maximum speed in order to lyse the cell. After vortexing the tubes were then 

centrifuged at 15000 x g for 1 minute. Approximately 600μL of supernatant was then 

transferred to 2mL of microcentrifuge tube. This step was followed by addition of 200 

μL of solution CD2 solution and then vortexed for 5 seconds. The microcentrifuge tubes 

were then centrifuged again at 15000 x g for 1 minute.  

Seven hundred microlitre of supernatant was then transferred to new microcentrifuge 

tube without disturbing the pellets afterwhich 600μL of solution CD3 was added and 

then vortexed for 5 seconds. Then, 650μL of the lysate was then added to MB spin 

column followed by centrifugation at 15000 x g for 1 minute. The flow-through was 

discarded and the process was repeated unless all of the lysate passed through MB spin 

column. The MB spin column was then placed in new collection tube. Thereafter, 

500μL of solution EA was added to the MB spin column and then centrifuged again at 

15000 x g for 1 minute. The flow-though was discarded and the spin column was placed 
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into same collection tube. Subsequently 500μL of solution C5 was added into MB spin 

column and centrifuged at 15000 x g for 1 minute. The flow-through was discarded and 

the spin column was placed in new collection tube which was then centrifuged at 16000 

x g for 2 minute. 

The MB spin column was then carefully placed into the eleution tube. 75μL of solution 

C6 was pippeted carefully into the white filter membrane of MB spin column. It was 

the centrifuged again at 15000 x g for 1 minute. The MB spin column was then 

discarded and the eluted DNA was transferred into new microcentrifuge tube. The 

quality of DNA was assessed using Nanodrop Lite Plus (Thermoscientific, USA) and 

then DNA was stored at -20°C for future applications.  

 

Figure 10: Flowchart of procedures for soil DNA extraction using Qiagen DNeasy® 

PowerSoil® Pro Kit (Source: DNeasy PowerSoil Pro Kit Handbook) 
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3.12 16S full length metagenome sequencing and bioinformatics 

After the quality assessment of extracted DNA, the samples were sequenced at  Zymo 

Research, USA using Pacbio full length 16S  sequencing. The library for whole 16S 

sequence was prepared according to the 16S amplification protocol of Pacbio. The 

whole 16S gene was amplified using the 27f (AGRGTTYGATYMTGGCTCAG) and 

1492r (RGYTACCTTGTTACGACTT3) primers with barcodes and adapters. Two 

nanogram of DNA was used as the PCR template for each sample. The PCR was run 

with Kapa HiFi HotStart DNA polymerase (Roche Diagnostics, Switzerland) for 25 

cycles.  

Table 2:  PCR component for library preparation 

Component Volume (in μL) 

PCR-grade water 1.5 

2X KAPA HiFi Hotstart ReadyMix 12.5 

Barcoded forward primer (2.5μM) 3.0 

Barcoded reverse primer (2.5μM) 3.0 

Diluted gDNA 5 (1 – 2ng) 

Total 25 

 

Table 3: PCR condition for library preparation of  16S rRNA genes 

Step Temperature Time 

Initial Denature 95°C 3 minutes 

Denature 95°C 30 seconds 

Anneal 57°C 30 seconds 

Extension 72°C 60 seconds 

Repeated for a total of 25 cycles  

( Source : Pacbio Amplification of Bacterial full- length gene with barcoded primers) 
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The subsequent PCR product of each reaction was cleaned up with Select-a-Size DNA 

Clean & Concentrator™ (Zymo Research, Irvine, CA) to retain fragment size greater 

than 300bp. The library of each reaction was then quantified by NanoDrop 

Spectrophotometer (Thermo Fisher Scientific, Waltham, MA) and pooled together with 

equal DNA mass. The final pooled library was quantified with TapeStation® (Agilent 

Technologies, Santa Clara, CA) and Qubit® (Thermo Fisher Scientific, Waltham, WA). 

To prepare for PacBio Sequencing, the pooled library was further processed using the 

SMRTbell® prep kit 3.0 (Pacific Biosciences, Menlo Park, CA). 

The library was sequenced on one 8M SMRT cell on the Sequel IIe system for 15 hours. 

HiFi reads, produced by Circular Consensus Sequencing mode, were generated by the 

sequencer. 

Unique amplicon sequences variants were inferred from raw reads using the DADA2 

pipeline (Callahan et al., 2016). Potential sequencing errors and chimeric sequences 

were also removed with the Dada2 pipeline. Chimeric sequences were also removed 

with the DADA2 pipeline. Taxonomy assignment was performed using Uclust from 

Qiime v.1.9.1 with the Zymo Research Database, a 16S database that is internally 

designed and curated, as reference. 

Composition visualization, alpha-diversity, and beta-diversity analyses were performed 

with Qiime v.1.9.1 (Caporaso et al., 2010). Other analyses such as heatmaps, 

Taxa2ASV Deomposer, and PCoA plots were performed with internal scripts by Zymo 

Research, CA, USA.  

3.13 Statistical analysis 

The data recorded from the experiment were initially compiled and organized  in 

Microsoft Excel. The data were then analaysed using RStudio (version 2025.09) 

Agricolae packages (version 1.3.7) (de Mendiburu, 2023; R Core Team, 2025). The 

data associated with disease were analysed only for the inoculated treatments and non 

inoculated treatments were excluded as disease parameterical are meaningful  only 

when pathogens are present. However, both the inoculated and non inoculated 

treatments were included for descriptive visualization of the data. Before the analysis, 

data were checked for outliers and tested for normality and homogenity of variance 

using Shapiro-wilk test and Levene’s test respectively in R.  
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Datasets which satisfied the assumptions of parametric test were analysed using 

analysis of variance (ANOVA) to study the effect and relationship of various 

parameters. When the significant differences were observed, post hoc mean separation 

was performed using Tukey’s Honest Significant difference (HSD) test at a 5% 

significance level of (𝑝 ≤ 0.05).  

Variables or datasets that did not satisfy the assumptions of parametric test  were 

proceeded with non – parametric tests. The Kruskal-Wallis test was applied instead of 

ANOVA followed by Dunn’s post hoc where required.  

Disease progression over time was calculated and summarized by area under disease 

progress curve. The relationship between several plant growth parameters and disease 

parameters were analysed in reference to the soil type. The relationship between 

AUDPC and DSI was studied using the correlation analysis.  

Graphical representation of analysed data were generated using R packages which 

include ggplot2 for visualization , car package for testing the assumptions and FSA for 

non – parametric post hoc analysis.  

The reults were represented in the form of mean ± SD and the differences were 

considered statistically significant at 5% significance level of (𝑝 ≤ 0.05). 

Following statistical analysis were perfomed for the experimental data of both the trials 

:  

1. Descriptive statistical analysis which included mean and standard deviation 

(SD) for the parameters such as AUDPC, DSI, plant growth parameters (root 

length & mass, shoot length & mass) along different soil types. 

2. Normality of residuals and homogenity of variances 

3. Effect of soil type on disease parameters 

4. Effect of soil type on plant growth parameters 

5. Correlation analysis between AUDPC and DSI 
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CHAPTER 4  

RESULTS 

4.1 Normality of residuals 

The normality of residuals is important in deciding the type of test to be used for the 

analysis. The normality of residuals was determined using Shapiro-wilk test.  

Table 4: Normality of residuals of various parameters obtained from the first trial 

with their respective W and p value 

Variable W p value 

DSI 0.895 0.0171* 

AUDPC 0.936 0.1345 

Root Length 0.982 0.9362 

Shoot Length 0.956 0.3576 

Root Mass 0.939 0.1572 

Shoot Mass 0.837 0.0012* 

 

The Shapiro-wilk test for different parameters of the first trial of experiment indicated 

that the normality of residuals of AUDPC, root length, shoot length and root mass 

followed the normal distribution (p > 0.05) while the normality of residuals of DSI and 

shoot mass violated the normal distribution (p ≤ 0.05).   

Table 5: Shapiro-wilk of various parameters obtained from the second trial with their 

respective W and p value 

Variable W p value 

DSI 0.826 0.0008* 

AUDPC 0.946 0.2239 

Root Length 0.949 0.2583 
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Shoot Length 0.957 0.3774 

Root Mass 0.947 0.2327 

Shoot Mass 0.865 0.0041* 

Table 5 represents the result of Shapiro-wilk test for normality for different parameters 

from the second trial of the experiment. The result indicated that the parameters such 

as DSI and shoot mass significantly violated the assumptions of normality (p ≤ 0.05) 

while the parameters such as AUDPC, root length, shoot length and root mass satisfied 

the assumptions of normality (p > 0.05).  

Hence, the parametric tests were applied for those following normal distribution while 

for those violating normality, non – parametric tests were used. 

4.2 Effect of soil type on AUDPC 

 

Figure 11: Effect of soil type on AUDPC (First trial). The bars represent the mean 

AUDPC values with standard error (Mean ± S.E.) Means followed by the same letters 

do not differ significantly (p ≤ 0.05). 

Figure 11 elucidates effect of different soil types, conducive soil, healthy soil, sterile 

soil and virgin soil on Fusarium wilt of banana development (AUDPC). Under the 

inoculated condition, sterile soil type showed significantly highest AUDPC while the 

virgin soil type showed the lowest AUDPC (p ≤ 0.05). However, the FWB development 
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in plants grown in virgin soils as indicated by AUDPC was not significantly different 

from that of plants grown on conducive soils and healthy soils. 

Table 6: ANOVA table for AUDPC (First trial) 

Source of Variation df Sum Sq Mean Sq F value p value 

Soil Type 3 16898.36 5632.788 

5.23067 0.007901* 

Residuals 20 21537.54 1076.877 

 

Table 6 shows that the soil type has significant effect on disease development 

(AUDPC), p ≤ 0.05.  

 

Figure 12: Effect of soil type on disease development (AUDPC) during the second 

trial. The bars represent the mean AUDPC values with standard error (Mean ± S.E.) 

Means followed by the same letters do not differ significantly (p ≤ 0.05). 

Figure 12 elucidates effect of different soil types on disease development (AUDPC). 

Under the inoculated condition, virgin soil type showed significantly the lowest 

AUDPC (p ≤ 0.05).  
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Table 7: ANOVA table for AUDPC (Second trial) 

Source of variance df Sum sq. Mean sq. F value p value 

Soil Type 3 50341.38 16780.46 

7.082292 0.001987* 

Residuals 20 47387.08 2369.354 

 

Table 7 confirms that the soil type has significant effect on disease development 

(AUDPC) p ≤ 0.05.  

From both of the trials, it has been found that the soil type had significant effect on 

the disease development (AUDPC). In both of the trial the virgin soil exhibited the 

lowest AUDPC. 

4.3 Effect of soil type on DSI 

Since the residuals of DSI weren’t normally distributed, non-parametric tests were 

applied to determine the effect of soil type on DSI.  Kruskal – Wallis test was applied 

instead of ANOVA followed by Dunn’s post hoc test.  

 

Figure 13: Effect of soil type on disease severity (DSI %) during the first trial. The 

bars represent the mean AUDPC values with standard error (Mean ± S.E.) The values 

are statistically significant at p ≤ 0.05. 
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The Figure 13 illustrates that the disease severity is significantly higher in sterile soil 

type while the disease severity is lower in virgin soil type. This shows that soil type had 

significant influence on the disease severity index (p ≤ 0.05).  

Table 8: Kruskal-Wallis test for effect of soil type on DSI for the first trial 

Variable  N H statistic df p value 

DSI 24 8.428726 3 0.0379* 

 

Table 8 explains that soil type had a significant difference on disease severity (p ≤ 

0.05).  

The residuals of DSI values obtained from the second trial as well did not follow the 

assumptions of normality. Hence, non-parametric tests were used for analysis od effect 

of soil type on DSI.  

 

Figure 14: Effect of soil type on disease severity (DSI %) during the second trial. The 

bars represent the mean AUDPC values with standard error (Mean ± S.E.) The values 

are statistically significant at p ≤ 0.05. 

The Figure 14 depicts the effect of soil type on disease severity index. It was observed 

SS soil type had higher disease severity while virgin soil had the lowest disease severity.  
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Table 9: Kruskal-Wallis test for effect of soil type on DSI for the second trial 

Variable  N H statistic df p value 

DSI 24 11.37151 3 0.00988* 

 

Table 9 revealed that the soil type had significant effect on the DSI (p ≤ 0.05), 

suggesting that TR4 severity differed significantly among the types of soil.  

From both of the trials, it can be inferred that the soil type influenced the disease 

severity. In both of the trials, sterile soil exhibited highest disease severity while virgin 

soil exhibited the lowest disease severity in both of the trials. The results were 

statistically significant (p ≤ 0.05) suggesting virgin soil had disease suppressive 

property.  

4.4 Relationship between DSI and AUDPC  

The relationship between DSI and AUDPC was analyzed using Spearman’s rank 

correlation coefficient since the residuals of DSI were not normally distributed.  

 

Figure 15: Scatterplot showing the correlation between DSI and AUDPC for the first 

trial. Each point on plot represents individual replication, red line represents the fitted 

regression trendline for inoculated plants while shaded area represents the 95% 

confidence interval. DSI was calculated from internal symptoms scoring while AUDPC 

was calculated from external symptom scoring at 7 days interval. The relationship 

between AUDPC and DSI was assessed using Spearman’s rank correlation. 
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Figure 15 shows the strong correlation between DSI and AUDPC (ρ=0.8). This 

indicates that plants exhibiting higher disease severity also showed the higher disease 

progression along the time.  

Table 10: Spearman’s rank correlation between disease severity index (DSI) and area 

under disease progress curve for the first trial 

Variable 1 Variable 2 Spearman's ρ Test statistic p value 

DSI AUDPC 0.8 451.8102 2.26E-06* 

  

Table 10 shows the strong positive correlation between DSI and AUDPC evaluated 

through Spearman’s Rank Correlation. This is statistically significant (p ≤ 0.05).  

The relationship between AUDPC and DSI for the second trial was also assessed 

through Spearman’s Rank Correlation since the residuals of DSI weren’t normally 

distributed. 

 

Figure 16: Scatterplot showing the correlation between DSI and AUDPC for the second 

trial. Each point on plot represents individual replication, red line represents the fitted 

regression trendline for inoculated plants while shaded area represents the 95% 

confidence interval. DSI was calculated from internal symptoms scoring while AUDPC 

was calculated from external symptom scoring at 7 days interval. The relationship 

between AUDPC and DSI was assessed using Spearman’s rank correlation. 
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Figure 16 above shows the strong correlation between DSI and AUDPC (ρ=0.86). This 

indicates that plants exhibiting higher disease severity also showed the higher disease 

progression along the time.  

Table 11: Spearman’s rank correlation between disease severity index (DSI) and area 

under disease progress curve for the second trial 

Variable 1 Variable 2 Spearman's ρ Test statistic p value 

DSI AUDPC 0.86 315.892 5.91E-08* 

 

Table 11 shows the strong positive correlation between DSI and AUDPC evaluated 

through Spearman’s Rank Correlation. This is statistically significant (p ≤ 0.05).  

From the statistical analysis of both of the trials, DSI and AUDPC showed strong 

positive correlation among each other. This indicates that as the internal severity of the 

disease is increased, the symptoms were expressed externally. 

4.5 Effect of soil type on root length 

 

Figure 17: Effect of soil type on root length during the first trial. The bars represent 

the mean root length with standard error (Mean ± S.E.) Means followed by the same 

letters do not differ significantly (p ≤ 0.05). 
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Figure 17 explains the effect of soil type on root length of plants observed in the first 

trial. According to the figure, plants in sterile soil showed the smaller root growth as 

compared to plants in other soil type while the plants in healthy soil type showed highest 

root growth.  

Table 12: ANOVA table for effect of soil type on root length (Inoculated first trial) 

Source of Variance df Sum sq. Mean sq. F value p value 

Soil Type 3 3696.333 1232.111 

5.892919 0.004722* 

Residuals 20 4181.667 209.0833 

 

Table 12 shows that the soil type had significant effect on the root length of the plants 

which is validated by the p value obtained from the ANOVA analysis (p ≤ 0.05).  

 

Figure 18: Effect of soil type on root length during the second trial. The bars 

represent the mean root length with standard error (Mean ± S.E.) Means followed by 

the same letters do not differ significantly (p ≤ 0.05). 

Figure 18 explains the effect of soil type on root length of plants observed in the second 

trial. According to the figure, plants in healthy soil type showed the smaller root growth 

as compared to plants in other soil type while the plants in virgin soil type showed 

highest root growth.  
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Table 13: ANOVA table for effect of soil type on root length (Inoculated second 

trial) 

Source of variance df Sum sq. Mean sq. F value p value 

Soil Type 3 1958.458 652.8194 

5.240373 0.007841* 

Residuals 20 2491.5 124.575 

 

Table 13 shows that the soil type had significant effect on the root length of the plants 

which is validated by the p value obtained from the ANOVA analysis (p ≤ 0.05).  

From the statistical analysis of data from both of the trials, virgin soil type showed 

intermediate root growth in the first trial however it was observed that virgin soil type 

had the highest root growth in the second trial. While the healthy soil showed the 

highest root length, it showed the least growth in the second trial.  

4.6 Effect of soil type on root mass 

 

Figure 19: Effect of soil type on root mass during the first trial. The bars represent 

the mean root mass with standard error (Mean ± S.E.) Means followed by the same 

letters do not differ significantly (p ≤ 0.05). 
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Figure 19 depicts the effect of soil type on root mass of plants observed in the first trial. 

According to the figure above, it was observed that plants of conducive soil type had 

the highest root mass and plants in sterile soil type exhibited the least root mass, while 

plants in virgin and healthy soil type exhibited the intermediate root mass.  

Table 14: ANOVA table for effect of soil type on root mass (Inoculated first trial) 

Source of variance df Sum sq. Mean sq. F value p value 

Soil Type 3 1169.804 389.9348 

5.816518 0.005005* 

Residuals 20 1340.785 67.03923 

 

Table 14 above confirms that the soil type had significant influence on the root mass of 

the plants (p ≤ 0.05) during the first trial of the experiment. 

 

Figure 20: Effect of soil type on root mass during the second trial. The bars represent 

the mean root mass with standard error (Mean ± S.E.) Means followed by the same 

letters do not differ significantly (p ≤ 0.05). 

Figure 20 represents the effect of soil type on root mass of the plants observed during 

the second trial. It was observed that the plants of virgin soil exhibited the highest root 

mass while the plants of healthy soil type exhibited the lowest. The plants of conducive 

and sterile soil exhibited intermediate root mass.  
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Table 15: ANOVA table for effect of soil type on root mass (Inoculated second trial) 

Source of variance Df Sum sq. Mean sq. F value p value  

Soil Type 3 2007.183 669.0609 

5.312048 0.007407* 

Residuals 20 2519.032 125.9516 

 

Table 15 validates that the soil type had significant influence on the root mass of the 

plants (p ≤ 0.05) during the first trial of the experiment. 

From the results of both of the trials, it can be observed that plants forest soil exhibited 

intermediate root mass in the first trial while it exhibited the highest root mass during 

the second trial. In contrast, the plants of sterile soil exhibited the lowest root mass 

during the first trial but showed intermediate root mass in the second trial.  

4.7 Effect of soil type on shoot length 

 

Figure 21: Effect of soil type on shoot length during the first trial. The bars represent 

the mean shoot length with standard error (Mean ± S.E.) Means followed by the same 

letters do not differ significantly (p ≤ 0.05). 

Figure 21 represents the effect of soil type on shoot length of the plant. From the figure 

above, some variations can be visually observed in mean shoot length of the plants 
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however this variation isn’t statistically significant (p > 0.05). This suggests that soil 

type did not have influence in shoot length of the plants.  

Table 16: ANOVA table for effect of soil type on shoot length (Inoculated first trial) 

Source of variation df Sum sq. Mean sq.  F value p value 

Soil Type 3 644.4583 214.8194 

2.28147 0.1103 

Residuals 20 1883.167 94.15833 

 

Table 16 mentioned above informs that the soil type didn’t influence the shoot length 

of the plants during the first trial. Despite the fact that some variations were observed 

visually but the differences were not statistically significant (p > 0.05).  

 

Figure 22: Effect of soil type on shoot length during the second trial. The bars represent 

the mean shoot length with standard error (Mean ± S.E.) Means followed by the same 

letters do not differ significantly (p ≤ 0.05). 

In contrast to the first trial, the Figure 22 which explains the effect of soil type on shoot 

length indicates that the plants of sterile soil type had higher shoot length while the 

plants of conducive and virgin soil had the least shoot length.  

Table 17: ANOVA table for effect of soil type on shoot length (Inoculated second 

trial) 
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Source of variation df Sum sq. Mean sq. F value p value 

Soil Type 3 522.125 174.0417 

5.965438 0.00447* 

Residuals 20 583.5 29.175 

 

Table 17 indicates the significant effect of soil type on the shoot length (p ≤ 0.05). This 

means that certain soil type promotes shoot elongation as compared to other type of 

soil. 

The influence of soil type on disease development was found to be inconsistent across 

two trials. While no significant difference (p > 0.05) was observed during the first trial, 

significant difference on shoot growth was observed during second trial (p ≤ 0.05).  

4.8 Effect of soil type on shoot mass 

 

Figure 23: Effect of soil type on shoot mass during the first trial. The bars represent 

the mean shoot mass with standard error (Mean ± S.E.) The values are statistically 

significant at p ≤ 0.05. 

The Figure 23 explains the effect of different soil type on shoot mass of the plants. 

According to figure, the plants of conducive soil produced the maximum shoot mass 

while the plants of sterile soil produced the least shoot biomass.  
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Table 18: Kruskal-Wallis test for effect of soil type on shoot mass for the inoculated 

first trial 

Variable n H statistic df P 

Shoot Mass 24 8.42 3 0.0381* 

 

Table 18 explains the results of Kruskal-Wallis test for the analysis of effect of soil type 

on shoot mass validating that soil type had significant effect on soil biomass (p ≤ 0.05).  

 

Figure 24: Effect of soil type on shoot mass during the second trial. The bars 

represent the mean shoot mass with standard error (Mean ± S.E.) The values are 

statistically significant at p ≤ 0.05. 

From the Figure 24 it can be observed that, in the second trial shoot mass of the plants 

did not differ significantly across the soil types (p > 0.05). Although the plants of virgin 

soil have been observed to produce the higher shoot mass, it wasn’t found to be 

statistically significant.  
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Table 19: Kruskal-Wallis test for effect of soil type on shoot mass for the inoculated 

second trial 

Variable  n H statistic Df p 

Shoot Mass 24 4.306667 3 0.23 

 

The Kruskal – Wallis test (Table 19) indicated no significant differences in shoot mass 

across the four different soil type existed during the second trial. Despite of some 

variation observed, these differences didn’t have statistical significance (p > 0.05). 

The effect of soil type on shoot mass differed between the trials. In the first trial, the 

effect of soil type on shoot mass was statistically significant (p ≤ 0.05) however, the 

effect was observed insignificant (p > 0.05) in the second trial. The inconsistency in 

the results necessitates the analysis of other parameters affecting the shoot growth.  

4.9 Correlation between disease metrices & plant growth parameters 

 

Figure 25: Spearman's correlation matrix between disease metrices & plant growth 

parameters (first trial).  Asterisk (*) represents the significant value (p≤0.05). 
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Figure 25 represents the correlation matrix between disease parameters (AUDPC & 

DSI) observed during first trial. From the figure it can be inferred that both the AUDPC 

and DSI are negatively correlated with plant growth parameters signifying that disease 

development and severity have severe impact on plant’s growth and development.  

 

Figure 26: Spearman's correlation matrix between disease metrices & plant growth 

parameters (second trial). Asterisk (*) represents the significant value (p≤0.05). 

Figure 26 represents the correlation matrix calculated through Spearman’s rank 

correlation coefficient indicates that the disease measures are negatively correlated to 

the plant growth and biomass signifying that disease development and severity affect 

plant’s growth.  
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4.10 Composition of the bacterial phyla present in soils 

Table 20: Bacterial (Phylum) composition observed across different soil, values in 

percentages 

Phylum Healthy Soil Virgin Soil Conducive Soil Sterile Soil 

Proteobacteria 25.24 30.00 31.62 15.88 

Firmicutes 7.87 15.23 3.54 32.87 

Actinobacteria 13.59 13.72 12.53 5.98 

Acidobacteria 12.73 12.53 14.68 2.40 

Chloroflexi 6.88 9.57 9.14 0.16 

Verrucomicrobia 0.56 6.78 0.98 3.80 

Planctomycetes 8.04 4.70 9.53 12.43 

None;Other 0.47 2.40 1.37 4.78 

Bacteroidetes 4.43 2.24 2.92 14.62 

NA 0.17 1.18 0.45 0.00 

Gemmatimonadetes 3.70 0.82 6.94 0.97 

Saccharibacteria 9.33 0.49 1.04 0.00 

Nitrospirae 3.65 0.26 1.96 0.00 

Microgenomates 0.00 0.07 0.00 0.00 

Armatimonadetes 0.39 0.00 0.39 0.84 

Chlorobi 0.00 0.00 0.00 0.15 

Cyanobacteria 1.93 0.00 0.00 3.22 

Fibrobacteres 0.52 0.00 2.92 0.00 

Gracilibacteria 0.00 0.00 0.00 1.90 

Parcubacteria 0.52 0.00 0.00 0.00 

 

The Table 20 represents the abundance of bacterial taxa (phylum) in percentages in 

different soil types. Row in the table denotes the phyla whereas each individual column 

represents the sample number and code. The composition values are expressed as 

percentages to directly compare the community composition of the bacteria present.  



60 
 

From Table 20, it can be observed that Proteobacteria was the dominant phyla across 

most of the samples ranging from 16 – 32% followed by Firmicutes, Actinobacteria 

and Acidobacteria. However, phyla such as Microgenomates, Gracilibacteria, Chlorobi, 

Parcubacteria are very less represented (< 1%) across all the soil types.  

 

 

Figure 27: Heatmap of bacterial community abundance across soil types in phyla 

level. Rows in the heatmap represents the bacterial phyla present across different soil 

types as mentioned in the base of the heatmap. The color intensity of the bar 

represents the relative abundance of the phyla across the soil type. 

From Table 20 and Figure 27, it can be inferred that, Proteobacteria was found 

dominant across all the samples followed by Firmicutes, Actinobacteria and 

Acidobacteria. Healthy soil is dominated by Proteobacteria (25.2%) followed by 

Actinobacteria (13.6%) and Acidobacteria (12.7%). Sample 2 (FS) was also found to 

be enriched with Proteobacteria (30%) followed by Firmicutes (15.2%), Actinobacteria 

(13.7%) and Acidobacteria (12.5%). Virgin soil also had higher percentages of 

Chloroflexi (9.6%) and Verrucomicrobia (6.8%). Conducive soil was also majorly 
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dominated by Proteobacteria, Acidobacteria and Actinobacteria while the percentage 

of Firmicutes was observed to be low (3.54%). Sterile soil was heavily dominated by 

Firmicutes (32.86%). However, the percentages of other phyla such as Proteobacteria 

(15.88%), Actinobacteria (5.98%) and Acidobacteria (2.38%) were observed 

comparatively less than other soils.  

 

Figure 28: Spearman's correlation analysis between bacterial phylum, disease 

metrices and plant growth parameters. The names on left side indicates the bacteria 

phyla whereas the labels in top indicate different disease and plant growth parameters. 

Figure 28 represents the Spearman’s correlation matrix between bacterial phylum, 

disease metrices such as AUDPC and DSI and plant growth parameters (root mass and 

length, shoot mass and length). The color gradient denotes the correlation between the 

phyla and disease and plant growth parameters. It can be inferred that the phyla 

including Proteobacteria, Actinobacteria, Chloroflexi, Verrucomicrobia are negatively 

correlated with AUDPC and DSI while Firmicutes and Acidobacteria showed slightly 

positive correlation with AUDPC and DSI. Similarly, Proteobacteria and Acidobacteria 

showed positive correlation towards plant growth parameters.  
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4.11 Class-wise composition of bacterial communities 

Table 21: Bacterial (Class) composition observed across different soil, values in 

percentages 

Taxonomy Healthy 

Soil 

Virgin 

Soil 

Conduciv

e Soil 

Sterile 

Soil 

Phylum: Proteobacteria; Class: 

Alphaproteobacteria 

15.1 24.5 17.5 9.6 

Phylum: Acidobacteria; Class: 

Acidobacteria 

12.7 12.4 13.5 2.4 

Phylum: Actinobacteria; Class: 

Thermoleophilia 

12.7 10.0 7.9 0.0 

Phylum: Firmicutes; Class: Bacilli 7.9 8.4 3.3 32.2 

Phylum: Verrucomicrobia; Class: 

Spartobacteria 

0.0 6.0 0.3 1.5 

Phylum: Firmicutes; Class: NA 0.0 4.8 0.0 0.0 

Phylum: Planctomycetes; Class: 

Planctomycetacia 

7.1 4.7 8.8 12.4 

Phylum: Chloroflexi; Class: NA 0.3 4.4 2.9 0.2 

Phylum: Chloroflexi; Class: 

Anaerolineae 

0.0 4.0 4.1 0.0 

Phylum: Proteobacteria; Class: 

Gammaproteobacteria 

7.6 2.3 4.0 2.4 

Phylum: Firmicutes; Class: 

Clostridia 

0.0 2.0 0.2 0.7 

Phylum: Proteobacteria; Class: 

Betaproteobacteria 

2.2 1.7 6.5 2.6 

Phylum: Bacteroidetes; Class: 

Cytophagia 

0.2 1.6 2.2 3.7 

Phylum: Actinobacteria; Class: 

Acidimicrobia 

0.0 1.5 1.6 0.0 

Phylum: Proteobacteria; Class: 

Deltaproteobacteria 

0.3 1.5 3.6 1.2 
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Phylum: Actinobacteria; Class: NA 0.4 1.2 1.3 0.0 

Phylum: NA; Class: NA 0.2 1.2 0.4 0.0 

Phylum: Actinobacteria; Class: 

Actinobacteria 

0.5 0.9 1.7 6.0 

Phylum: Gemmatimonadetes; Class: 

Gemmatimonadetes 

3.7 0.8 6.9 1.0 

Phylum: Verrucomicrobia; Class: NA 0.0 0.8 0.6 2.2 

Phylum: Bacteroidetes; Class: 

Sphingobacteriia 

4.2 0.7 0.7 10.9 

Phylum: Chloroflexi; Class: 

Ktedonobacteria 

6.6 0.6 2.0 0.0 

Phylum: Saccharibacteria; Class: NA 9.3 0.5 1.0 0.0 

Phylum: Chloroflexi; Class: 

Caldilineae 

0.0 0.5 0.0 0.0 

None;Other;Other 0.5 2.4 1.4 4.8 

 

Table 21 explains the class level distribution of bacterial community distribution across 

the four soil samples. From the table it can be observed that healthy soil was dominated 

by Alphaproteobacteria (15.1%), Acidobacteria (12.7%) and Thermoleophilia (12.7%). 

The soil was also enriched with Saccharibacteria (9.3%) which is very less present in 

other soil type. Virgin soil was predominantly composed of Alphaproteobacteria 

(24.5%), Acidobacteria (12.4%), Thermoleophilia (10%), Bacili class (8.4%) and 

Spartobacteria (6%). The soil exhibited 4.8% of unidentified class of Firmicutus which 

wasn’t reported on other soil types. Conducive soil was found to be enriched with 

Plancomycetacia (8.8%) and Gematimonadetes (6.95%) apart from taxa such as 

Alphaproteobacteria (17.5%), Acidobacteria (13.5%) and Thermoleophilia (7.9%) 

which were dominant in other soil types as well. Sterile soil was found to be heavily 

dominated by Bacilli (32%) and Planctomycetacia (12.4%).  
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Figure 29: Heatmap of bacterial community abundance across soil types in class 

level. Rows in the heatmap represents the bacterial classes present across different 

soil types as mentioned in the base of the heatmap. The color intensity of the bar 

represents the relative abundance of the phyla across the soil type. 

From the Table 21 and Figure 29, it can be inferred that Alphaproteobacteria and 

Acidobacteria forms the core bacterial class in all soil types. While healthy soil and 

sample conducive showed the balanced distribution, virgin soil and sterile soil were 

heavily dominated by Alphaproteobacteria and Bacilli respectively indicating their 

potential role in disease dynamics.  
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4.12 Amplicon Sequence Variant (ASV) across soils 

 

Figure 30: Heatmap based on ASVs present in each soil. Rows in the heatmap 

represent the ASVs while the numbers in the column represent soil samples. The color 

intensity of the bars represents the relative abundance of the ASVs in the sample. 

Figure 30 describes the ASVs present across different soil type clustered by their 

relative abundances. Healthy soil showed the even distribution of ASVs across the soil. 

This soil exhibited the abundance of bacteria belonging to Proteobacteria phyla such as 

Rhodobiaceae, Rhodanobacter. Other ASVs include Niastella koreensis, Nitrospira, 

Isosphera, Bacillus aerophilus altitudinis etc. The sample also exhibited high 

abundance of the families that remained unidentified.  

Virgin soil exhibited the notable ASVs belonging mostly to Proteobacteria 

(Variibacter, Xanthobacteriaceae), Chloroflexi (Anaerolinaceae) and Firmicutes 

(Bacillus firmus, Bacillusaryabhattai-megaterium). The samples also had abundance of 

Chrysolinea, Bradyrhizobium elkanii-jicamae-pachyrhizi, Bacillus bataviensis-

drentensis, unidentifies species of Acidibacter and Gaiella.  

Conducive soil exhibited the ASVs linked with Xanthobacteraceae, Fibrobacteraceae, 

Nitrosomonadaceae etc. Other ASVs noticed in this soil were Bacillus aryabhattai-

megaterium, Bradyrhizobium jicamae, Schlesneria, Devosia etc.  
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CHAPTER 5  

DISCUSSION 

This study focused on understanding the dynamics of soil type, plant growth metrics, 

disease development and bacterial population present in the soil inoculated with 

Fusarium oxysporum f.sp. cubense causing Fusarium wilt of banana. The 

comprehensive analysis of soil type, disease parameters, plant growth pattern and 

microbial ecology provides a broad insight and understanding of disease 

suppressiveness by soil against soilborne pathogens.   

5.1 Soil type as a decisive factor for disease intensity 

In both of the experiment cycles, plant grown on virgin soil showed the least disease 

progression and severity while plants grown on sterile soil showed higher disease 

severity. The results were statistically significant. These differences in disease 

incidence and severity supports biological basis for disease suppressiveness. The 

distinct difference in disease severity between the soils in this experiment provided 

evidence that the suppressiveness was microbial in origin. This result corresponds to 

the previous research where the native soil microbiomes were reported to provide a 

natural defense mechanism to the plants against plant pathogen (Köberl et al., 2017). 

The high disease severity in sterile soil might have been resulted due to the creation of 

biological void in the soil as the soil was sterilized destroying the native microbiomes 

present. When the soil was sterilized by gamma irradiation to remove its native 

microbiome, addition of neither beneficial fungi nor bacteria could protect the host from 

the pathogen inferring that native microbiome plays crucial role in protecting the host 

(Shao et al., 2025). In absence of native microbiome, the Foc TR4 doesn’t encounter 

any antagonism or competition which further facilitates the invasion and colonization 

leading the infection up to the pseudostem (Xue et al., 2015). This also confirms that 

the suppressiveness of soil is driven by the inherent microbial composition of soil (Shen 

et al., 2022).  

The low disease severity in virgin soil suggests about their diverse microbiota serving 

as the baseline for the plant’s defense. Research indicates that fallow period of soils is 

important in in-situ build-up of soil microbiota which play key role in nutrient cycling 

and pathogen suppression (Jemo et al., 2018). Undisturbed soils such as virgin soils 
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harbors high microbial richness which are responsible for nutrient cycling, organic 

matter decomposition and plant-microbe interaction (Gómez-Godínez et al., 2025). The 

fact that virgin soil exhibited low disease severity is also supported by the theory of 

Priority – effect. This theory states that the earlier established microbial communities 

are more stable and resistant to later invaders, as the native microbiomes present in 

undisturbed virgin soils multiplies faster and play antagonistic role against later 

introduced pathogens (Shao et al., 2025). These microbial communities rapidly 

colonize root surfaces and utilize the exudates which would otherwise have been used 

by pathogen for proliferation. This competition for resources lowers pathogen invasion 

activities (Mohanan et al., 2025).  

Furthermore, the natural virgin soil forms a larger and complex co-occurrence 

microbial network with high degree of negative correlation between bacterial taxa and 

pathogen making bacterial communities vigorous against the colonization of pathogen. 

However, the sterilization of the soil in the experiment diminished these microbial 

networks allowing pathogen’s persistent colonization successively leading to the 

display disease symptoms (Ou et al., 2019; Zheng et al., 2021).  

These studies collectively indicates that the statistically significant differences 

observed in this experiment validates that virgin soil provided an environment driven 

by its native microbial community leading to inhibition of pathogen invasion which 

was absent in the autoclaved sterile soil.  

5.2 Pathological insights to correlation of DSI and AUDPC  

In both of our experiments, a significantly high correlation was observed between 

disease severity index (DSI) and area under disease progression curve (AUDPC). The 

parameters DSI and AUDPC are based on the infection biology of FWB. This provides 

the biological significance between the disease progression over time observed through 

external symptoms and the severity of internal vascular damage of the pseudostem, 

validating the external symptoms such as yellowing of leaves, wilting are the 

consequences of internal tissue colonization and damage by the pathogen (Harding et 

al., 2025).  

The TR4 infection initiates in roots, where the Fusarium oxysporum f.sp. cubense, after 

the germination of chlamydospores penetrates through the rhizomes and successively 
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colonizes the vascular tissues such as xylem (Kema et al., 2021). As the pathogen 

begins the colonization of internal tissues, tyloses, gums and gels secreted by plants as 

a defense response instead creates a vascular occlusion disrupting the movement of 

water and nutrients (Kema et al., 2021; Pérez-Vicente & Dita, 2014). This internal 

vascular occlusion (DSI) manifests externally as characteristic wilting symptoms 

determined by AUDPC (Kema et al., 2021).  

This validates our results in a way that the intensity vascular occlusion is the 

determinant of the external symptoms appearance in case of FWB. This is also 

consistent with other research findings where the pathogen colonization was highly 

correlated with the disease incidence (Xue et al., 2015). The consistency in the 

correlation coefficients across two experimental trials strongly demonstrates the 

connection between internal and external symptoms in TR4 – banana interaction. This 

further implies the reliability of data virgin soil functioned as suppressive soil by 

strongly inhibiting the internal colonization in banana pseudostem.  

5.3 Soil type influences plant growth parameter 

Taking into the account of both of the study cycles, the plants grown on virgin soils 

tend to have higher root and shoot growth while the sterile soil had the lowest root and 

shoot growth. The fact that sterile soil had lower root length and mass shows that the 

banana’s root development is influenced by microbial signaling. The sterilization 

process efficiently removes the plant growth promoting rhizobacteria which are also 

essential for the production of rooting hormones such as IAA stimulating root 

elongation and lateral root development (Shao et al., 2025; Yang et al., 2023). In 

absence of the rhizosphere microbiome, often referred as plant’s second genome, 

plant’s growth can remain stunted since these microbiomes play a role in nutrient 

cycling in rhizosphere making it available to plants (Noviana et al., 2025).  

In contrary, virgin soils are undisturbed soils with the balanced taxonomic distribution 

as indicated in the results of this study. The presence of balanced core microbiome 

assists in root and shoot development of the banana plants as these groups contain 

beneficial PGPRs such as Bacillus, Pseudomonas by synthesizing important plant 

growth hormones such as IAA, gibberellins and cytokinin (Tian et al., 2023; Wang et 

al., 2024).  
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Virgin soils also have higher organic matter in the soil which can be utilized by 

beneficial microbes as a carbon source (Rodríguez-Romero et al., 2025). The presence 

of Chloroflexi phylum indicates the higher organic matter content in the virgin soil 

since this phylum is previously reported for the degradation of complex organic 

compounds which later serve as carbon source for the microbes (Sawada et al., 2021).  

Previous studies have found that virgin soils conserve soil moisture and maintain the 

nutrient balance and also increasing the urease activity and microbial biomass in the 

soil providing favorable environment for the rhizosphere microbes (Shi et al., 2024). 

Previous studies inform the presence of the higher magnesium content and cation 

exchange capacity in undisturbed soil which helps plants to resist tissue degradation 

(Jamil et al., 2022) and hence resulted into higher biomass of the plants.  

The decline in root mass and length in healthy and conducive soils might be due to the 

continuous monoculture since both of the soils were collected from the field with 

monoculture of banana. This is supported by the research which indicates that 

continuous monoculture can degrade the soil quality leading nutrient imbalance and 

decline in organic matter content. This further facilitates the accumulation of pathogens 

in the soil disturbing the soil microbial diversity (Li et al., 2023). Further, the intensive 

agricultural operations such as tillage and other mechanical operations in these 

monocultured fields can lead to soil compaction restricting the development of roots 

thereby decreasing plant’s ability to maintain vascular integrity during pathogen stress 

(Olivares et al., 2020).  

Hence, the overall result suggests that the virgin soils improve the soil productivity 

through complex and stable microbial network. While the sterile soil lacks beneficial 

microbes necessary for root development the native core microbiomes of virgin soil 

provide the resilient environment for root development.  

5.4 Microbial community structure determining the soil health  

The metagenomic data of full length 16S sequencing provides the biological bases for 

the disease suppressiveness by virgin soil. The presence of diverse and balanced native 

microbiomes of virgin soil is distinct from taxonomically skewed sterile soil. The 

abundant presence of Proteobacteria, Actinobacteria and Acidobacteria strongly 

supports the virgin soil being disease suppressive as indicated from AUDPC and DSI 
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values across the two experimental trials as these phyla were documented in the soils 

suppressive to Fusarium wilt of banana (Shen et al., 2014). 

Phyla level data displayed the dominance of Proteobacteria and Firmicutes in the virgin 

soil. The presence of these two phyla of bacteria has been reported as primary 

inhabitants of healthy banana plants in previous studies (Köberl et al., 2017). According 

to the studies done before, members belonging to Proteobacteria phyla such as 

Burkholderia and Pseudomonas have been observed to be present abundantly in the 

soils which were reported to suppress the TR4 (Lv et al., 2023; Todorović et al., 2023).  

The high percentage of actinobacteria present in virgin soil indicates the disease 

suppressiveness through antibiosis. Actinobacteria is known for producing the 

secondary metabolites and antifungal compounds such as chitinases responsible for 

degrading the cell walls of the pathogen (Mpai et al., 2025; Wang et al., 2022). 

Actinobacteria are reported to produces the volatile organic compounds (VOCs), 

enzymes and lipopeptides that are responsible for inhibiting the fungal growth and 

inducing systemic resistance in plants (Cordovez et al., 2015). A volatile compound 

named 6 – pentyl – α- pyrone (6-PP) has been previously reported for the antifungal 

activity against Foc TR4 which was secreted by rhizosphere associated strain of 

Streptomyces. This compound inhibits the spore germination and also reduces the spore 

count (Zhu et al., 2023). Acidobacteria are reported to be abundant in undisturbed soils 

and are reported as the bacterial indicator of healthy banana rhizosphere (Ye et al., 

2022). 

The ASV profile reveal the presence of Bacillus firmus, Bacillus aryabhattai – 

megaterium and Bacillus bataviensis – drentensis in the virgin soil. This genera of 

firmicutes are identified as efficient plant growth promoting rhizobacteria and are 

involved in the suppression of pathogen through antibiosis by producing the antifungal 

metabolites such as iturin, surfactin, fengycin and induce the ISR, directly inhibiting 

FWB as indicated by previous research (Solórzano et al., 2025; Yoon et al., 2024).  

The ASV profile also reveals the presence of Chryseolinea genus in virgin soil but 

absent on other soil types. This genus was reported as key taxa present in the soils 

suppressive to pathogenic Fusarium. The findings in one of the study reports that the 

abundance these bacteria are negatively correlated with the relative abundance of Foc 

(Ou et al., 2019) . Though the exact mechanism is still unknown but the 
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Chitinophagaceae family to which Chryseolinea belongs are known for their abilty to 

produce chitinolytic enzymes specialized in the lysis of fungal cell walls (Ou et al., 

2019). Hence, the presence of Chryseolinea in virgin soil and absent in others indicate 

its role in disease suppressiveness. Similary the presence of Gaiella is recognized as 

core genus of suppressive soils playing role in phosphorous recycling thereby 

enhancing the plant resistance against pathogens (Karapareddy et al., 2025). The virgin 

soil also contains relatively high percentage of Chloroflexi and Verrucomicrobia 

contributing to overall diversity of the soil and reported as core microbial compostion 

of soils suppressive to fusarium wilt of banana (Wang et al., 2022).  

In contrast to virgin soil, the sterile soil depicts the dominance of Firmicutes. The ASV 

profile of this soil type revealed the presence of thermophilic bacteria such as 

Geobacillus cladoxylosilyticus and Tuberibacilus cladius. Their presence confirms 

their survival during autoclaving by forming the dormant spores rather than being 

recruited by plants (Cutting & Ricca, 2014). Instead of high relative abundance of 

Firmicutes, sterile soil exhibited the reduction in other important phyla such as 

Proteobacteria and Actinobacteria. This implies the soil lacked the antagonist bacteria 

such as Pseudomonas, Streptomyces which are reported to have significant role in 

stopping Foc TR4 invading the xylem (Lv et al., 2023). Since the sterile soil lacked the 

balanced microbiomes, the high abundance of Firmicutes couldn’t have been sufficient 

for the general suppressiveness  (Wang et al., 2022).  

Meanwhile the presence of Rhodanobacter and Nitrospira in healthy soil indicates the 

environment for nitrogen cycling which might be responsible for higher root length of 

plants during first trial (Gómez-Godínez et al., 2025). Though healthy soil shared nearly 

similar microbial composition to that of virgin soil the less abundance of Firmicutes in 

this soil might be the contributing factor for its disease conduciveness. Similarly, 

conducive soils as well exhibited extremely low abundance of Firmicutes which 

becomes a critical factor separating it from virgin soil. The depleting percentage of 

these antagonistic phyla might have been attributed because of the agricultural 

operations that disturbs the microbial diversity of the soil (Jemo et al., 2018). In 

addition, the usage of agrochemicals in the field are reported to reduce the abundance 

of beneficial microbes but accelerate the soil acidification creating favorable 

environment for pathogenic colonization decreasing the disease suppressive capacity 

of the soil (Rodríguez-Romero et al., 2025; Zhang et al., 2022).  
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The overall data indicates that virgin soil consists of balanced antagonistic taxa such as 

Chrysolinea, Gailea, Bacillus firmus etc. which forms the complex microbial network 

and restricts the TR4 invasion. The virgin soil represented the balanced abundance of 

key microbial taxa such as Proteobacteria, Acidobacteria, Actinobacteria, Firmicutes 

which provided the biocontrol environment against Fusarium oxysporum f.sp. cubense 

(Todorović et al., 2023).  

In contrast the sterile soil lacks the functional redundancy with the absence of key core 

taxa that allows pathogen to proliferate voraciously (Ping et al., 2025). Sterile soil has 

shown distinct abundance of the ASVs associated with Firmicutes such as Bacillus 

shackletonii, Bacillus drentensis, Bacillus carboniphilus. Several thermophilic ASVs 

such as Geobacillus caldoxylosilyticus and Tuberibacillus calidus also have been 

reported in the sterile soil. While these taxa survived in their dormant form during heat 

treatment, other key antagonistic microbial community belonging to Acidobacteria and 

Actinobacteria are heat sensitive which supports the narrative that disease suppression 

is due to collective metabolic activity of diverse microbial community instead of single 

abundant taxa with biocontrol ability (Expósito et al., 2017).  

5.5 Limitations of study  

The major limitation of this study is that the experiment was performed in greenhouse 

condition which might not actually resemble to natural conditions. The pot experiment 

performed needs field validation since field experiments are largely influenced by 

environmental parameters as well. The experiment being conducted for two cycles for 

the period of 90 dictates the short-term research emphasizing the long duration as the 

soil suppressiveness might take decades to stabilize. The complexity of this study also 

lies in a taxonomic resolution of the metagenomic data. Since most of the strains 

remained unidentified, the organisms were grouped into their phyla or genera level 

which makes it difficult in understanding their ecological roles. Further, the limitation 

of sequencing only one replication per soil type obstructs in establishing the correlation 

between disease metrics and the observed microbial taxonomy.  
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CHAPTER 6 

CONCLUSION & RECOMMENDATION 

6.1 Conclusion 

The incidence of Fusarium wilt of banana Tropical Race 4 has been spread globally. 

With its report on major banana growing districts of Nepal such as Nawalparasi (West), 

Kailali and Chitwan it has escalated the concerns among the banana growers of the 

country which has a significant share in national agricultural GDP. While the pathogen 

has been reported to be uncontrolled by conventional disease management strategies, 

studies are now focused on developing novel solution against the pathogen through 

biological approach.  This study focused on analyzing the natural capacity of soils to 

suppress Fusarium oxysporum f.sp. cubense causing Fusarium wilt of banana in 

greenhouse followed by their metagenomic analysis. This study focused on identifying 

the suppressive potential of soils across various ecosystem such as fallow land, diseased 

field, healthy field and sterilized soil for the comparative study. After the ninety days 

of two experiment cycles, the study suggests the virgin soil as the suppressive soil to 

Foc. The soil exhibited significantly low disease metrices. The undisturbed virgin soil 

harbors high microbial diversity with potency to suppress the disease which was 

confirmed in this study. The balanced distribution of key taxa such as Proteobacteria, 

Firmicutes, Acidobacteria, Actinobacteria and other phyla contributes to the disease 

suppressiveness property of this soil. These microbial community also secrete different 

phytohormones resulting the growth and development of plants. Hence, this study 

serves as a baseline study to design microbial-based solutions against increasing threat 

of Foc TR4.  

6.2 Recommendation  

For future, it is recommended to develop the microbial consortium based on the results 

of this study and checking their efficacy in green house as well as in the field to combat 

against the pathogen. Further it is advised for field level validation based on this pot 

experiment with longer experiment durations. The study can be further extended to 

meta transcriptomics and metabolomics to study the gene expression and for the 

profiling of secondary metabolites produced to gain deeper insights into the suppressive 

mechanism.  
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APPENDIX  

Appendix 1: Geo-coordinates for soil sample collection 

Sample 

Number 
Soil Code Location Longitude Latitude 

Altitude (in 

metre) 

1 
Healthy 

Soil 

Khairahani, 

Chitwan 
84.55645631°E 27.5988514°N 205 

2 
Forest 

Soil 
Madi, Chitwan 84.30595725°E 27.41696014°N 205 

3 
Conducive 

Soil 
Tandi, Chitwan 84.30544189°E 27.6721843°N 205 

4 Sterile soil 
Khumaltar, 

Lalitpur 
84.32715246°E 27.65504914°N 1330 

 

Appendix 2: Descriptive statistics for the first trial 

Soil Type n AUDPC DSI % 
Root length 

(cm) 

Shoot Length 

(cm) 

Root 

Mass(g) 

Shoot 

Mass(g) 

Conducive 

Soil  
6 

24.50 ± 

17.98 

33.33 ± 

20.41 

42.00 ± 

13.52 
52.00 ± 7.38 

25.88 ± 

11.65 

65.46 ± 

16.85 

Healthy 

Soil 
6 

15.75 ± 

26.91 

20.83 ± 

24.58 

47.83 ± 

14.39 
41.83 ± 6.24 

17.93 ± 

5.01 

48.79 ± 

6.69 

Sterile Soil 6 
78.17 ± 

54.39 

75.00 ± 

38.73 

15.00 ± 

13.61 
38.17 ± 14.69 

6.28 ± 

5.34 

28.41 ± 

35.00 

Virgin Soil 6 
12.83 ± 

17.38 

16.67 ± 

12.91 

33.17 ± 

16.17 
41.50 ± 8.22 

17.71 ± 

8.88 

50.34 ± 

12.47 

 

Values represent mean ± SD; n = 6 biological replicates. Analysis performed using 

inoculated treatments only. AUDPC stands from area under disease progression curve 

calculated on the basis of external symptom while DSI stands for disease severity index 

calculated from internal symptom.  
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Appendix 3: Descriptive statistics for the second trial 

Soil Type n AUDPC DSI(%) 
Root 

length(cm) 

Shoot 

length (cm) 

Root mass 

(g) 

Shoot mass 

(g) 

Conducive 

Soil 
6 129.5±45.85 79.16±33.23 15±14.88 48.83±3.71 12.77±14.42 31.01±35.75 

Healthy Soil 6 110.25±65.99 79.16±33.23 14.33±10.53 52.33±6.65 6.65±6.06 32.69±38.67 

Sterile Soil 6 100.91±52.63 87.5±20.91 24.17±8.48 60.33±4.27 4.27±21.70 51.36±46.69 

Virgin Soil 6 10.5±15.8 25±15.81 36.67±9.70 49±6.35 30.33±6.01 58.86±16.62 

 

Values represent mean ± SD; n = 6 biological replicates. Analysis performed using 

inoculated treatments only. AUDPC stands from area under disease progression curve 

calculated on the basis of external symptom while DSI stands for disease severity index 

calculated from internal symptom. 

Appendix 4: ANOVA & Kruskal-Wallis table for non-inoculated 

treatment (first trial) 

ANOVA table for root length 

Source of variance df Sum sq. Mean sq. F statistic p value 

Soil Type 3 1737.333 579.1111 

3.105153 0.049684* 

Residuals 20 3730 186.5 

 

ANOVA table for root mass  

Source of variance df Sum sq. Mean sq. F statistic p value 

Soil Type 3 1451.588 483.8627 

5.293511 0.007517* 

Residuals 20 1828.135 91.40677 

 

ANOVA table for shoot length  

Source of variance df Sum sq. Mean sq. F statistic p value 

Soil Type 3 248 82.66667 

0.842105 0.486836 

Residuals 20 1963.333 98.16667 
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ANOVA table for shoot mass  

Source of variance df Sum sq. Mean sq. F statistic p value 

Soil_Type 3 6765.236 2255.079 2.725197 0.071343 

Residuals 20 16549.84 827.492   

 

Appendix 5: ANOVA & Kruskal-Wallis table for non-inoculated 

treatment (second trial) 

ANOVA table for root length 

Source of variance df Sum sq. Mean sq. F statistic p value 

Soil_Type 3 1250.167 416.7222 

2.316196 0.106549 

Residuals 20 3598.333 179.9167 

 

ANOVA table for root mass 

Source of variance df Sum sq. Mean sq. F statistic p value 

Soil Type 3 1257.117 419.0392 

1.310534 0.298652 

Residuals 20 6394.938 319.7469 

 

ANOVA table for shoot length 

Source of variance df Sum sq. Mean sq. F statistic p value 

Soil Type 3 837.4583 279.1528 

6.172532 0.003827* 

Residuals 20 904.5 45.225 

 

ANOVA table for shoot mass 

Source of variance df Sum sq. Mean sq. F statistic p value 

Soil type 3 3626.347 1208.782 

1.063652 0.386687 

Residuals 20 22728.92 1136.446 
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Appendix 6: Barcoded forward primers used for library construction 

>16S_For_bc1005  /5Phos/GCATCCACTCGACTCTCGCGTAGRGTTYGATYMTGGCTCAG 

>16S_For_bc1007 /5Phos/GCATCTCTGTATCTCTATGTGAGRGTTYGATYMTGGCTCAG 

>16S_For_bc1008 /5Phos/GCATCTCTGTATCTCTATGTGAGRGTTYGATYMTGGCTCAG 

>16S_For_bc1012 /5Phos/GCATCACACTAGATCGCGTGTAGRGTTYGATYMTGGCTCAG 

>16S_For_bc1015 /5Phos/GCATCCGCATGACACGTGTGTAGRGTTYGATYMTGGCTCAG 

>16S_For_bc1020 /5Phos/GCATCCACGACACGACGATGTAGRGTTYGATYMTGGCTCAG 

>16S_For_bc1022 /5Phos/GCATCCACTCACGTGTGATATAGRGTTYGATYMTGGCTCAG 

>16S_For_bc1024 /5Phos/GCATCCATGTAGAGCAGAGAGAGRGTTYGATYMTGGCTCAG 

 

Appendix 7: Barcoded reverse primers used for library construction 

>16S_Rev_bc1033 /5Phos/GCATCAGAGACTGCGACGAGARGYTACCTTGTTACGACTT 

>16S_Rev_bc1035 /5Phos/GCATCCAGAGAGTGCGCGCGCRGYTACCTTGTTACGACTT 

>16S_Rev_bc1044 /5Phos/GCATCCGCGCGTCGTCTCAGCRGYTACCTTGTTACGACTT 

>16S_Rev_bc1045 /5Phos/GCATCAGAGAGTACGATATGTRGYTACCTTGTTACGACTT 

>16S_Rev_bc1054 /5Phos/GCATCTCTGTAGTGCGTGCGCRGYTACCTTGTTACGACTT 

>16S_Rev_bc1056 /5Phos/GCATCATGTGCGTGTGTGTCTRGYTACCTTGTTACGACTT 

>16S_Rev_bc1057 /5Phos/GCATCCTCTCAGACGCTCGTCRGYTACCTTGTTACGACTT 

>16S_Rev_bc1059 /5Phos/GCATCTATCTCAGTGCGTGTGRGYTACCTTGTTACGACTT 

>16S_Rev_bc1060 /5Phos/GCATCTGTGTCTATACTCATCRGYTACCTTGTTACGACTT 

>16S_Rev_bc1062 /5Phos/GCATCTATAGACTATCTGAGARGYTACCTTGTTACGACTT 

>16S_Rev_bc1065 /5Phos/GCATCGTATGTGAGAGAGCGCRGYTACCTTGTTACGACTT 

>16S_Rev_bc1075 /5Phos/GCATCCACGCGACGCTCTCTARGYTACCTTGTTACGACTT 

>16S_Rev_bc1076 /5Phos/GCATCGAGAGCGCGAGTGCACRGYTACCTTGTTACGACTT 

>16S_Rev_bc1082  /5Phos/GCATCGTGCTCTGTGTGTCACRGYTACCTTGTTACGACTT 

>16S_Rev_bc1082  /5Phos/GCATCGTGCTCTGTGTGTCACRGYTACCTTGTTACGACTT  
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>16S_Rev_bc1083  /5Phos/GCATCTGCGTGTATGTCATATRGYTACCTTGTTACGACTT 

>16S_Rev_bc1089  /5Phos/GCATCACGAGATACTCGCGCGRGYTACCTTGTTACGACTT 

>16S_Rev_bc1096  /5Phos/GCATCCTGTGTAGAGAGCACARGYTACCTTGTTACGACTT 

>16S_Rev_bc1096  /5Phos/GCATCCTGTGTAGAGAGCACARGYTACCTTGTTACGACTT 

>16S_Rev_bc1098  /5Phos/GCATCTGATGTGACACTGCGCRGYTACCTTGTTACGACTT 

>16S_Rev_bc1100  /5Phos/GCATCACTACTGAGACATAGARGYTACCTTGTTACGACTT 

>16S_Rev_bc1101  /5Phos/GCATCTATATCGCGTCGCTATRGYTACCTTGTTACGACTT 

>16S_Rev_bc1105  /5Phos/GCATCGCGTACTGCGACTGTGRGYTACCTTGTTACGACTT 

>16S_Rev_bc1107  /5Phos/GCATCATATATGCACGCTCTARGYTACCTTGTTACGACTT 

>16S_Rev_bc1110  /5Phos/GCATCCGCTGTATACACGCTCRGYTACCTTGTTACGACTT 

>16S_Rev_bc1112  /5Phos/GCATCAGAGACTGTAGCGCACRGYTACCTTGTTACGACTT 

(Source: Pacbio Amplification of bacterial full-length 16S gene with barcoded primers Procedure & checklist)  

Appendix 8: Bacterial composition across soil type (Class level 

taxonomy)  

Taxonomy 1 (HS) 2 (FS) 3 (CS) 4 (SS) 

None;Other;Other 0.47 2.4 1.4 4.8 

Phylum: Acidobacteria;Class:Acidobacteria 12.73 12.4 13.5 2.4 

Phylum: Acidobacteria;Class: Holophagae 0.00 0.1 1.0 0.0 

Phylum: Acidobacteria; Class: NA 0.00 0.0 0.2 0.0 

Phylum: Actinobacteria; Class: Acidimicrobiia 0.00 1.5 1.6 0.0 

Phylum: Actinobacteria; Class: Actinobacteria 0.47 0.9 1.7 6.0 

Phylum: Actinobacteria; Class: NA 0.43 1.2 1.3 0.0 

Phylum: Actinobacteria; Class: Thermoleophilia 12.68 10.0 7.9 0.0 

Phylum: Armatimonadetes; Class: Chthonomonadetes 0.00 0.0 0.1 0.0 

Phylum: Armatimonadetes; Class: NA 0.39 0.0 0.3 0.8 

Phylum: Bacteroidetes; Class: Cytophagia 0.21 1.6 2.2 3.7 
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Phylum: Bacteroidetes; Class: Sphingobacteriia 4.21 0.7 0.7 10.9 

Phylum: Chlorobi; Class: Chlorobia 0.00 0.0 0.0 0.1 

Phylum: Chloroflexi; Class: Anaerolineae 0.00 4.0 4.1 0.0 

Phylum: Chloroflexi; Class: Ardenticatenia 0.00 0.1 0.0 0.0 

Phylum: Chloroflexi; Class: Caldilineae 0.00 0.5 0.0 0.0 

Phylum: Chloroflexi; Class: Chloroflexia 0.00 0.0 0.2 0.0 

Phylum: Chloroflexi; Class: Ktedonobacteria 6.62 0.6 2.0 0.0 

Phylum: Chloroflexi; Class: NA 0.26 4.4 2.9 0.2 

Phylum: Cyanobacteria; Class: Chloroplast 0.52 0.0 0.0 2.7 

Phylum: Cyanobacteria; Class: Cyanobacteria 1.42 0.0 0.0 0.5 

Phylum: Fibrobacteres; Class: Fibrobacteria 0.52 0.0 2.9 0.0 

Phylum: Firmicutes; Class: Bacilli 7.87 8.4 3.3 32.2 

Phylum: Firmicutes; Class: Clostridia 0.00 2.0 0.2 0.7 

Phylum: Firmicutes; Class: NA 0.00 4.8 0.0 0.0 

Phylum: Gemmatimonadetes; Class: Gemmatimonadetes 3.70 0.8 6.9 1.0 

Phylum: Gracilibacteria; Class: NA 0.00 0.0 0.0 1.9 

Phylum: Microgenomates; Class: NA 0.00 0.1 0.0 0.0 

Phylum: NA; Class: NA 0.17 1.2 0.4 0.0 

Phylum: Nitrospirae; Class: Nitrospira 3.65 0.3 2.0 0.0 

Phylum: Parcubacteria; Class: NA 0.52 0.0 0.0 0.0 

Phylum: Planctomycetes; Class: NA 0.09 0.0 0.4 0.0 

Phylum: Planctomycetes; Class: Phycisphaerae 0.90 0.0 0.2 0.0 

Phylum: Planctomycetes; Class: Planctomycetacia 7.05 4.7 8.8 12.4 

Phylum: Proteobacteria; Class: Alphaproteobacteria 15.09 24.5 17.5 9.6 

Phylum: Proteobacteria; Class:Betaproteobacteria 2.24 1.7 6.5 2.6 

Phylum: Proteobacteria; Class: Deltaproteobacteria 0.30 1.5 3.6 1.2 

Phylum: Proteobacteria; Class: Gammaproteobacteria 7.61 2.3 4.0 2.4 
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Phylum: Saccharibacteria; Class: NA 9.33 0.5 1.0 0.0 

Phylum: Verrucomicrobia; Class: NA 0.00 0.8 0.6 2.2 

Phylum: Verrucomicrobia; Class: Opitutae 0.00 0.0 0.1 0.0 

Phylum: Verrucomicrobia; Class: Spartobacteria 0.00 6.0 0.3 1.5 

Phylum: Verrucomicrobia; Class: Verrucomicrobiae 0.56 0.0 0.0 0.1 

 

 

 

 

 

 

 

 

 

  



101 
 

Supported by:  

Nepal Academy of Science & Technology 

Khumaltar, Lalitpur  

M.Sc. Thesis Grant 2082 

 

 

 

 



University Grants Commission, Nepal

Basanta_Thesis_Corrected.docx

 

Document Details

Submission ID

trn:oid:::3117:555690381

Submission Date

Feb 11, 2026, 8:03 PM GMT+5:45

Download Date

Feb 11, 2026, 9:10 PM GMT+5:45

File Name

Basanta_Thesis_Corrected.docx

File Size

7.3 MB

116 Pages

28,599 Words

165,487 Characters

Page 1 of 123 - Cover Page Submission ID trn:oid:::3117:555690381

Page 1 of 123 - Cover Page Submission ID trn:oid:::3117:555690381



4% Overall Similarity
The combined total of all matches, including overlapping sources, for each database.

Filtered from the Report

Bibliography

Quoted Text

Cited Text

Small Matches (less than 8 words)

Match Groups

146 Not Cited or Quoted  4%
Matches with neither in-text citation nor quotation marks

0 Missing Quotations  0%
Matches that are still very similar to source material

0 Missing Citation  0%
Matches that have quotation marks, but no in-text citation

0 Cited and Quoted  0%
Matches with in-text citation present, but no quotation marks

Top Sources

4% Internet sources

3% Publications

0% Submitted works (Student Papers)

Integrity Flags
0 Integrity Flags for Review

No suspicious text manipulations found.
Our system's algorithms look deeply at a document for any inconsistencies that 
would set it apart from a normal submission. If we notice something strange, we flag 
it for you to review.

A Flag is not necessarily an indicator of a problem. However, we'd recommend you 
focus your attention there for further review.

Page 2 of 123 - Integrity Overview Submission ID trn:oid:::3117:555690381

Page 2 of 123 - Integrity Overview Submission ID trn:oid:::3117:555690381



Match Groups

146 Not Cited or Quoted  4%
Matches with neither in-text citation nor quotation marks

0 Missing Quotations  0%
Matches that are still very similar to source material

0 Missing Citation  0%
Matches that have quotation marks, but no in-text citation

0 Cited and Quoted  0%
Matches with in-text citation present, but no quotation marks

Top Sources

4% Internet sources

3% Publications

0% Submitted works (Student Papers)

Top Sources
The sources with the highest number of matches within the submission. Overlapping sources will not be displayed.

1 Internet

www.mdpi.com <1%

2 Internet

elibrary.tucl.edu.np <1%

3 Internet

www.researchgate.net <1%

4 Internet

agrif.bg.ac.rs <1%

5 Internet

pmc.ncbi.nlm.nih.gov <1%

6 Internet

psasir.upm.edu.my <1%

7 Internet

www.biorxiv.org <1%

8 Internet

public-pages-files-2025.frontiersin.org <1%

9 Internet

www.frontiersin.org <1%

10 Publication

Marketa Sagova-Mareckova, Marek Omelka, Jan Kopecky. "The Golden Goal of Soi… <1%

Page 3 of 123 - Integrity Overview Submission ID trn:oid:::3117:555690381

Page 3 of 123 - Integrity Overview Submission ID trn:oid:::3117:555690381



11 Internet

journal.narc.gov.np <1%

12 Internet

ouci.dntb.gov.ua <1%

13 Internet

biospub.com <1%

14 Internet

www.researchsquare.com <1%

15 Internet

www.coursehero.com <1%

16 Internet

www.tandfonline.com <1%

17 Publication

Muhammad Moaaz Ali, Xinnian Cheng, Jianbin Zhang, Yunke Zheng, Xinguo Li, Ju… <1%

18 Internet

research-portal.uu.nl <1%

19 Internet

rmiq.org <1%

20 Publication

Lijia Guo, Jun Wang, You Zhou, Changcong Liang, Lei Liu, Yang Yang, Junsheng Hu… <1%

21 Internet

nepjol.info <1%

22 Internet

www.produccioncientificaluz.org <1%

23 Internet

ucudir.ucu.ac.ug <1%

24 Publication

J. K. Kiige, A. M. Kavoo, M. R. Mwajita, L. M. Kiirika. "Prevalence, Severity, and Dist… <1%

Page 4 of 123 - Integrity Overview Submission ID trn:oid:::3117:555690381

Page 4 of 123 - Integrity Overview Submission ID trn:oid:::3117:555690381



25 Internet

repository.neelain.edu.sd:8080 <1%

26 Internet

repository.unimal.ac.id <1%

27 Internet

www.scielo.br <1%

28 Publication

Shazma Gulzar, Yaxin Xu, Zan Yi, Rahat Sharif et al. "Cell wall remodeling mediate… <1%

29 Publication

Weidi He, Huoqing Huang, Shuxian Wang, Dalin Wang, Yanling Xie, Chunhua Hu. … <1%

30 Publication

Zugui Huang, Yifei Yao, Furong Yang, Pingliang Xie, Ning Yang, Yuxiao Wu, Hao Li… <1%

31 Internet

esciencepress.net <1%

32 Internet

ir.knust.edu.gh <1%

33 Submitted works

ugcnepal on 2025-08-08 <1%

34 Publication

Shuang Liu, Junyu Wu, Yinhui Sun, Yun Xu et al. " A novel key virulence factor, FoS… <1%

35 Internet

link.springer.com <1%

36 Publication

Neemisha Pathania, Arun Kumar, Poonam Sharma, Avneet Kaur, Sandeep Sharm… <1%

37 Publication

Van T. Tran, Toan Q. Dinh, Don D. Le, Trang T.P. Phan. "Biocontrol potential of a n… <1%

38 Internet

jcp.modares.ac.ir <1%

Page 5 of 123 - Integrity Overview Submission ID trn:oid:::3117:555690381

Page 5 of 123 - Integrity Overview Submission ID trn:oid:::3117:555690381



39 Internet

jurnal.unitri.ac.id <1%

40 Internet

tdr.lib.ntu.edu.tw <1%

41 Internet

dipot.ulb.ac.be <1%

42 Internet

dspace.library.uu.nl <1%

43 Internet

microbiomejournal.biomedcentral.com <1%

44 Internet

www.ajol.info <1%

45 Publication

Adijat F. Ogundola, Callistus Bvenura, Adeola F. Ehigie, Anthony J. Afolayan. "Effec… <1%

46 Publication

Anjali Chaudhary, Pravalika B., Aarthi T., Annamalai Arunachalam, Lakshmi PTV. "… <1%

47 Publication

MBC Ülker, HG Baksı. "Modeling of Dynamic Response and Instability of Caisson … <1%

48 Publication

Priya Chaudhary, Annapurna Bhattacharjee, Shivani Khatri, Ram C. Dalal, Peter M… <1%

49 Publication

R. U. Krishna Nayana, S. Nakkeeran, N. Saranya, R. Saravanan et al. "Triamcinolon… <1%

50 Internet

bmcmicrobiol.biomedcentral.com <1%

51 Internet

dokumen.pub <1%

52 Internet

eprints.mums.ac.ir <1%

Page 6 of 123 - Integrity Overview Submission ID trn:oid:::3117:555690381

Page 6 of 123 - Integrity Overview Submission ID trn:oid:::3117:555690381



53 Internet

experts.umn.edu <1%

54 Internet

horizon.documentation.ird.fr <1%

55 Internet

iimmun.ru <1%

56 Internet

jurnal.untan.ac.id <1%

57 Internet

ruj.uj.edu.pl <1%

58 Internet

tapchi.humg.edu.vn <1%

59 Internet

www.nepjol.info <1%

60 Internet

www.repository.cam.ac.uk <1%

Page 7 of 123 - Integrity Overview Submission ID trn:oid:::3117:555690381

Page 7 of 123 - Integrity Overview Submission ID trn:oid:::3117:555690381


