CONTROL OF BACTERIAL WILT IN TOMATO USING
BIO-ANTAGONISTS ADSORBED ON CHITOSAN-SILICA

NANOCOMPOSITES

DENNIS MAINA GATAHI

DOCTOR OF PHILOSOPHY

(Horticulture)

JOMO KENYATTA UNIVERSITY OF

AGRICULTURE AND TECHNOLOGY

2017



Control of Bacterial Wilt in Tomato using Bio-Antagonists Adsorbed

on Chitosan-Silica Nanocomposites

Dennis Maina Gatahi

A thesis submitted in fulfillment for the Degree of Doctor of Philosophy
in Horticulture of the Jomo Kenyatta University of Agriculture and

Technology

2017



DECLARATION

This thesis is my original work and has not been presented for a degree in any other

University.

SIgNAture. .....o.oviii Date......coovviviiiii,

Dennis Maina Gatahi

This thesis has been submitted with our approval as the University Supervisors.

SIgNAture. .....o.oviiiii Date......cooovviviiiiii.
Prof. Agnes Wanjiru Kihurani, PhD

Karatina University, Kenya

SIgNAture. .....o.oviiiii Date.......oovviviiiiiiii.
Dr. Harrison NjumaWanyika, PhD
JKUAT, Kenya

SIgNature. .......ooeveiii Date......coovviiiiiiiii.
Prof. Elijah Miinda Ateka, PhD
JKUAT, Kenya



DEDICATION

To my beloved parents, siblings, my wife Charity, my children Cherry and Karleen for

their invaluable support and encouragement.



ACKNOWLEDGEMENTS

I wish to express my gratitude to Jomo Kenyatta University of Agriculture and
Technology for funding the research work, supervisors for their guidance during the
research work and thesis writing and my family for moral support throughout my

studies.

I can’t forget the assistance offered by Mr. Patrick Kavagi of Horticulture Department
(JKUAT), Mr. Wilson Kung’u of Chemistry Department (JKUAT), Ms. Ann Mwaura of
the National Museums of Kenya, Prof. Tshentu Zenixole (University of Rhodes, South
Africa) and Mr. Gerald Njiru of Geothermal Development Company, for their assistance

during experimentation.



TABLE OF CONTENTS

DECLARATION ii
DEDICATION iii
ACKNOWLEDGEMENTS ..uoiiniiiinniecnsicsisssisisssmsssssissssssssmsesssssssssssssssssssssssssssssess iv
TABLE OF CONTENTS ceseessresssasessanesannesenas v
LIST OF TABLES XV
LIST OF FIGURES o XVil
LIST OF PLATES Xix
LIST OF APPENDICES..... SRR sessssesnssssnssesaaenenssansasaasas xxi
LIST OF ABBREVIATIONS AND ACRONYMS ...cociinniinuncncsssssnsssessonssssessssnsosesse xxii
ABSTRACT Xxiv
CHAPTER ONE 1
INTRODUCTION 1

1.1 Background infOrmation ............ccceceeuiruiieieieine oottt st e 1

1.2 Problem Statement .........cccourueirienirieieeneriecte ettt st 4

1.3 JUSHIFICAION ...ttt ettt s e 6

1.4 ODBJECLIVES vttt ettt sttt ettt et ste st e ettt en e st esesbesaensestenesensenseneene 7



1.4.1 OVerall ODJECLIVE ....eevirierieieieeiiteietee ettt ettt eee st st ene s 7

1.4.2 SPECIfIC ODJECLIVES.....vevverieeeeeiesieieiieiteie et sttt et st st sttt b s ene e 7

1.5 HYPOLRESES. ..ottt et sttt eae b s sttt ene e 7
CHAPTER TWO 8
LITERATURE REVIEW 8
2.1 TOMALO ettt ettt e st sa bbb ettt e sbe e 8
2.1.1 Origin, Taxonomy and BoOtany ...........ccccecevirenieiininiiniiieieeeeseeeeie e 8
2.1.2 TOMALO PIOAUCTION ..vviviiieieeeeeee ettt ettt eve e s e aesbesaeeae e e naene 9
2.1.3 Importance and utilization of tOMAtO ...........ccocvveveierieieiiiieieeeee e 10
2.1.4 Diseases and pests N tOMALO ........cceeeerierieereerieiiie e et ae e e enees 11

2.2 Bacterial Wilt 0f TOMALO ......ccoeiviiuiiiiiiirieiiceseec e 12
2.2.1 Life Cycle, Etiology, Epidemiology and Dissemination of Bacterial Wilt.....12

2.3 Control of Bacterial Wilt of TOMAtO .....c..c.eovevireeiriririccicecereec e 13
2.3.1 Cultural Methods.....c.coueueiiiiriieiiinirectcere e 13
2.3.2 Chemical Methods........c.coueiriiirininicictc et 14
2.3.3 Biological MethOds .........ccceeviieieiiiiieiice et 14

2.4 Nanoparticles, Nanocomposites and Colorimetric Materials.........c..coceuvvievenvennne. 16

Vi



28] CRITOSAI «.veieeiee e ettt e et e eeeeaeee s eaaaeeseeaeeseseseeesesnessanresesssseesseeaesses 17

2.4.2 Mesoporous Silica Nanoparticles (MSN) .......cccoeieiiiiieiiiieeveee e 18
2.4.3 ColOrimEtriC PTODES .....ocveiuiieiiiiiee ettt e 18
CHAPTER THREE 22

SYNTHESIS AND EVALUATION OF BIONANOCOMPOSITE MATERIALS
FOR THE CONTROL OF BACTERIAL WILT IN TOMATO PRODUCTION..22

3.1 INtrOAUCTION. ..ottt ettt st st 23
3.2 Materials and MethOds..........ccceirriiiiininieiicerc e 24
3.2.1 Experimental Site and Layout .........ccocevenereieniiniiiiieece e 24
3.2.2 Preparation of Chitosan (CHT) and Chitosan Nanoparticles (CHTNP).......... 25
3.2.3 Determination of Deacetylation .............cceceevevueiiieieieineneereeesiee e 25
3.2.4 Preparation of Chitosan Immobilized Silica Nanocomposite (CISNC) .......... 27

3.2.5 Determination of Crystallite Sizes of Chitosan Nanoparticles and

NaANOCOMPOSILES....vecviiiieiieieeieeeeieteetietteeteereete ettt e s e st et sse e saeess e st essasseesessesseesesssnnns 27
3.2.6 Isolation of R. S0lanacearum .................c.c.ccooeovenneineeencscneeiesenseeeee e 28
3.2.7 Isolation of R. solanacearum Phage.............ccccoouevevieinineneneneieseeeeeee e 28
3.2.8 Isolation of DNA from R. solanacearum and Phage ..........ccccoocvvvvvvivvninennen. 29
3.2.9 Culturing of Biocontrol Antagonists (BCAS)......ccccueeeevererenerereieieeeeeaeen 30

Vii



3.2.10 Adsorption of Biocontrol Agents on Chitosan Immobilized Silica

NANOCOMPOSILE ..veveeieiieieeeeieeeeete et etteie v e ete st e e saeetae e e sae s s eseasaeseesessasseesesssnnns 31
3211 7 VIO TESTS ettt e 31
3.2.12 Seed TreatmMent......c.couvueiiuiririeiireeeiei ettt 32
3.2.13 Media Preparation ...........cccueeueeeeieienieiesieereeseesreeeeseesteeveeveeveeeseeveessesesseesaessens 32

3.2.14 Sowing of Seeds and Estimation of Germination Percentage, Chlorophyll
Content, Growth Rate and Wilting InCidences ............ccceeeeeeevenenienescenicniceeeeeeeen 33

3.2.15 Illustration of the Process of Development of Bionanocomposite and

B ICACY TSES. ettt ettt ettt ettt eb et st e st et s et eneeneenes 34
3.2.16 Data ANALYSIS....c.cocieirieieieesieiieeieieete ettt ettt sttt enseneeneees 35
3.3 RESUILS ...ttt st 35
3.3.1 Deacetylation Of Chitin........ccceoueieieinienieneee ettt 35
3.3.2 Characterization of Deacetylated Chitin...........ccceeeeeriveneneeierecieeeeeeeen 36

3.3.3 Characterization of Chitosan Nanoparticle and Chitosan Immobilized Silica
Nanocomposite (CISNC) .......ccuiiieiceiiiieieeee et ereere e 38

3.3.4 Detection Of ISOlated MICTODES ......oovvveeveeeiee ettt ee e e 40

3.3.5 Sorption Properties of Biological Antagonists on Chitosan Immobilized Silica
Nanocomposite (CISNC) .......coviiieiieiiiieeeeee ettt er e ere s eas 42

viii



3.3.6 Efficacy of the Biocontrol Agents-Chitosan Immobilized Silica
Nanocomposite Complex (BCA-CISNC or Bionanocomposites) on R.

Solanacearum, Tomato Wilt and Growth Rate ..........ccccocoiiviiiieiiii e 44
34 DISCUSSION c...uvetientcetre ettt sttt ettt ettt et et st sttt ne et st 50
3.4.1 Deacetylation Of Chitin.........cceoueieirinienieneee et 50
3.4.2 Characterization of Deacetylated Chitin............coceeveieereneneeieseceeeeeeeen 51

3.4.3 Characterization of Chitosan Nanoparticle and Chitosan Immobilized Silica
Nanocomposite (CISNC) ......cociiiieieeiiiieeeeee ettt ereereeae s 52

3.4.4 Detection Of ISOlated MICTODES ......ooevvveveeiieeeeeeeeeeeeeeee ettt ee e e 54

3.4.5 Sorption Properties of Biological Antagonists on Chitosan Immobilized Silica
Nanocomposite (CISNC) .......ooviiiieiceiiiieeeeee et ereere s 54

3.4.6 Efficacy of the Bionanocomposite (BCA-CISNC Complex) on R.

Solanacearum, Bacterial Wilt and Growth Rate of Tomato ...........cccceeevveevveeneennnns 56
3.4.7 Effect of Bionanocoposites on Tomato Seed Germination ...............cccceeuvennee 58
3.4.8 Effect of Bionanocomposites on Chlorophyll Content..........cccecvevvinineennee 60
3.4.9 Effect of Bionanocomposites on Tomato Plant Growth .............c..ccocoveiiinnnns 60
3.4.10 Effect of Bionanocomposites on Wilt in Tomato.............ccceeeeveiiciieienennens 61



CHAPTER FOUR 66

ENHANCEMENT OF BACTERIAL WILT TORELANCE, RHIZOSPHERE
HEALTH, YIELD AND POSTHARVEST QUALITY IN TOMATO USING

BIONANOCOMPOSITES 66
4.1 INETOAUCTION. ... ettt ettt sttt st sttt st 67
4.2 Materals and Methods.........c.cociviiiiiniciiie e 68

4.2.1 Preparation of BionanoCOMPOSItES........cceeueeueeiiiierieieiirierieveieseeeee e saesaeenees 68
4.2.2 Experimental Sites and Desi@n.........ccceceverierieieriinieiieieeeese e 69

4.2.3 Determination of Effective Concentration (EC) for the Chitosan Immobillized

Silica Nanocomposite (CISNC) Gel.....c.ccveieiieiiiieieceee ettt eve e 69
4.2.4 Assessment of Mycorrhizal Colonization............c.eceeeeeeeerenienesincnieieeee e 70
4.2.5 Biochemical Analysis (Glucanase and Chitinase)..........cccoceeveveeereecreereneneennnne 71

4.2.6 Illustration of Elicitation of Resistance in Tomato by Bio-Nanocomposites.. 72

4.2.7 Bacterial Wilt INCIAEIICE .....oevvvvveeeieeee ettt e see e e et eeseeraeeesans 72

4.2.8 Assessment of Yield in Tomato Varieties Treated With Bionanocomposites 73

4.2.9 Determination of Retention of Total Organic Carbon in Soil/Planting Media73

4.2.10 Determination of pH in the Tomato Rhizosphere...........ccceceveveivininrirennnne. 74

4.2.11 Determination of the effect of Bionanocomposite on Tomato Flowering,

Ripening and Shelf Life Of FTUIS .....cc.civiiiiiiniieccccee e 74



.3 RESUILS ...ttt et ettt e e et e e eeaaee e eet e eeeenaeeseaneeeenaeeeeesreeeeenaneesns 75

4.3.1 Determination of Effective Concentration of Chitosan Immobilized Silica

Nanocomposite (CISNC) Gel .......coeviiiiiiiieiiicieeeee et 75
4.3.2 Colonization of Roots by Biocontrol Agents ..........cccceceeveveneenercenenieneeceennennn 75
4.3.3 Elicitation of Resistance in Tomato by Bionananocomposites......................... 79
4.3.4 Bacterial Wilt ASSESSMENL .......c..ceviruiiriiiirieiieieneere et 82
4.3.6 Total Organic Carbon Accumulation in the Soil........ccecevevirvininiininininenen. 85
4.3.7 Effect of Bionanocomposites on Soil pH ........c.ccoeieieiiiieicieieceee e 86

4.3.8 Effect of Bionanocomposites on Flowering, Ripening and Shelf Life of

TOMIALO FIUIS ..ttt ettt e e et e e eaaee e eeteeeesaaeesenanessennaeeeeesneeseesanessans 87

4 DISCUSSION c..eeviieeeeeeeee et eeeeeteeeeeeaeseeeeeeeteeseesstessesaeesssssteessssstesssssessessseesessseesssssnessans 89

4.4.1 Determination of Effective Concentration (EC) of Chitosan Immobilized

Silica Nanocomposite (CISNC) Gel.....c.ccveierieiiiiieieieee ettt eve e 89
4.4.2 Colonization of Roots by Biocontrol Agents ..........cccceceeevenieveeenenieneeeeennennn 90
4.4.3 Elicitation of Resistance in Tomato by Bionananocomposites......................... 91
4.4.4 Bacterial Wilt Incidence and SEVerity .........ccccoovevvevieirinineneeeciciceeeeeeeeeee 93
4.4.5 Effect of Bionanocomposites on Tomato Yield.........ccccocvvvieveiicieienienecenen. 93
4.4.6 Total Organic Carbon Accumulation in the Soil........ccoeceveviivininiiiinininenen. 94

Xi



4.4.7 Effect of Bionanocomposites on Soil pH ........c.ccoevieieiiiicieieieeee e 95

4.4.8 Effect of Bionanocomposites on Flowering, Ripening and Shelf Life of

TOMIALO FIUIES ..veiieeee ettt ettt ettt e et e eeaae e e eeteeeessaeesenanessennneeeeesneesessaneesans 96

CHAPTER FIVE 98

DEVELOPMENT OF A DIAGNOSTIC KIT FOR THE DETECTION OF

Ralstonia solanacearum 98
5.1 INTOAUCTION. ...ttt et st st 99
5.2 Materials and MethOds...........ccceeriririiiiiinieicenc et 101

5.2.1 Experimental Site and DeSiZN ........cocereeverereiieieieieeesieree e 101
5.2.2 Preparation of Green Ferrous Oxide Nanoparticles (FEONPs)...................... 101

5.2.3 Synthesis of Ferrous Oxide Chitosan Immobilized Silica Nanocomposite

(FEOCTISNC) ettt ettt ettt sttt et eb et 102
5.2.4 Synthesis of Nylon-FEOCISNC (Nanoprobe) .........cceecerereeneerereenieneeeeeerennen. 102
5.2.5 Characterization of Nylon-FeOCISNC (Nanoprobe) Using XRD................. 103
5.2.6 Isolation and Identification of R. solanacearum and F. oxysporum .............. 103
5.2.7 Colorimetric Tests of the Nanoprobe in R. solanacearum Suspension ......... 103

5.2.8 Elemental analysis of the Nanocomposites using the X-Ray Fluorescence

(XRF) TECHNIQUE ...ttt ettt ettt es et ee e 104

Xii



5.2.9 Validation of the Colorimetric Nanoprobe using PCR and Conventional

TECHNIQUES ...cevieviiieieitetee ettt ettt ettt as e e ae e e e e e st e saeernesaesraeaeas 104
5.2.10 Data ANALYSIS....ceeierterieeeierieieiietiete ettt sttt et et sttt er et ere e 105
5.3 RESUILS ..ottt ettt st 105
5.3.1 Green Synthesis of Iron Oxide Nanoparticles (FEONPS) ........cccccoeevvereenennene. 105

5.3.2 Characterization of Nylon-ferrous Oxide Chitosan Immobilized Silica
Nanoprobe (nylon-FeOCISNC) using Uv-vis and XRD........cccceoerieiieienenceneniene 107

5.3.3 Characterization of Nanocomposites using x-ray Florescence (XRF)........... 109

5.3.4 Colorimetric Tests of Nylon-ferrous Chitosan Immobilized Silica Nanoprobe

...................................................................................................................................... 110
5.4 DISCUSSION ...eueeuieieientinieiietteteet st e ettt et est et esesae st et s ses et esbenaestesessesaesensenssensennas 113
5.4.1 Green Iron Oxide Nanoparticles (FEONPs) Synthesis.........ccccecveeeirinienenene. 113
5.4.2 Characterization of Nylon-Ferrous Oxide Chitosan Immobilized Silica
Nanoprobe (Nylon-Feocisnc) using X-Ray Flourescence, Uv-Vis
Spectrophotometer and X-Ray Powder Diffractometer..........cc.cooevevvnieinenenenene. 115
5.4.3 Science of Formation of Nylon Ferrous Oxide Chitosan Immobilized
NANOPTODE ...ttt ettt ettt s tesaeese e s e sbeeaeeseassaeseessesnas 117
5.4.4 Colorimetric Effect ofthe Nanoprobe ...........cccoccveviivieeiciciiciiieiceee 118

5.4.5Validation of the Colorimetric Nanoprobe using Polymerase Chain Reaction

(PCR) and Conventional TEChNIQUES .......c.ccceeierieriiirieieeie et 119



CHAPTER SIX 121

GENERAL DISCUSSION, CONCLUSIONS AND RECOMMENDATIONS......121
6.1 General DISCUSSION......ccceeirueeieeeirteit ettt ettt st s er e e en 121
0.2 CONCIUSIONS. ...ttt ettt ettt sttt st ettt st er e ee e es 122
6.3 ReCOMMENAALIONS .....veiieniiieirecteieitt ettt st sttt 123

REFERENCES 124

APPENDICES 151

Xiv



LIST OF TABLES

Table 3.1: Content of Carbon and Nitrogen in Acetylated (Chitin) and Deacetylated

Chitin (CRItOSAN) ....c.ecveieiieieiecie ettt ettt er et s s saesae e eneaneas 35
Table 3.2: Crystallite Sizes of Chitosan Nanoparticles and Nanocomposites................. 40
Table 3.3: In vitro Inhibition of R. Solanacearum Growth on Different Substances .....44

Table 4.1: Effective Concentrations of CISNC in Tomato Growth, Development and
WILE RESISTANCE. ....eueeuiieieiieiiiiie ettt sttt ettt st 75

Table 4.2: Microbial Colonization Frequency in Tomato Root Hairs (AMF

COlONMIZATION) ....vvtieiieiiee ettt et et e vt et esaeereereee s eas e saesaessaessessesaeeaneseeseas 77

Table 4.3: Microbial Colonization Frequency in Tomato Root Hairs (AMF Infection) 77

Table 4.4: Concentration of Chitinase in Tomato Varieties Treated with

BionanoCOmMPOSIES ........cccevievierieiieeieceieiiet ettt saeereeveere e 80

Table 4.5: Concentration of Glucanase in Tomato Varieties Treated with

BionanoComMPOSITES .......ccceevievierieiecteeeeeiiet ittt sttt et e eesaeeaeeveere e 81

Table 4.6: Pearson Correlations for Chitinase and Bacterial Wilt Incidences Tomato

VATIELIES ..ottt ettt e e et e et e teeeaateseeaaee st e eeeeseeesenatesssenneesnsnteeessnnnees 81

Table 4.7: Wilt Incidences in Tomato Varieties Treated with Bionanocomposites........ 82

Table 4.8: Bacterial Wilt Severity in Tomato Varieties Treated with Bionanocomposites

Table 4.9: Circumference (cm) of Fruits Treated with Bionanocomposites ................... 84

XV



Table 4.10: Weight of Fruits from two Tomato Hybrids (Kgs/Plant)...........cccccveenenneee. 84

Table 4.11: Total Organic Carbon (TOC) in Tomato Rhizosphere after Removal of
Plant DEDIIS ....c.oouiiuiieiieieic ettt 86

Table 4.12: Soil pH in Rhizosphere after Removal of Tomato Plant Debris in Different
Planting Media, 6 Months after Application of the Bionanocomposites......... 87

Table 4.13: Days to Flowering and Ripening of Fruits in Tomato Hybrids Treated with

BiONaN0COMPOSILES ...c.ueveuiriiiiiinieeeeseee ettt st ste e sttt eneetesae st e e e 88

Table 4.14: Shelf Life (Days) of Tomato Fruits Treated with Bionanocomposites........ 89

Table 5.1: Yield (ppm) of FeEONPs from Iron Chloride and Green Tea Extracts (Te). 106

Table 5.2: Elemental Analysis of the Nanoprobe...........ccccoeerueieiniinicieieneeeeeene 109

Table 5.3: Change in Concentrations of Residual R. Solanacearum and F. oxysporum

Suspensions after Adsorption on the Nanoprobe............cccceeveevveveeireeeeeennene. 110

Table 5.4: Crystallite Sizes of Synthesized Nanocomposites...........ccevveeeeeereneereenenes 112

XVi



Figurel.1:

Figure 1.2:

Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

Figure 3.5:

Figure 3.6:

Figure 3.7:

Figure 3.8:

Figure 3.9:

LIST OF FIGURES

Structure of chitin and chitosan, Rodrigo et al., (2006) ..........ccoeveevevrenrennene. 3

Structure and sorption properties of chitosan immobilized silica gel, Kubata

€1 ALy (2005) .. ettt ettt ettt r e a e aeenee 3
Linear Fit for Deacetylation of Chitin using Sodium Hydroxide................. 36
FTIR Spectra of A-Chitin and B-Chitosan.............ccccecevevevievenininieneeneee. 37

X-Ray Diffractograms for A-Chitin, B-Chitosan and C-Chitosan
NANOPAITICIE. ...ttt st st 38

FTIR Spectra for A-Chitosan Nanoparticle B-CISNC and C-MSN............. 39

X-Ray Diffractograms of; I-Chitin, II-Chitosan Nanoparticle and III-

CISNC .ttt bbbt ettt st 40
Adsorption Efficiencies of Microbial Antagonists’...........ccccecevverveveerennenne. 42
Desorption Efficiencies of Microbial Antagonists’...........ccecevvevuvervcrvenennnne. 43

Germination Rates of Tomato Seeds Treated with Bionanocomposites......46

Growth Rates of Tomato Seedlings Treated with Bionanocomposites.......48

Figure 3.10: Bacterial Wilt Incidences in Tomato Varieties Treated with

Figure 4.1:

BionanoCoOmMPOSILES. .......cveviriieieieeeiecrecreetiee ettt eeeeas 49

Colonization and Frequency of Tomato Roots by Beneficial Microbes...... 76

XVii



Figure 5.1: Linear Fit of Absorbance of Oxide Iron Nanoparticles versus Concentration

Figure 5.2: Change in Optical Density of Ferrous Oxide Chitosan Immobilized Silica
Nanocomposite (FeOCISNC) due to Adsorption by Nylon Nanofibres .. 107

Figure 5.3: X-ray Difractograms for CISNC, FeONPs and FeOCISNC....................... 108

Figure 5.4: X-ray Diffractograms for i-nylon nanofibre ii-CISNC and iii-........c..c....... 112

XViii



LIST OF PLATES

Plate 2.1: Different concentrations of Fe (II), Source: Odingo, 2013.........ccccoeveieirnnnnene. 19
Plate 2.2: Colorimetric protein sensing, Source: Li et al., 2012........cccccuevvenrvercenenieinnne 20
Plate 2.3: Nylon nanofibres with 200 nm, Source: Ondingo et al., 2013......................... 21
Plate 3.1: Images of R. Solanacearum and Bacteriophage ..........c.cccoeevuviiicnininncncnnnnnns 41

Plate 3.2: Electrophoregrams; A-Amplified DNA of R. Solanacearum and Phage, B-
Isolated DNA from R. Solanacearum Bacteria and Phage .............cccceoveieviiiieieincnee, 41

Plate 3.3: Images of Nanocomposites and BionanocOmposites ............couvereeuerrecereenennen 43

Plate 3.4: Zones of inhibition of Cultured R. solanacearum by Bionanocomposites ......45

Plate 3.5: Images of tomato seedlings treated with bionanocomposites..............ccceveuenee. 48
3.3.6.5 Effect of Bionanocomposites on Wilt Incidences in Tomato .........c..cccceeueneneee. 49
3.4.10.1 Biological Control Agents in the Control of Bacterial Wilt in Tomato ............. 61
3.4.10.2 Chitosan in the Control of Bacterial Wilt...........ccoooeiniiniininiiccenee 64
3.4.10.3 Silica in the Control of Bacterial Wilt..........cocoeoiiinniiininniicireccsecee 64
4.2.7.1 Bacterial Wilt SevVerity ASSESSMENL.........cc.ecueeeriereeeieieireinteereeeereeeeresaenseneesensenes 73
Plate 4.1: Microbial Root Colonization Images ...........cceceeeueieininieieeeieeeeeeecees 79
Plate 4.2: Gel Image Showing PCR Product of Chitinase and Glucanase ...................... 80

XiX



4.3.5 Effect of Bionanocomposites on Tomato Yield.........ccocoeieiiieieiiinieiciiiieieeee 84

Plate 4.3: Images of Tomato Plants Treated with Bio-Nanocomposites .............c..ccu...... 85

5.2.2.1 Quantitation and Characterization of Ferrous Oxide Nanoparticles (FeONPs). 102

Plate 5.1: Compound Microscope Images for Nylon Nanofibres, Nylon-Ferrous Oxide
CISNC and FEOCISNC ......ovuiiiiiriiieeeseiieeet sttt ettt st er e sttt 109

Plate 5.2: Images of Nylon-Ferrous Oxide Chitosan Immobilized Silica Nanocomposite

COLOTIMELTIC PTODE ...ttt et e et e e et eeseae s seentesseesteesssnneessaane 111

Plate 5.3: Gel image of a- R. solanacearum and F. oxysporum (PCR), b- R.

solanacearum on TZC agar, c- chlamydospores of F. oxysporum (x 400). ................... 113
5.4.2.1 Characterization of Nanoprobe using X-Ray Fluorescence (XRF).................... 115
5.4.2.2 Characterization of Nanoprobe using Uv-Vis Spectrophotometer...................... 115

XX



LIST OF APPENDICES

Appendix 1: Pearson’s Correlation Coefficient- Descriptive Statistics..........ccoeueneene... 151

Appendix 2: Summary of ANOVA for Iron Nanoparticles Yield..........ccooevivinennenn. 152

Appendix 3: Summary of ANOVA for R. Solanacearum Optical Densities (OD) 600

Appendix 4: Summary of ANOVA for R. solanacearum Inhibition by

BioNanoCOMPOSITES. ......c.eevievieieceieiririerieiteieeeeetteie e eesaesaesaeeseeeesaeereas 154
Appendix 5: Summary of ANOVA for Bacterial Wilt incidence in Tomato................ 155
Appendix 6: Summary of ANOVA for Hybrid Tomatoes Yield (Size in cm).............. 156
Appendix 7: Summary of ANOVA for Tomato Fruits Shelf Life (Days).......cc.......... 157
Apendix 8: Summary of ANOVA for Days to Flowering in Tomato.............cceeveruenen. 158
Appendix 9: Summary of ANOVA for Days to Ripening of Tomato Fruits................ 159
Appendix 10: Chitosan Nanoparticles (90% DDA).......cccvevrvveerieiereneee e 160
Appendix 11: Chitosan Immobilized Silica Nanocompsoites (CISNC)............cc......... 161
Appendix 12: Tron oxide NanopartiCles.........coeevieverereririinirineeeseere e 162
Appendix 13: Nylon Nanofibres ........c.cceieieineniiieiieseiee e 163
Appendix 14: Nylon Iron Oxide Chitosan Immobilized Silica Nanocomposite........... 164
Appendix 15: FEOCISNC-R. SOIANACEATUN ...........ccueeeeeeeieieiieesieeieeeeceseeeeeaeen 165

XXi



AMF-

ANOVA-

BCAs-

BS-

CHT-

CHTNP-

CISNC-

CINC-

DNA-

EM-

ELISA-

EC-

FeOCISNC-

FO-

MSN-

LIST OF ABBREVIATIONS AND ACRONYMS
Arbuscular Mycorrhiza Fungi
Analysis of Variance
Biological Control Agents
Bacillus subtilis
Chitosan
Chitosan Nanoparticles
Chitosan Immobilized Silica Nanocomposites
Chitosan Immobilized Nanoclay
Deoxyribonucleic acid
Effective Micro-organisms
Enzyme-linked immunosorbent assay
Effective concentration
Ferrous Oxide Chitosan Immobilized Silica Nanocomposites
Fusarium oxysporum

Mesoporous Silica Nanoparticles

XXii



