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White root rot disease (WRD) caused by Rigidoporus microporus is the most
prevalent disease in rubber plantation. Current treatment using chemicals
has caused environmental pollution and health hazard. An alternative
curative for WRD using microbes to degrade naturally occurring silica (Si) in
soil has potential to reduce disease incidence of WRD. Si is a beneficial
element for plant growth and its amount in soil is abundant. However, Si
availability is relatively low due to strong bonding with other elements in soil.
The most important aspect in this research is to make full use of the role of
microbes to mineralize silicon in soil for plant uptake against stresses
despite promoting plant growth. Thus, the goals of this research were: (i) to
isolate and screen potential microbes for its ability in mineralizing silicon,
suppressing fungal growth and secreting plant growth promoting (PGP)
traits, (ii) to study mechanisms of silicon solubilization by bacteria and (iii) to
evaluate efficacy of silicate solubilizing bacteria (SSB) applied at different
rates on determination of silicon uptake, inhibition of R. microporus,
stimulation of induced systemic resistance (ISR) and enhancement of plant
growth. To reveal the ability of the potential microbes on reducing disease
occurrence of WRD, soil samples under rubber rhizosphere of various ages
were collected to select bacteria with silicate solubilizing property,
antagonism and plant growth promotion traits. Mechanisms underlying
silicate solubilization by selected isolates were conducted. Finally, rubber
seedling infected with R. microporus was challenged with SSB applied at
different rates for 16 weeks to evaluate its effectiveness on reducing disease
incidence, solubilizing natural silica in soil and promoting plant growth.
Results showed that 3 isolates identified by 16S rRNA as Bacillus sp. strain
NSAMYKJ16 (SSB16), Proteus sp. strain NSAMYKJ18 (SSB18) and
Bacillus sp. strain NSAMYKJ21 (SSB21) were able to mineralize insoluble
silicate, inhibit growth of R. microporus and produce PGP traits. It was found
that all SSB were able to dissociate silicate minerals up to 14 days with



reduction in pH of the cultured medium. Tartaric and succinic acids were
major acids involved in solubilization process of silicate minerals by all SSB.
In the study of the effect of pH, it was found that all SSB released maximum
silicic acid at pH 9 tested on quartz. Meanwhile, magnesium trisilicate was
best dissociates only by SSB18 observed at pH 3, pH 6 and pH 9. Based on
the ability of SSB to suppress R. microporus, results showed that treatment
SSB18 applied at 25 mL/seedling (D25) had the lowest disease incidence
compared to 50 mL/seedling (D50) and 75 mL/seedling (D75). Meanwhile,
SSB16 and SSB21 showed the lowest disease incidence at 50 mL/seedling
(D50) and 75 mL/seedling (D75) respectively. Total silica accumulation in
plant treated with SSB16, SSB18 and SSB21 were the lowest at
50 mL/seedling (D50), 25 mL/seedling (D25) and 75 mL/seedling (D75)
respectively. A correlation analysis between disease suppression and
silicon content in root indicated positive association suggesting that disease
occurrence increased linearly with silicon accumulation. Lignin content in
rubber seedling treated with SSB16, SSB18 and SSB21 were higher in
treatment D50 (2.88 mg LTGA g'), D25 (2.82 mg LTGA g') and
D75 (3.74 mg LTGA g') respectively. Similar trend on the increase of
peroxidase enzyme was also shown by SSB16, SSB18 and SSB21 at
D50 (4.25 unit mL-"), D25 (10.75 unit mL') and D75 (6.88 unit mL").
Association between both ISR compounds with silicon content in root
resulted in negative correlation. Similarly, reduction of disease was also
strongly associated with the negative correlation with ISR compounds.
Strong positive relationship between lignin and peroxidase reflected that
stimulation of peroxidase due to the effect of silicic acid in plant affect lignin
formation. Application of SSB significantly increased (P<0.05) plant growth
attributes and fresh plant biomass were significantly affected by the rate with
the highest shown by D50 treatment. Application of SSB increased plant
nutrient availability particularly potassium with D50 and D75 rates. Hence,
results of this study confirmed that organic acids and pH plays important role
in silica dissociation and application of SSB had successfully reduced WRD
incidence in rubber seedling.
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Penyakit akar putih (WRD) disebabkan oleh kulat Rigidoporus microporus
merupakan penyakit yang berleluasa dalam perladangan getah. Rawatan
terkini menggunakan kimia menyebabkan pencemaran alam sekitar dan
merisikokan kesihatan. Rawatan alternative bagi WRD menggunakan
mikrob untuk melarutkan silika (Si) semulajadi di dalam tanah berupaya
mengurangkan insiden penyakit WRD. Si merupakan unsur bermanfaat
bagi tumbesaran tanaman dan jumlahnya di dalam tanah adalah tinggi.
Namun, kedapatan Si di dalam tanah adalah rendah kerana terikat oleh
unsur lain di dalam tanah. Aspek yang paling utama di dalam kajian ini
adalah untuk mengeksplorasi fungsi mikro bagi melarutkan silika di dalam
tanah untuk pengambilan tanaman melawan tekanan selain meningkatkan
tumbesaran tanaman. Justeru, objektif kajian ini adalah: (i) untuk memencil
dan menyaring mikrob yang berupaya melarutkan silika, merencat
pertumbuhan kulat dan menghasilkan ciri-ciri penggalak pertumbuhan
tanaman, (ii) untuk mengkaji mekanisma pelarutan silika oleh bakteria dan
(iii) untuk menilai keberkesanan bakteria pelarut silika (SSB) yang diuji pada
kadar berlainan bagi penentuan pengambilan silika, perencatan
R. microporus, perangsangan aruhan rintangan sistemik (ISR) dan
peningkatan pertumbuhan tanaman. Bagi membuktikan keupayaan mikrob
mengurangkan kejadian penyakit WRD, sampel tanah di kawasan akar
pokok getah daripada pelbagai usia dikumpulkan bagi memilih bakteria
yang mempunyai ciri pelarut silika, anatgonis, dan ciri-ciri perangsang
pertumbuhan tanaman. Mekanisma disebalik pelarutan silika oleh bakteria
kemudiannya dijalankan. Akhir sekali, anak pokok getah dijangkitkan
dengan kulat R. microporus, dan dirawat dengan SSB pada kadar berbeza
selama 16 minggu bagi menguiji keberkesanannya mengurangkan penyakit,
melarutkan silika semulajadi di dalam tanah dan merangsang tumbesaran
pokok. Keputusan menunjukkan bahawa 3 pencilan yang dikenalpasti
menggunakan 16S rRNA sebagai Bacillus sp. strain NSAMYKJ16 (SSB16),



Proteus sp. strain NSAMYKJ18 (SSB18) dan Bacillus sp. strain
NSAMYKJ21 (SSB21) berupaya melarutka silika, merencat pertumbuhan
R. microporus dan menghasilkan ciri-ciri perangsang pertumbuhan
tanaman. Didapati kesemua strain berupaya melarutkan silika sehingga 14
hari dengan penurunan pH di dalam media kultur. Asid tartaric dan suksinik
merupakan asid utama terlibat dalam proses pelarutan silika oleh kesemua
SSB. Dalam kajian kesan pH ke atas pelarutan silika, didapati kesemua
SSB menghasilkan asid silisik maksima pada pH 9 yang diuji ke atas
kuartza. Sementara itu, pada magnesium trisilika, pelarutan yang paling
baik adalah pada pH 3, pH 6 dan pH 9 yang kesemuanya ditunjukkan oleh
SSB18. Berdasarkan keupayaan SSB untuk merencat R. microporus,
keputusan menunjukkan rawatan SSB pada kadar 25 mL/anak pokok (D25)
mempunyai insiden penyakit yang terendah berbanding 50 mL/anak pokok
(D50) dan 75 mL/anak pokok (D75). Sementara itu, SSB16 dan SSB21
menunjukkan insiden penyakit yang terendah pada kadar rawatan masing-
masing pada 50 mL/anak pokok (D50) dan 75 mL/anak pokok (D75). Jumlah
silika terkumpul di dalam tanaman yang dirawat dengan SSB16, SSB18 dan
SSB21 adalah terendah pada kadar rawatan masing-masing
50 mL/ anak pokok (D50), 25 mL/ anak pokok (D25) dan 75 mL/ anak pokok.
Analisa korelasi antara rencatan penyakit dan jumlah silika di dalam akar
menunjukkan hubungan yang positif yang mencadangkan bahawa kejadian
penyakit meningkat secara selari dengan jumlah silika terkumpul.
Kandungan lignindi dalam anak pokok getah dirawat dengan SSB16,
SSB18 dan SSB21 masing-masing adalah tinggi pada kadar
D50 (2.82 mg LTGA g'), (2.88 mg LTGA g') dan D75 (3.74 mg LTGA g).
Trend yang sama pada peningkatan enzim peroksida juga ditunjukkan oleh
SSB16, SSB18 dan SSB21 pada kadar D50 (4.25 unit mL"),
D25 (10.75 unit mL') dan D75 (6.88 unit mL-').Hubungan antara
kedua-kedua kompaun ISR dengan kandungan silika di dalam akar
menunjukkan korelasi negatif. Trend serupa juga ditunjukkan oleh
pengurangan penyakit dengan korelasi negatif antara pengurangan
penyakit dan kompaun ISR. Hubungan positif yang kuat antara lignin dan
enzim peroksida menunjukkan rangsangan enzim peroksida hasil daripada
asid silisik memberi kesan kepada pembentukan lignin. Penggunaan SSB
yang meningkatkan sifat-sifat pertumbuhan tanaman dan jisim segar
dengan ketara (p<0.05) dipengaruhi oleh kadar aplikasi dengan bacaan
tertinggi ditujukkan oleh rawatan D50. Penggunaan SSB meningkatkan
kedapatan nutrient tanaman khususnya potassium yang ditunjukkan pada
kadar D50 dan D75. Justeru, keputusan kajian menyimpulkan dan
mengesahkan asid organik dan pH berperanan penting dalam proses
pelarutan silika dan penggunaan SSB telah berjaya mengurangkan kejadian
penyakit WRD pada anak pokok getah.



ACKNOWLEDGEMENTS

In the name of Allah, the most Gracious and the most Merciful.

All praises be to Allah and His blessing for the completion of this thesis.
Without His blessing, this journey could not be completed.

| wish to express my deepest appreciation to my supervisor, Associate
Professor Dr. Mohd Yusoff Abd Samad, the chairman of the Supervisory
Committee, for his invaluable expertise, guidance, diligent advice,
helpfulness and profound belief in my abilities throughout my study and
preparation of this thesis. | honour his patience, positive encouragement and
warm spirit throughout the process.

| am extremely grateful to Associate Professor Dr. Zulkefly Sulaiman and
Dr. Siti lzera Ismail, members of the supervisory committee, for their
invaluable insight into this research project, helpful contributions and
guidance in my research studies, papers and preparation of this thesis.
Without their persistent help, this dissertation would not have been possible.

| gratefully acknowledged the Public Service Department Malaysia for
awarding me the scholarship towards my master degree. | would also like
to recognize the Institute of Plantation Studies for the grant funding that |
received for my research.

| greatly appreciate the assistance that | received from all laboratory staffs
and officers in the Department of Land Management, especially to Mr.
Dzulkifli Duaji, Madam Norizah Mohd Yusof and Madam Nooraishah Abdul
Aziz.

A heartfelt thank you to my parents Ayob Abdullah and Tumini Kijo, my
husband (Muhamad Fahmie Hairudin), my son (Khalid Affan) and my sisters
(Nurul Sakinah and Nurul A’isyah) whom have always believed in me and
proud of me. | really appreciate and indebted for their endless prayers,
supports, patience, loves and motivations in pursuing my master degree that
made my dream to come true.

Last but not least, my special thanks to all my colleagues, for being so
helpful in numerous ways, understanding, emotionally and physically
supportive throughout the process of completing my research and has made
my postgraduate life alive.



This thesis was submitted to the Senate of Universiti Putra Malaysia and
has been accepted as fulfiiment of the requirement for the degree of Master
of Science. The members of the Supervisory Committee were as follows:

Mohd Yusoff Bin Abd Samad, PhD
Associate Professor

Faculty of Agriculture

Universiti Putra Malaysia
(Chairman)

Zulkefly Bin Sulaiman, PhD
Associate Professor

Faculty of Agriculture
Universiti Putra Malaysia
(Member)

Siti Izera Binti Ismail, PhD
Faculty of Agriculture
Universiti Putra Malaysia
(Member)

ZALILAH MOHD SHARIFF, PhD
Professor and Dean

School of Graduate Studies
Universiti Putra Malaysia

Date: 13 April 2023

Vii



Declaration by the Graduate Student

| hereby confirm that:

Signature: Date:

this thesis is my original work;

quotations, illustrations and citations have been duly referenced;

this thesis has not been submitted previously or concurrently for any
other degree at any institutions;

intellectual property from the thesis and the copyright of the thesis are
fully-owned by Universiti Putra Malaysia, as stipulated in the Universiti
Putra Malaysia (Research) Rules 2012;

written permission must be obtained from the supervisor and the office
of the Deputy Vice-Chancellor (Research and innovation) before the
thesis is published in any written, printed or electronic form (including
books, journals, modules, proceedings, popular writings, seminar
papers, manuscripts, posters, reports, lecture notes, learning modules
or any other materials) as stated in the Universiti Putra Malaysia
(Research) Rules 2012;

there is no plagiarism or data falsification/fabrication in the thesis, and
scholarly integrity is upheld in accordance with the Universiti Putra
Malaysia (Graduate Studies) Rules 2003 (Revision 2015-2016) and the
Universiti Putra Malaysia (Research) Rules 2012. The thesis has
undergone plagiarism detection software

Name and Matric No.: Nurul Shakirah Binti Ayob

viii



Declaration by Members of the Supervisory Committee

This is to confirm that:

e the research and the writing of this thesis were done under our
supervision;

e  supervisory responsibilities as stated in the Universiti Putra Malaysia
(Graduate Studies) Rules 2003 (Revision 2015-2016) are adhered to.

Signature:
Chairman of

Supervisory Mohd Yusoff Abd Samad, PhD
Committee:

Signature:
Member of
Supervisory Zulkefly Bin Sulaiman, PhD
Committee:

Signature:

Member of
Supervisory
Committee:

Siti Izera Binti Ismail, PhD




ABSTRACT
ABSTRAK

TABLE OF CONTENTS

ACKNOWLEDGEMENTS

APPROVAL

DECLARATION

LIST OF TABLES
LIST OF FIGURES
LIST OF ABBREVIATIONS

CHAPTER

1 INTRODUCTION

2 LITERATURE REVIEW

2.1

22

23

24

Rubber

2.1.1  Rubber Cultivation in Malaysia

2.1.2 Economic Importance of Rubber in
Rubber-Based Industry

White Root Disease of Rubber

2.2.1  Characteristics of Rigidoporus
microporus as Causal Agent of WRD

2.2.2 Disease Symptoms

2.2.3 Mechanisms of Disease Infection

2.2.4 Disease Management

Silicon

23.1 Roles of Silica on Plant Growth and
Disease Resistance

23.2 Silicon Uptake, Deposition and
Accumulation in Higher Plant

2.3.3 Availability of Silica in Soil and Factors
Affecting Its Solubilisation

Silicate Solubilizing Bacteria and Its Roles

241 Mechanisms of Silica Solubilization by
Silicate Solubilizing Bacteria

242 Ability of SSB as Plant Growth
Promoting Rhizobacteria (PGPR)

3 ISOLATION, SCREENING AND IDENTIFICATION OF
BENEFICIAL BACTERIA RESPONSIBLE FOR
SILICATE SOLUBILIZATION, BIOCONTROL AND
PLANT GROWTH PROMOTION

3.1

3.2

Introduction
Materials and Methods
3.2.1 Isolation of Silicate Solubilizing Bacteria

Page
iii

Vi
viii
XV
XVii
XX

(& I -

o N

10
10
13
13
15
16

19
20

21

23

23
24
24



3.2.2 Qualitative  Screening of Silicate
Solubilizing Bacteria Using Plate Assay

3.2.3 Nitrogen Fixation, Phosphate and
Potassium Solubilization

3.2.4  Antagonism by Dual Culture Assay

3.2.5 Volatile Compound

3.2.6  Siderophore

3.2.7 Production of Hydrolyzing Enzymes
Chitinase and Glucanase

3.2.8 Indole-3-Acetic Acid (IAA) Production

3.2.9 Characterization of Selected Silicate
Solubilizing Bacteria
3.2.9.1 Gram Staining
3.2.9.2 Spore Staining
3.2.9.3 Motility Test by Hanging Drop

Technique
3.2.9.4 lIdentification of Selected SSB
by 16S rRna Sequencing

3.2.10 Determination of Bacterial Growth Curve

3.2.11 Experimental Design

3.2.12 Statistical Analysis

3.3 Results and Discussion

3.3.1 Isolation of Bacteria

3.3.2 First Screening for Solubilization of
Silica, Phosphate and Potassium,
Antagonism and Nitrogen Fixation

3.3.3 Mechanisms of Biological Control
Through Volatile Compound,
Siderophore, Chitinase and Glucanase
Production in Qualitative Assay

3.3.4 Quantification of Siderophore in Liquid
Assay of Selected SSB

3.3.5 Quantification of IAA Produced by
Selected SSB

3.3.6  Determination of Bacterial Growth Curve

3.3.7 Identification of Selected SSB by 16S
rRna

3.4 Conclusions

EVALUATION OF SILICATE SOLUBILIZATION BY
SILICATE SOLUBILIZING BACTERIA
4.1  Introduction
4.2 Materials and Methods
4.2.1 Quantification of Silicic Acid Solubilized
by SSB in Liquid Broth of Different Silica
Sources
4.2.2 Effect of Incubation Period on Solubility
of Silicate Minerals

xi

24
25
25
26
26
27

28
28

28
29
29
29
29
30
30
30

30
32

37

41

43

44
45

47
48
48

50
50

50



4.2.3 Determination of Organic Acids
Produced During Solubilization of
Silicate

424 Effect of pH on Silicate Solubilizing
Activity

425 Attachment of Microbial Inoculum on
Silicate Surface by SEM

4.2.6 Experimental Design

4.2.7 Statistical Analysis

4.3 Results and Discussion

4.3.1 Quantification of Silicate Solubilizing
Bacteria In Liquid Assay

4.3.2 Effect of Incubation Period on Solubility
of Different Silicate Mineral by Selected
SSB

4.3.3 Determination of Organic Acids
Produced During Solubilization of
Silicate Mineral

4.3.4 Effect of pH on Silicate Solubilizing
Activity

4.3.5 Attachment of Microbial Inoculum on
Silica Surface by SEM

44 Conclusions

ROLE OF SILICATE SOLUBILIZING BACTERIA ON
SUPPRESSION OF WHITE ROOT DISEASE AND
PLANT GROWTH PROMOTION OF Hevea
brasilliensis UNDER RAIN SHELTER HOUSE
5.1 Introduction
5.2 Materials and Methods
5.2.1  Study Site
5.2.2 Soil Preparation
5.2.2.1 Determination of Soil Texture
by Mechanical Analysis
5.2.2.2 Determination of Total Silica in
Soil by Gravimetric Method
5.2.2.3 Determination of Soil Chemical
Properties
5.2.3 Planting Materials
5.2.4 Agnomical Practices
5.2.5 Preparation of Fungal Inoculum on
Rubber Wood Block
5.2.6 Infestation of Fungal Inoculum on
Rubber Seedlings
5.2.7 Preparation of Microbial Inoculum
Treatment
5.2.8 Experimental Design and Treatments

xii

51

51
51
52
52
52
52

53

57

59

63

64

66

66
68
68
68
68
69
70
70
70
70
71
71

71



529

5.2.10

5.2.11

5.2.12

5.2.13

5.2.14

5.2.15

5.2.16

Measurement of Vegetative Growth

Parameters

5.2.9.1 Plant Height of Rubber
Seedling

5.2.9.2 Girth of Rubber Seedling

5.2.9.3 Total Number of Leaves and
Chlorophyll Content

Determination of Fresh Weight of

Rubber Seedling

Disease Assessment

5.2.11.1 Disease Incidence

5.2.11.2 Disease Severity Index (DSI)
on Foliar and on Root

5.2.11.3 Area Under Diseases
Progression Curve and Rate
Area Under Disease
Progression Curve

5.2.11.4 Disease Reduction

Effect of SSB on The Production of Plant

Secondary Metabolites

5.2.12.1 Peroxidase

5.2.12.2 Lignin

Plant Nutrient Analysis

5.2.13.1 Plant Sample Preparation

5.2.13.2 Determination of Plant Total
Nitrogen (N) and Total Carbon
(€)

5.2.13.3 Determination of Phosphorus
(P) and Potassium (K) in Plant

5.2.13.4 Determination of Silica Content
in Plant

Soil Chemical Analysis

5.2.14.1 Soil Preparation

5.2.14.2 Determination of Total Nitrogen
and Organic Carbon

5.2.14.3 Determination of Total
Phosphorus

5.2.14.4 Determination of Available
Phosphorus

5.2.14.5 Determination of Cation
Exchange Capacity (CEC),
Exchangeable Potassium,
Calcium, Magnesium, Sodium
and Base Saturation of Soil

5.2.14.6 Determination of Soil pH

Visualization of Silica Body in Plant Cell

Wall Under SEM

Statistical Analysis

Xiii

73

73

74
74

74
74
74
75

76

76
77

77
77
78
78
79
79
79
80
80
80
81
81

81

83
83

83



5.3 Results and Discussion

5.3.1

5.3.2

Evaluation of Silicate Solubilizing
Bacteria as Biocontrol Agents for White
Rot Root Disease Under Rain Shelter
5.3.1.1 Suppression of Rigidoporus
Microporus by Selected SSB
and Its Association With Silicon

Content
5.3.1.2 Effect of Silicate Solubilizing
Bacteria on Silicon

Accumulation in Root And lts
Association on Disease
Reduction

5.3.1.3 Stimulation of Plant Defence
and Compound and lts
Association with Silicon
Accumulation in Root and
Disease Suppression

5.3.1.4 Effect of Silicate Solubilizing
Bacteria on Crop Growth Under
Biotic Stress

5.3.1.5 Effect of Silicate Solubilizing
Bacteria on Plant Nutrient
Uptake

Evaluation of Silicate Solubilizing

Bacteria on Chemical Properties of Soil

and Nutrient Content

5.3.2.1 Soil Texture, Chemical
Properties and  Nutritional
Content for Potting Media

5.3.2.2 Effect of Treatment on Sail
Chemical Properties

5.3.2.3 Effect of Treatment on Soail
Nutrients Properties

5.4 Conclussion

6 SUMMARY,

CONCLUSION AND

RECOMMENDATIONS FOR FUTURE RESEARCH

REFERENCES
APPENDICES
BIODATA OF STUDENT
PUBLICATION

Xiv

84
84

84

90

93

96

101

103

103

104
107
110
112
114
142

173
174



Table

2.1

22

3.1

3.2

3.3

3.4

4.1

5.1

5.2

5.3

54

5.5

5.6

5.7

LIST OF TABLES

Distribution and severity of white root disease in
Asian’s rubber producing countries

Microbial strains inducing systemic resistance for
controlling white root rot disease of rubber

Bacterial isolation from different zone of rubber age

Growth of bacterial isolates on nitrogen fixation,
silica, phosphate solubilization and antagonistic
activity screened on plate assay

Percentage of effective isolates to produce volatile
compound against Rigidoporus micropus based on
respective PIRG values

Characterization of selected SSB based on gram
staining, spore, motility, colour and shape of colony

Organic acids produced by SSB16, SSB18 and
SSB21 after 21 days of incubation in liquid culture

Description of treatments

Disease scoring for disease severity index of white
root disease of rubber based on foliar symptom

Disease scoring for disease severity index of white
root disease of rubber based on root symptom

Percentage of disease severity on root symptom
assessed at week 16

Area under disease progression curve (AUDPC) and
disease reduction (DR) in rubber seedling
inoculated with Rigidoporus micropus and treated
with silicate solubilizing bacteria at different rates

Effect of different SSB strains applied at different
rates on the accumulation of silicon deposited in the
root

Relationship between silicon accumulation in root of

rubber seedling in all silicate solubilizing bacteria and
disease progression (AUDPC)

XV

Page

22

31

33

38

47

59

72

75

76

87

88

91

91



5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

Relationship between silicon accumulation in root of
rubber seedling and plant induced systemic
resistance

Relationship between induced peroxidase and lignin
content of rubber root seedling

Summary of ANOVA results on the effect of SSB
strain and inoculum with its interaction on plant
height and girth increment, number of leaf and
chlorophyll content in rubber seedling from week 2 to
week 16 after infection

Relationship between growth parameters and silicon
accumulation in root of rubber seedling

Effect of silicate solubilizing bacteria applied at
different rates on plant nutrient content in foliar

Soil physical and chemical properties of potting soil
Effect of treatment on soil pH

Effect of treatment on soil CEC and base saturation
Effect of treatment on soil organic carbon

Effect of treatment on total P, available P

Effect of treatment on soil total N, exchangeable K,
Ca and Mg and C/N ratio

XVi

96

97

98

102

103

105

106

107

108

109



Figure

2.1

22

23

24

2.5

3.1

3.2

3.3

3.4

3.5

LIST OF FIGURES

Planted area of natural rubber in Malaysia under
smallholder, estate and total area for year 1990 to
2018.

Malaysia’s natural rubber production from 2001 to
2017.

Malaysia’s natural rubber production from 2000 to
2017.

Symptom of Rigidoporus micropus infection on leaf,
formation of white rhizomorph on above ground and
formation of basidiocarp on rubber trunk.

Fraction of silicon in soils.

Scatter diagram of 46 isolated bacteria responsible
for silica solubilization, antagonism, nitrogen
fixation, phosphate and potassium solubilization
grouped under component 1 and component 2 in
multi-dimensional preference analysis plot of the
PCA procedure based on the ability of isolates with
all possible criterion.

Scatter diagram of 46 isolated bacteria responsible
for siderophore, volatile metabolite and glucanase
grouped under component 1 and component 2 in
multi-dimensional preference analysis plot of the
PCA procedure based on the ability of isolates with
all possible criterion.

Production of siderophore by SSB16 (A), SSB18
(B) and SSB21 (C) at 24, 48 and 72 hours after
incubation.

IAA production by selected SSB at 24, 48 and 72
hours after incubation.

Bacterial growth curve of SSB16, SSB18 and

SSB21 in liquid nutrient broth during 120 hours
incubation period.

XVii

Page

10

19

37

39

42

44

45



3.6

4.1

4.2

4.3

4.4

5.1

5.2

53

54

Phylogenetic tree of selected silicate solubilizing
bacteria constructed based on 16S rRNA gene
sequence analysis of Bacillus sp. NSAMYKJ16 (A),
Proteus sp. NSAMYKJ18 (B) and Bacillus sp.
NSAMYKJ21 (C).

Mineralization of silica in liquid assay by selected
SSB at 7 days after incubation.

Effect of incubation period on solubility of quartz
and magnesium trisilicate respectively with the
changes in pH of the medium inoculated with
SSB16, SSB18 and SSB21 after 21 days of
incubation.

Effect of pH on solubility of quartz and changes in
pH of culture medium inoculated with SSB16 (A and
B), SSB18 (E and F) and SSB21 (Il and J) and on
solubility of magnesium trisilicate and changes in
pH of culture medium inoculated with SSB16 (C
and D), SSB18 (G and H) and SSB21 (K and L) at
weekly interval for 14 days of incubation.

Colonization of silicate solubilizing bacteria on the
surface of silicate mineral under SEM in un-
inoculated (A), SSB16 (B), SSB18 (C) and SSB21

(D).

USDA soil textural triangle chart for soil texture
classification.

Trend of disease incidence recorded on the rubber
seedling inoculated with SSB strains of SSB16 (A),
SSB18 (B) and SSB21 (C) applied at different
inoculum rate.

Trend of disease severity recorded on the rubber
seedling inoculated with SSB strains of SSB16 (A),
SSB18 (B) and SSB21 (C) applied at different
inoculum rate.

Accumulation of silicon in the form of silica body in
cell wall of rubber seedling in (A) control
(+pathogen —SSB), (B) SSB16 (+pathogen +SSB),
(C) SSB18 (+pathogen +SSB), and (D) SSB21
(+pathogen +SSB) at 16 weeks after infection.

XViii

46

53

55

61

64

69

85

87

93



5.5

5.6

5.7

5.8

Concentration of peroxidase in parasitized root
tissue of rubber seedling inoculated with beneficial
SSB strains applied at different rates.

Concentration of lignin as lignothioglycolic acid
(LTGA) in parasitized root tissue of rubber seedling
inoculated with beneficial SSB strains applied at
different rates.

Effect of treatments on fresh weight of rubber root
seedling.

Effect of treatments on fresh weight of rubber shoot
seedling.

XiX

94

95

99

100



Y%

Mg
pg/mL
pL

UM

UM

°c

A.R.

Al

Al-O
AMP
ANOVA
AUDPC
C

CIN
C10H11NOsS
CsH1s0
Ca

CEC
cfu

cm
cmol

DAI

LIST OF ABBREVIATIONS

Percentage
Microgram

Microgram per millilitre
Microliter

Micromolar
Micrometer

Degree

Degree celcius
Analytical reagent
Aluminium

Aluminium oxide bond
Antimicrobial peptide

Analysis of variance

Area under disease progression curve

Carbon

Carbon to nitrogen ratio

[-amino-2-naphthol-4-sulfonic acid

Octyl alcohol

Calcium

Cation exchange capacity
Colony forming unit
Centimetre

Centimole charge

Day after incubation

XX



DI Disease incidence

DR Disease reduction
DS Disease severity
DSI Disease severity index
ED Effective dose

Fe Iron

FeO Iron (ll) oxide

g Gram

g G-force

H* Hydrogen ion
H202 Hydrogen peroxide
H2S04 Sulphuric acid
H4SiO4 Silicic acid

ha. Hectare

HCI Hydrochloric acid

HMWOAs High molecular weight acids

HNO3 Nitric acid

IAA Indole-3-acetic acid

ISR Induced systemic resistance

K Potassium

kbp Kilo-base pair

KH2PO4 Potassium dihydrogen phosphate
L Litre

XXi



LMWOAs
In

LTGA

Mg
Mg
mL
Mm
mM
Mmol
N

Na
NaOH
NH4F
NH4OAc
nm
O.D.
OH

=3
PCA
PCR
PDA

PIRG

Low molecular weight acids
Natural log
Lignothioglycolic acid
Metre

Molar

Magnesium

Milligram

Millilitre

Millimetre

Millimolar

Millimol

Nitrogen

Sodium

Sodium hydroxide
Ammonium fluoride
Ammonium acetate
Nanometre

Optical density

Hydroxide

Phosphorus

Principal component analysis
Polymerase chain reaction
Potato dextrose agar

Percentage inhibition rate growth

XXii



pmol

POX
PROC GLM
psu

rpm

rRNA
SEM

Si

Sl

Si-O bond
SiO2

SOC

SSB

uv

VOC

wiv

WRD

Zn

Picomole

Peroxidase

Procedure generalized linear model
Percent siderophore unit
Revolution per minute
ribosomal RNA

Scanning electron microscope
Silicon

Solubilization index

Silicon oxide bond

Silicon dioxide

Soil organic carbon

Silicate solubilizing bacteria
Ultra violet

Volatile organic compound
Weight per volume

White root disease

Zinc

XXiii



CHAPTER 1

INTRODUCTION

Rubber (Hevea brasiliensis) is one of the major plantation crop and main
commodity export in Malaysia after oil palm. The cultivation of rubber had seen
a progressed from year to year in the area planted with rubber after it was
commercially established in 1904 (Setiawan et al.,, 2007) which was
2,400 hectares in the early 1900s to 218,900 hectares in 1910s. Later, rubber
cultivation grown rapidly and became one of the key success in Malaysian
economy which contributes to the gross domestic product (GDP) and national
gross export up to 50% as well as becoming source of income for small holders.
However, the area grown with rubber was reduced due to several constraints
such as emergence of synthetic rubber and disturbance of its growth by plethora
of diseases. Biotic stress affecting growth of rubber due to diseases had been a
major concerned to researchers at global.

Like other crops, various pathogenic diseases influence rubber production
(Fay et al., 2010). According to Wastie (1975), rubber is a plantation crop that
subjected to a plethora of economically important pathological diseases. White
root disease (WRD) caused by basidiomycetes fungus Rigidoporus microporus
is one of the challenging disease posing an epidemic treat in rubber plantation.
It is well known destructive disease that infect rubber growing countries in
Cameroon, Nigeria, India, Thailand, Indonesia, Ivory Coast, Ghana, Gabon, Sri
Lanka, Malaysia and West and Central Africa (Wastie, 1975; Wattanasilakorn et
al., 2015). Guyot & Flori (2002) reported that the disease has caused extensive
death of rubber and severe loss that lead to the reduction of the tree stand and
yield of latex being produced.

In order to maintain the steady supply of natural rubber, preventing and
controlling the occurrence of WRD is necessary to prevent the widespread of the
disease to the neighbouring trees. Currently, numerous strategies such as
breeding of resistant clone, management of cultural practices and application of
chemical fungicides had been employed to control the disease. According to
(Narayanan & Mydin K., 2012), the commercially cultivated rubber clones has a
very narrow genetic base due to its originality produce from hybridization thus
there are no known species of rubber clone reported to be resistant towards
R. microporus. Despite breeding, proper clearing of the land by uprooting the soil
and poisoning the old rubber tree before replanting had been known to reduce
the disease occurrence but this method requires high cost for small holders. The
emergence of chemical fungicide was known to be effective against white root
disease but the drawback of chemical usage on environment and health hazard
has gained awareness to find for an alternative treatment.



Application of microbes as in biological control in agricultural practice has been
considered as a viable alternative to chemical fungicide that can conserve and
sustain the environment (Ouda, 2014) which suppress the activities of one
organism by one or more other organism. In case of biological control for white
root disease of rubber, previous studies showed that Trichoderma harzianum,
Trichoderma hamatum (Jayasuriya & Thennakoon, 2007), Aspergilus niger,
Chaetomium bostrychodes, Chaetomium cupreus (Kaewchai & Soytong, 2010),
Hypocrea virens, Hypocrea jecorina, Hypocrea lixii, Trichoderma spirale
(Nicholas et al.,, 2015), and Streptomyces sp. (Nakaew et al., 2015) had
significant effect on the reduction of the severity index of disease. Although
biological control agents have the ability to suppress the disease, but the efficacy
of the introduced biocontrol agent in the field must be fully understood since there
are many interrelationships between the antagonist, pathogen, the host plant
and other indigenous organisms in the soil. Therefore, selection of the antagonist
should be stressed initially starting from isolation to screening of potential
antagonist so that the selected biocontrol agent does not only reduce the severity
of plant disease but also promote plant growth.

Soil plays a vital role in plant health and fertility as it provides nutrients and
protect plant from pathogen. This undoubtedly is related to the complex nature
of soil microbial communities in soil ecosystem. In natural soil ecosystem, the
diversity and number of microbial communities is higher because of high
biomass content compared to the agro-ecosystem soil which had been polluted
and had low amount of organic matter. As a result, plant becomes weakening
when it is infected with pathogen. Therefore, management practices are
essential to reclaim soil microorganisms. Different microorganisms carried out
different function and show different performance according to its specified host
plant. Variety of microorganisms are available for biological control but not all
microorganisms have the ability to produce antagonism, plant growth promoting
properties and solubilize naturally occurring mineral in soil.

Currently, research on microorganism capable of solubilizing silicate mineral in
soil and supressing phytopathogenic fungi had gained attention by researchers
worldwide. Silicate solubilizing bacteria like Bacillus flexus, Bacillus
mucilaginosus, Bacillus megaterium and Pseudomonas fluorescens were known
to have antagonistic, plant growth promoting properties and solubilized insoluble
silica (Vasanthi et al., 2018). Silicon which is the second most abundant mineral
in soil was found to be effective in controlling various pests and diseases caused
by both fungi and bacteria in different plant species (Ma, 2004). However, most
of the research conducted on dissolution and uptake of silica were tested on
monocotyledonous plant like rice, wheat, maize and sugarcane. On the other
hand, it is important to study the uptake of silica on dicotyledonous plant
especially the perennial crop of woody stem. Nonetheless, silicon research had
gained attention only in the last two decades (Nawaz et al., 2019). Though silicon
was abundant in soil but it is not an indication that it is supplied sufficiently
because soluble silicon in the form of monosilicic acid (H4SiO4) in soil system is
regulated by soil pH, and amount of clay, organic matter, minerals and Fe / Al
oxides/hydroxides which are associated with the geologic age of the soil (Tubana
& Heckman, 2015). In other words, the degree of soil weathering determined the
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amount of silica in the soil. In Malaysia, most of the soil used for agricultural
activity is highly weathered soil which are from the order Oxisol and Ultisol
(Jusop & Ishak, Weathered tropical soils: the ultisols & oxisols, 2010). About
70% of Malaysian soil are from these two types of soil order which are mainly
used for rubber and oil palm cultivation. Oxisol and Ultisol contained high amount
of complex Al/Fe hydroxide due to the disintegration of silicate mineral as a result
of intense weathering. Quartz is the most common mineral found in Malaysian
weathered soil and the most stable mineral in the soil. Because of its physico-
chemical properties and stable form, availability of soluble silicon in soil solution
is less between 1.6 — 1.9 mg L' of dissolved silicon (Dress et al.,1985). With
respect to low solubility, dissolved silicon are easily removed from soil solution
due to the adsorption by Fe and Al hydroxide (Bruun et al., 1994). Previous
studies reported that Fe and Al hydroxide can remove large amount of dissolved
silicon because they have strong adsorption capacity. Therefore, introduction of
microorganism like bacteria and fungi are essentially important in the dissolution
process of insoluble silica in soil. Studies showed that some bacteria and fungi
had the ability to mineralize silica and silicates in nature by several modes of
action such as ligands of cation, secretion of organic and inorganic acids, alkali
process by production of ammonia and amine and production of extracellular
polysaccharides (EPS) by the bacteria at acidic pH (Konhauser, 2015). Microbes
with the ability to mineralize insoluble silica for plant uptake in strengthening plant
cell wall from pathogen attack is potentially to have double protection for plant
against pathogen. Thus, this study was conducted with the following objectives:

1. To isolate and screen potential microbes for its ability in mineralizing
silicon, suppressing fungal growth and secreting plant growth promoting
characteristics.

2. To study mechanisms of silicon solubilization by potential isolates.

3. To evaluate the efficacy of silicate solubilizing bacteria applied at
different rates on the silicon uptake, inhibition of R. microporus,
stimulation of induced systemic resistance and enhancement of plant
growth under rain shelter house.
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