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Anthracnose caused by Colletotrichum species is the most destructive disease of
chilli worldwide. It is responsible for worldwide yield losses and could be even more
severe without a successful control that still relies on the use of fungicides. Due to
the growing concern about environmental and health damages caused by this control,
an understanding of the mechanisms leading to the fungal pathogenicity in a
particular host is essential for the implementation of effective disease control. This
study aimed to investigate the mechanism leading to pathogenesis of Colletotrichum
species in chilli fruit as little is known about the pathogenicity factor involved in this
interaction. Thirty five fungal isolates were isolated from chilli lesions of
anthracnose from different geographic locations in Malaysia. The ability of fungal
isolates to produce cell wall-degrading enzymes was screened and the best cell wall-
degrading enzymes producer was selected for further study. Based on its
morphological, biochemical and molecular identification, fungal isolate CP2 was
identified as Colletotrichum truncatum. Successful inoculation of the C. truncatum
CP2 on detached chilli fruits proved its pathogenicity and was confirmed to be a
primary pathogen of chilli when it successfully infected the chilli fruits. In order to
illustrate the infection strategy adopted by C. truncatum CP2, the infection process of
this fungus in the chilli fruit was characterized using light, scanning and transmission
microscope. C. truncatum CP2 exhibited a prolonged biotrophic phase of about 48
hour, before switched to necrotrophic phase at approximately 72 hour after
inoculation. The first phase of necrotrophy in C. truncatum CP2 was characterized
by formation of germ tube, appresorium and infectious hyphae. The destructive
necrotrophic phase was characterized by formation of sunken lesions and production
of numerous acervuli. The role of cell wall-degrading enzymes in facilitating the C.
truncatum CP2 to colonize the host cell was investigated taking into consideration
changes in the morphological and chemical compositions of the chilli fruits. The
results of enzymatic activity experiment indicated that polygalacturonase (PG) was



the first cell wall-degrading enzymes detected and the activities obtained were higher
(0.24£0.10 U/mL) than other enzymes, which appeared later and in lower amount.
Significant changes in the pectin (total uronide content increased up to 50.33% -
71.85%) and cellulose contents (decreased to 11.45% - 12.32%) in chilli treated with
PG and combination of PG and cellulases showed the main role of these enzymes in
facilitating the C. truncatum CP2 during pathogenesis in chilli fruits. According to
Fourier transform infrared analysis, there were remarkable changes in the vibration
side of cellulose (3290 cm-1 and 2924 cm-1) and ring and vibration side of pectin
(1581, 1337 and 1029 cm-1) in the cell wall of chilli treated with PG and mixture of
both enzymes. In order to understand the exact role of PG enzymes in pathogenesis,
PG enzymes from C. truncatum CP2 was purified using aqueous two phase system.
The optimum purification condition of PG was achieved using 22% (w/w)
polyethylene glycol and 15% (w/w) sodium citrate comprising crude load of 16%
(w/w) at pH 7.0 with addition of 1.0% (w/w) sodium chloride. The necrotizing
activity of the crude and purified PG from C. truncatum CP2 was then tested on
detached chilli fruits. The faster lesion formation on the chilli treated with purified
PG had confirmed the involvement of this enzyme in anthracnose of chilli. In
conclusion, C. truncatum CP2 possess all the features to be termed as a serious
anthracnose pathogen with the presence of pathogenicity factors such as PG
enzymes. The results from this study provide a better insight into the interaction of
C. truncatum CP2 and chilli fruits and these findings may be used in the
development of efficient disease management strategies in Malaysia.
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Penyakit antraknos yang berpunca daripada spesis Colletotrichum merupakan
penyebab utama kepada kerosakan cili di serata dunia. Ia telah menyebabkan
kerugian besar kepada pengusaha cili di seluruh dunia dan mungkin memberi kesan
lebih teruk tanpa kawalan yang baik yang kini masih bergantung kepada penggunaan
racun kulat. Peningkatan kesedaran terhadap kesan penggunaan racun kulat terhadap
kerosakan alam sekitar dan kesihatan telah membawa kepada pentingnya memahami
mekanisme terjadinya jangkitan penyakit ini bagi membolehkan strategi kawalan
yang lebih berkesan dilaksanakan. Kajian in dijalankan bagi menyelidik mekanisma
yang membawa kepada patogenesiti spesis Colletotrichum terhadap buah cili di
mana pengetahuan mengenai faktor yang menyumbang kepada patogenisiti ini
belum diketahui. Tiga puluh lima pencilan kulat telah dipencilkan daripada lesi
antraknos dari lokasi geografi yang berlainan di Malaysia. Keupayaan kulat tersebut
untuk menghasilkan enzim yang terbaik telah disaring dan pengeluar enzim yang
terbaik dipilih untuk kajian selanjutnya. Pencilan kulat CP2 diperiksa berdasarkan
ciri-ciri morfologi, molekul dan patogenisiti. Berdasarkan keputusan yang diperoleh,
pencilan kulat CP2 dikenalpasti sebagai Colletotrichum truncatum. Ujian
patogenisiti menunjukkan bahawa C. truncatum CP2 adalah patogenik terhadap
perumah asal dan dikenalpasti sebagai penyebab utama kepada antraknos cili. Bagi
mengetahui strategi jangkitan yang diaplikasikan oleh C. truncatum CP2, proses
jangkitan kulat ini pada cili dikaji menggunakan mikroskop cahaya, mikroskop
elektron pengimbasan dan mikroskop elektron penghantaran. C. truncatum CP2
mempamerkan fasa biotropik selama 48 jam, sebelum beralih kepada fasa
nekrotropik bermula 72 jam selepas inokulasi. Fasa biotrofi dalam C. truncatum CP2
dapat dikenalpasti melalui pembentukan tiub germa, appresorium dan hyphae. Fasa
nekrotropi pula dapat dikenalpasti melalui pembentukan lesi dan penghasilan
acervuli yang banyak pada buah cili. Peranan enzim pengurai dinding sel di dalam
membantu C. truncatum CP2 untuk kolonisasi perumah asal dikenalpasti dengan
mengambil kira perubahan dalam komposisi morfologi dan komposisi kimia cili.
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Keputusan eksperimen aktiviti enzimatik menunjukkan bahawa polygalakturonase
(PG) merupakan enzim pengurai dinding sel pertama yang dikesan dan aktiviti yang
diperoleh lebih tinggi (0.24 + 0.10 U / mL) daripada enzim lain, yang kemudiannya
muncul dan dalam jumlah yang lebih rendah. Perubahan penting dalam pektin
(jumlah kandungan uronida meningkat dari 50.33% - 71.85%) dan kandungan
selulosa (menurun dari 11.45% - 12.32%) dalam cili yang dirawat dengan PG dan
gabungan PG dan selulase menunjukkan peranan utama enzim ini dalam membantu
C. truncatum CP2 semasa patogenesis pada buah cili. Menurut analisis inframerah
transformasi Fourier, terdapat perubahan yang luar biasa pada getaran selulosa (3290
cm-1 dan 2924 cm-1) dan getaran pektin (1581, 1337 dan 1029 cm-1) di dinding sel
cili dirawat dengan PG dan campuran kedua-dua enzim. Untuk memahami peranan
sebenar enzim PG dalam patogenesis, enzim PG dari C. truncatum CP2 ditulenkan
menggunakan sistem penulenan dwi-fasa. Keadaan penulenan optimum PG dicapai
melalui penggunaan 22% (w/w) polietilen glikol dan 15% (w/w) sodium sitrat yang
mengandungi enzim sebanyak 16% (w/w) pada pH 7.0 dengan tambahan 1.0%
(w/w) natrium klorida. Kebolehan enzim PG yang telah ditulenkan untuk
menguraikan buah cili kemudiannya diuji. Pembentukan lesi lebih cepat pada cili
yang dirawat dengan PG yang ditulenkan telah mengesahkan penglibatan enzim ini
dalam antraknos cili. Sebagai kesimpulan, C. truncatum CP2 mempunyai ciri-ciri
yang boleh dianggap sebagai patogen antraknos yang serius dengan kehadiran
faktor-faktor virulensi seperti enzim PG. Hasil daripada kajian ini memberi
gambaran yang lebih baik mengenai interaksi C. truncatum CP2 dan buah cili dan
dapatan kajian ini boleh digunakan dalam pembangunan strategi pengurusan
penyakit yang lebih baik di Malaysia.

v



ACKNOWLEDGEMENTS

First of all, I would like to thank Allah Almighty, for his blessing and grace, for me
to complete this research project at the Faculty of Biotechnology and Biomolecular
Science, Universiti Putra Malaysia, Serdang.

I would like to express my sincere appreciation to my main supervisor, Assoc. Prof.
Dr. Umi Kalsom Md Shah for giving her advice, motivation and support throughout
this research. My sincere gratitude and appreciation also to my co-supervisors, Prof.
Dr. Arbakariya Ariff, Dr. Mohd Termizi B. Yusof and Dr. Jeffrey Lim Seng Heng,
for their valuable discussion and assistance throughout my research.

I also would like to express my sincere thanks to staff and officers of Faculty of
Biotechnology and Biomolecular Sciences. And, as always my appreciation to all
my friends especially Maya Emira, Saja Mahdey, Kazeem Muinat and Wan
Rusmarini for their generous guidance and help since I started my work.

Mostly, my deepest appreciation to my loving and supportive husband, Mohd
Shaifuddin bin Wahab, my kids (Ahmad Qayyum and Aisyah Humaira) and also to
my family for their love, patience and encouragement throughout this work.
Acknowledgement is also to those who are involved directly and indirectly in the
completion of this study.



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

Umi Kalsom Md Shah, PhD

Associate Professor

Faculty Biotechnology and Biomolecular Sciences
Universiti Putra Malaysia

(Chairman)

Arbakariya B. Ariff, PhD

Professor

Faculty Biotechnology and Biomolecular Sciences
Universiti Putra Malaysia

(Member)

Mohd Termizi B. Yusof, PhD

Senior Lecturer

Faculty Biotechnology and Biomolecular Sciences
Universiti Putra Malaysia

(Member)

Jeffrey Lim Seng Heng, PhD

Strategic Resources Research Centre

Malaysian Agricultural Research and Development Institute (MARDI)
Malaysia

(Member)

ROBIAH BINTI YUNUS, PhD
Professor and Dean

School of Graduate Studies
Universiti Putra Malaysia

Date:

vii



Declaration by graduate student

I 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 other institutions;

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

written permission must be obtained from supervisor and the office of Deputy
Vice-Chancellor (Research and Innovation) before thesis is published (in the
form of written, printed or in 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 i1s upheld as according to the Universiti Putra Malaysia (Graduate
Studies) Rules 2003 (Revision 2012-2013) and the Universiti Putra Malaysia
(Research) Rules 2012. The thesis has undergone plagiarism detection software.

Name and Matric No.:

viii



Declaration by the Members of Supervisory Committee

This is to confirm that:

* the research conducted and the writing of this thesis was under our supervision;

*  supervision responsibilities as stated in the Universiti Putra Malaysia (Graduate
Studies) Rules 2003 (Revision 2012-2013) are adhered to.

Signature:
Name of
Chairman of
Supervisory
Committee:  Associate Professor Dr. Umi Kalsom Md Shah

Signature:
Name of
Member of
Supervisory
Committee:  Professor Dr. Arbakariya B. Ariff

Signature:
Name of
Member of
Supervisory
Committee:  Dr. Mohd Termizi B. Yusof

Signature:
Name of
Member of
Supervisory
Committee: Jeffrey Lim Seng Heng

X



TABLE OF CONTENTS

Page
ABSTRACT i
ABSTRAK il
ACKNOWLEDGEMENTS \4
APPROVAL vi
DECLARATION viii
LIST OF TABLES XVi
LIST OF FIGURES XV
LIST OF APPENDICES Xix
LIST OF ABREVIATIONS XX
CHAPTER
1 INTRODUCTION
Ikl General background
1.2 Objectives
2 LITERATURE REVIEW 3
25 The Host: Chilli (Capsicum annuum L.) 3
2.1.1 Chilli production in Malaysia 4
2.1.2  Uses and importance of chilli 4
2.1.3 Constraints in chilli production 5
2.2 Anthracnose disease of chilli 7
2.2.1 Causal agents of chilli anthracnose 7
2.2.2 Identification of Colletotrichum species 8
2.2.3 Epidemiology and anthracnose disease symptoms 9
2.2.4 Disease management of anthracnose 10
23 Infection strategies of Colletotrichum species 12
2.3.1 Penetration 13
2.3.2 Initial infection 14
2.3.3 Necrotrophic infection 16
2.4  The role of cell wall-degrading enzymes produced by pathogen
during pathogenesis 16
2.4.1 Structure of plant cell wall 16
2.4.1.1 Cellulose 17
2.4.1.2 Hemicelluloses 18
2.4.1.3 Pectin 19
2.4.2 Enzyme involves in the cell wall degradation 20
2.4.2.1 Cellulose-degrading enzymes 20
2.4.2.2 Hemicellulose-degrading enzymes 21
2.4.2.3 Pectinolytic enzymes 22
2.5  Purification strategies for cell wall degrading enzymes 23
2.6 Aqueous two phase system 24
2.7  Concluding remarks 26



MORPHOLOGICAL, BIOCHEMICAL AND MOLECULAR
CHARACTERIZATION OF Colletotrichum species
ASSOCIATED WITH CHILLI ANTHRACNOSE

3.1 Introduction

32 Materials and Methods

3.2.1
322
323
324

3.25

3.2.6

k. V1]

31288

3
3. 7880

Sample collection

Isolation of fungi from infected chilli

Morphological characterization

Primary screening of Colletotrichum species for cell

wall-degrading enzymes production

3.2.4.1 Plate screening for cellulase activity

3.2.4.2 Plate screening for pectinolytic activity

Morphological identification of selected Colletotrichum

isolates

3.2.5.1 Observation using a light microscope

3.2.5.2 Observation using scanning electron microscope

Growth rate determination of selected Colletotrichum

species

Molecular identification of selected Colletorichum

species

3.2.7.1 Genomic DNA extraction

3.2.7.2 Polymerase Chain Reaction

3.2.7.3 Purification of PCR product

3.2.7.4 Phylogenetic analysis of selected Colletotrichum
isolates

Carbon sources utilization test for selected

Colletotrichum species

Pathogenicity tests

Statistical analysis

33 Results and Discussion

3.3.1
332
3.33

334
335
3.3.6

Screening and isolation of fungi

Screening of cell wall-degrading enzymes producer
Morphological characterization of selected fungal
isolate

Molecular identification of selected fungi isolate
Identification of fungal isolate CP2 with FF microplate
Pathogenicity test

34 Conclusion

THE NECROTROPHIC INFECTION STRATEGY OF
Colletotrichum truncatum CP2 ON Capsicum annuum L.

4.1 Introduction

4.2 Materials and methods

4.2.1
422
423
4.2.4
4.2.5

Plant material and inoculation

Observation using scanning electron microscope
Observation using transmission electron microscope
Observation using light microscopy

Fourier Transform Infrared analysis of infected chilli

X1

27
27
28
28
28
29

29
29
29

30
30
30

30

31
31
31
32

32

33
33
33
34
34
39

41
46
47
48
50

51
51
52
52
52
52
53
53



4.3 Results and Discussion
4.3.1 Spore germination and appresoria formation
4.3.2 Host penetration and development of infection process
4.3.3 Biochemical changes of chilli cell wall induced by
Colletotrichum  truncatum CP2 during anthracnose
infection
44  Conclusion

CELL WALL-DEGRADING ENZYMES SECRETION BY
Colletorichum truncatum CP2 AND ITS ROLE DURING
PATHOGENESIS IN CHILLI FRUITS
5.1 Introduction
5.2 Materials and Methods
5.2.1 Microorganism
5.2.2  Medium composition for enzyme production
5.2.3 Production of cellulases and pectinases by C. truncatum
CP2 in submerged fermentation
5.2.4 Treatment of chilli with different cell wall-degrading
enzymes
5.3 Analytical procedure
5.3.1 Pectinases enzyme assays
5.3.2 Cellulases enzyme assay
5.3.3 Protein assay
5.3.4 Mycelium dry weight
5.3.5 Cellulose content of untreated and treated chilli fruits
5.3.5.1 Neutral detergent Fiber (NDF) analysis
5.3.5.2 Acid Detergent Fiber (ADF) analysis
5.3.5.3 Lignin content analysis
5.3.6 Pectin determination
5.3.6.1 Sample preparation
5.3.6.2 Total uronide content determination
5.3.7 Fourier transform infrared analysis of chilli fruits
5.3.8 Statistical analysis
5.4  Results and Discussion
5.4.1 Invitro production of cell wall-degrading enzymes
5.4.2 Chemical changes associated with the anthracnose
infection in chilli fruits
54.3 FTIR study of chilli treated with different cell wall
degrading enzymes
5.5  Conclusion

PURIFICATION AND PROPERTIES OF
POLYGALACTURONASE ASSOCIATED WITH THE
INFECTION PROCESS OF Colletotrichum truncatum CP2 IN
CHILLI
6.1 Introduction
6.2 Materials and Methods

6.2.1 Chemicals

Xil

53
53
58

67
69

70
70
71
71
71

72

72
72
72
73
74
74
74
74
75
75
76
76
76
77
77
77
77

82

84
86

87
87
88
88



6.2.2
6.2.3
6.2.4
6.2.5
6.2.6
6.2.7

6.2.8

6.2.9

Microorganism and Polygalacturonase Production

Construction of ATPS

Polygalacturonase activity assay

Protein concentration determination

Optimization of ATPS parameters

Determination of partition coefficient (K), yield of PG

(%) and purification factor (Pr)

Characterization of partially purified polygalacturonase

6.2.8.1 Substrate specificity

6.2.8.2 Effect of pH on enzyme activity and stability

6.2.8.3 Effect of temperature on enzyme activity and
stability

Macerating activity of partially purified PG

6.3 Results and Discussion

6.3.1
6B®

6.3.3
6.3.4

6.3.5
6.3.6

6.3.7

Effect of PEG molecular weight on partitioning of PG

Influence of salt concentration on the partitioning

behaviour of PG

Influence of pH on the partitioning behaviour of PG

Influence of crude load on the partitioning behaviour of

PG

Influence of NaCl on the partitioning behaviour of PG

Properties of partially purified PG

6.3.6.1 Substrate specificity

6.3.6.2 Effect of pH on the activity and stability of PG

6.3.6.3 Effect of temperature on the activity and stability
of PG

Macerating ability of partially purified PG

6.4 Conclusion

7 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE

WORK

7.1 Conclusions
7.2 Recommendations for future works

REFERENCES
APPENDICES

BIODATA OF STUDENT
LIST OF PUBLICATIONS

Xiii

88
88
89
89
89

90
90
91
91

91
91
91
91

92
93

94
95
96
96
97

99
101
102

103
103
104

105
127
141
142



Table

2.1
2.2
23

24

2.5

2.6

2.7
2.8
2.9
3.1

3.2

33

3.4
3.5

5.1

6.1

6.2

6.3
6.4

LIST OF TABLES

Nutritional values of chilli
Fungal diseases of chilli reported from different parts of the world

Species of Colletotrichum associated with chilli anthracnose in
different countries

Morphological characterictics of different Colletorichum species for
the taxonomic identification

Efficacy of different plant extracts to control Colletotrichum spp.
causing chilli anthracnose

Biocontrol agents of Colletotrichum species associated with
anthracnose disease

Pectin content of some fruit
Purification schemes for pectinases from the fermentation broth
Purification of different types of enzymes using ATPS

Reference sequences utilized in this study for phylogenetic analysis of
Colletotrichum species

Number of isolates and colony colour produced by fungal isolates
from anthracnose lesion from different geographic locations in
Malaysia

Description of morphological characteristics and conidia shape of
Colletotrichum species isolated from lesions of chilli anthracnose

Identification of isolate CP2 using FF microplate

Utilization of different carbon sources by C. truncatum CP2 after 96h
of incubation obtained with Biolog Identification System

Composition of basal medium

System composition of PEG/citrate ATPS for the partitioning
experiments. The system compostions of PEG/ citrate ATPS used are
presented in percentage concentrations (%, w/w)

Influence of PEG molecular weights and concentrations on the
partitioning behaviour of PG

Effect of pH on the partitioning behaviour of PG

Substrate specificity of PG from C. truncatum CP2 toward different
substrates

Xiv

Page

11

12
19
24
25

32

34

36
47

48

72

89

92
94

96



Figure

2.1
2.2

23
24

2.5

2.6
2.7
2.8
2.9

2.10

2.11

2.12
3.1

32

33

34

3.5

LIST OF FIGURES

Production of chilli from different countries in the world

Characteristic symptoms of anthracnose on chilli plant (A) Chilli
fruit; (B) leaves and (C) stems

Disease cycle of Colletotrichum species on chilli

Infection strategies of Colletotrichum species on plant host. (A:
appresorium; C: conidium; Cu: cuticle; E: epidermal; ILS: internal
light spot; M: mesophyll cells; N: necrotrophic; PH: primary hyphae;
PP: penetration peg; SH: secondary hyphae; ScH; subcuticular
hyphae; green color: biotrophic; brown color: necrotrophic)

Schematic representation of the spatial arrangement of celluloses,
hemicellulose and pectins in a cell wall

Cellulose structure made up of from glucose monomers
Chemical structure of hemicelluloses
Schematic structure of pectin

Different type of cellulases and their mode of action on cellulose. BG,
B-glucosidase; CBH, cellobiohydrolase; EG, endoglucanase

(a) Structure of xylan and the sites of attack by xylanotic enzymes. (b)
Hydrolysis of xylo-oligosaccharide by B-xylosidase

Mode of action of pectinases. The arrow indicates the place where
pectinase react with the pectic substances. PG, polygalacturonase; PE,
pectinesterases; PL, pectin lyase

The schematic distribution of molecules in ATPS

Colony characters (A) and conidia (B) for morphologically identified
C. acutatum observed under a light microscope with 400x
magnification. Conidia were obtained from 7-day-old culture grown
on PDA

Colony characters (A) and conidia (B) for tentative identification of
C. truncatum observed under light microscope with 400x
magnification. Conidia were obtained from 7-day-old culture grown
on PDA

Clear zone (line) observed on plates containing (A) pectin and (B)
CMC as a carbon source

Index of relative activity of pectinase and cellulase in five fungal
isolates. Values are means of 3 replicates with = SD

(A) Front view of CP2 colony growing on PDA and (B) Reverse
colony of CP2 growing on PDA of 10 days old culture

XV

Page

10
13

15

17
18
18
20

21

22

23
25

38

38

40

41

42



3.6

3.7

3.8

3.9

3.10

3.11

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

Scanning electron micrograph showing falcate shaped conidia (c) of
fungal isolate CP2

Acervulus (ac) and masses of conidia of isolate CP2. A) Viewed
under SEM; B) Viewed under light microscope, magnification 400%

Scanning electron micrograph showing the tapered setae (st) of fungal
isolate CP2 with obtuse apex

Appresoria (ap) of fungal isolate CP2 stained with lactophenol cotton
blue, magnification 1000x

Evolutionary relationships of CP2 isolate with the other
Colletotrichum species. The evolutionary history was inferred using
the Maximum Likelihood method. The evolutionary distances were
computed using the Maximum Composite Likelihood method and are
in the units of the number of base substitutions per site. Evolutionary
analyses were conducted in MEGA7

Lesion development (A) Initial stage of lesion development at 96
HAI; (B) advance stages of lesion development at 120 HAI and (C)
no lesion development in chilli inoculated with sterile distilled water

Scanning electron micrograph showing curvature surface of cuticle
layer of healthy chilli fruit

Ungerminating and just germinating conidia of C. truncatum CP2 on
the chilli fruit surface after 4 h of inoculation (c: conidium; ns: non-
septate conidium)

Conidial germination on fruit surface (c: conidium; s: septum: gt:
germ tube; ap: appresorium) at 12 HAI

Appresorium formation by a single germ tube (c: conidium; s:
septum: gt: germ tube; ap: appresorium; st: stomata)

Transmission electron micrograph of appresorium formed on the
surface of chilli fruits (ap: appresorium; cu: cuticle)

Germ tube was elongated towards the natural crack occurred on the
surface of chilli fruit(c: conidium; gt: germ tube; ap: appresorium; nc:
natural crack)

Transmission electron micrograph showing penetration of the chilli
fruit via a penetration peg (ap: appresorium; p: penetration peg)

Scanning electron micrograph showing direct penetration by hyphal
strand (h: hyphal strand)

SEM image showing conidia collapsed after 48 HAI (cc: collapsed
conidia)

SEM image showing hyphae proliferated on the fruit surface (h:
hyphae)

Transmission electron micrograph of interaction between C.
truncatum CP2 and chilli, 48 HAI. The electron-dense substance of

XVi

43

44

45

45

46

49

54

54

56

56

57

57

59

59

61

61



4.12

4.13

4.14

4.15

4.16
4.17

4.18

5.1

5.2

53

5.4

5.5

the interfacial matrix infiltrating the plant cell wall (double
arrow)(Cu: Cuticle; ap: appresorium)

Dead cell (DC) observed under TEM at 72 HAI (Magnification:
12,500x)

Transmission electron micrograph of massive growth of hyphae on
the fruit surface (cu: cuticle: h: hyphal strand)

Mycelium formed from germination of conidia showing an acervulus.
Setae can be seen protruding through the matrix of an acervulus (ac:
acervulus; st:setae)

Transmission electron micrograph showing compact mycelium (mc)
stroma on the surface of chilli fruits (Cu: cuticle)

Cuticle ruptured observed under SEM at 96 HAI (arrow)

SEM image showing disintegration and maceration of mesophyll
tissue at 96 HAI

FTIR spectrum of chilli fibres during infection process of C.
truncatum CP2

Growth patterns of C. truncatum CP2 (#) and C. gloeosporiodes ()
in medium containing pectin from citrus as a carbon source. Values
are means of 3 replicates with + SD

Production of PG by C. truncatum CP2 (B) and C. gloeosporiodes
(A) using pectin from citrus as a carbon source. Values are means of
three replicates = SD. Symbols represent (@) specific activity of PG
for C. truncatum CP2 and (#) specific activity of PG for C.
gloeosporiodes

Production of PME by C. truncatum CP2 (#) and C. gloeosporiodes
(A) using pectin from citrus as a carbon source. Values are means of
three replicates = SD. Symbols represent (@) specific activity of
PME for C. truncatum CP2 and (B) specific activity of PME for C.
gloeosporiodes

Production of PL by C. truncatum CP2 (@) and C. gloeosporiodes
(A) using pectin from citrus as a carbon source. Values are means of
three replicates == SD. Symbols represent (O) specific activity of PL
for C. truncatum CP2 and (0) specific activity of PL for C.
gloeosporiodes

Production of PNL by C. truncatum CP2 (1) and C. gloeosporiodes
(A) using pectin from citrus as a carbon source. Values are means of
three replicates = SD. Symbols represent (#) specific activity of PNL
for C. truncatum CP2 and (@) specific activity of PNL for C.
gloeosporiodes

Xvii

62

63

63

64

65
65

66

68

78

78

79

80

80



5.6

5.7
5.8
59

6.1

6.2

6.3

6.4

6.5

6.6

Production of FPase by C. truncatum CP2 () and C. gloeosporiodes
(A) using CMC as a carbon source. Values are means of three
replicates = SD. Symbols represent (H) specific activity for C.
truncatum CP2 and (O) specific activity for C. gloeosporiodes.

Pectin changes in chilli fruits treated with different enzymes
Cellulose content in chilli treated with different enzyme

FTIR spectra of chilli treated with different cell wall degrading
enzymes; (a) After 7 days and (b) after 14 days

Influence of salt concentration on the partitioning behaviour of PG.
Values are means of 3 replicates with + SD

Influence of the crude load on the partitioning behaviour of PG.
Values are means of 3 replicates with + SD

Influence of NaCl addition on the partitioning behaviour of PG.
Values are means of 3 replicates with + SD

Effect of pH on the activity and stability of partially purified PG (a)
optimum pH (b) pH stability. Values are means of 3 replicates with +
SD

Effect of temperature on the activity and stability of partially purified
PG (a) optimum temperature (b) temperature stability. Values are
means of 3 replicates with & SD

Lesion diameter produced on chilli fruits treated with crude and
purified enzyme from C. truncatum CP2. Values are means of 3
replicates with = SD

XViil

81
83
84

85

93

95

96

98

100

101



Appendix

LIST OF APPENDICES

Reagents and Solutions Preparation for Electron
Microscopy

ANOVA Table showing mean growth of different
Colletotrichum species

Fungal identification using ITS Sequencing
Colletotrichum truncatum

Statistical analysis for Index of Relative Activity
Reagents and solution preparation for enzyme assays
Standard curve of D-galacturonic acid

Standard curve for reducing sugars concentration
Standard curve for protein assay

Standard curve for total uronide content determination

ANOVA table showing the effect of molecular weight on
partition of PG

ANOVA table showing the effect of salt concentration on
partition of PG

ANOVA table showing pathogenicity testing of partially
purified and crude PG

XiX

Page

127

129

130
131
132
134
135
136
137

138

139

140



LIST OF ABREVIATIONS

ADF Acid detergent fiber

ADL Acid detergent lignin

ANOVA Analysis of Variance

Ap appresorium

ATPS Aqueous two phase system

ATR Attenuate total reflectance

C conidium

Cu cuticle

CBM Carbohydrate binding module

CMC Carboxy methyl cellulose

DNA Deoxyribonucleic acid

DNS Dinitrosalicyclic acid

FAO Food and agriculture organization

FAOSTAT The statistics division of food and agriculture
organization

FTIR Fourier Transform Infrared

Hai hour after inoculation

g gram

mg milligram

ng microgram

g/g Gram per gram substrate

g/L Gram per liter

GF gel filtration

H>SO4 Sulphuric acid

HCI Hydrochloric acid

g International unit

Ha acre

HAI hour after inoculation

Hg/ha Hectogram per acre

IEX Ion exchange

ITS Internal transcribed spacer

KCl Potassium chloride

XX



KH>POq4
K>HPO4
kV
MgCl1,
MgSO4
MgS0O4.7H20
MnSO4.H,0
mm
MOA
NaNO3
NaOCl
NaOH
NCBI
NDF
PCR
PDA
PEG

PG

PL

PNL
PME

pp
TRNA
SEM

T ha'!
TEM
UF

v/v

uv

w/v

%

°C

Potassium dihydrogen phosphate
Potassium hydrogen phosphate
kiloVolt

Magnesium chloride
Magnesium sulphate
Magnesium sulphate heptahydrate
Magnesium sulphate hydrate
milimetre

Ministry of agriculture

Sodium nitrate

Sodium hypochlorite

Sodium hydroxide

National center for biotechnology information
Neutral detergent fiber
Polymerase chain reaction
Potato dextrose agar
Polyethylene glycol
polygalacturonase

pectin lyase

pectate lyase

pectin methylesterases
penetration peg

Ribosomal ribonucleic acid
Scanning electron microscope
Tons per acre

Transmission electron microscope
Ultrafiltration

volume per volume

Ultraviolet

weight per volume

percent

Degree celcius

XX1



CHAPTER 1

INTRODUCTION

1.1 General background

Capsicum annuum L. is commonly known as chilli, or chilli pepper has been a part
of Malaysian diet. Chilli fruits often used as a spice added to various dishes due to
their hot flavour. However, the production of chilli in Malaysia is often hampered by
fungal diseases (Ali et al., 2014; Heng ef al., 2011; Yun et al., 2009). Anthracnose
disease caused by Colletotrichum species is one of the main causes for post-harvest
fruit rot of chilli and resulted in high yield losses. It can be developed on the field,
during long distant transport and cold storage and these attributed to the lower fruit
quality and marketability. According to FAO report (2016), area harvested with
chilli in Malaysia in the year 2013 was estimated to be around 4,104 ha with
estimated yield of 145,651 Hg/Ha (FAOSTAT, 2014). However, this number
decreased to 3,582 ha in the year 2014 with the total estimated yield of 113,124
Hg/Ha. The statistical data has showed a reduction of approximately 22% of the
yield and hence indicating the severity of anthracnose disease in chilli. Higher yield
loss due to anthracnose disease will be faced by farmers if the disease is not well
managed (Stanley Freeman, 2008). Such losses would increase the market price of
chilli and ultimately affect both growers and consumers.

In conventional agriculture, control of chilli anthracnose at post-harvest stage is
usually done by spraying the whole plant including the fruits with synthetic
fungicides. The synthetic fungicides such as manganese ethylenebisdithiocarbamate
(Maneb) and carbendazim are generally recommended for controlling anthracnose
disease. However in recent years, the consumers’ concern regarding the
environmental and health damage associated with the use synthetic fungicides have
increased. Furthermore, the demand for safer storage methods and vegetables free
from pesticide residues by worldwide consumers is growing day by day. As a result,
the pesticide legislation is becoming stricter and only limited number of fungicides
are allowed for post-harvest usages. Moreover, the development of fungicide
resistance pathogen due to frequent use of fungicides causes difficulty to control the
anthracnose disease. Therefore, there is a need to search for another alternative
control method that is considered safe for human health and environment.

In order to develop effective disease management strategies, an understanding of the
mechanism leading to fungal pathogenicity on a particular host is essential. In
general, plant pathogenic fungi form infection structures that accomplish crucial
stages of pathogenesis including adhesion, penetration, proliferation and nutrient.
Colletotrichum species use different strategies to attack host tissues, either through
an intracellular hemibiotrophic strategy, a subcuticular intramural strategy or a
combination of both strategies (Kubo ef al., 2016). Most members of the genus



Colletotrichum infected the host cells through intracellular hemibiotroph (Wharton et
al., 2001). Through this method, they initially colonized the host biotrophically,
where the fungi obtained nutrients from living plant cells, and then they turned into
necrotroph, where the fungi cause an extensive degradation of host cells.

The infection of host plants by fungal pathogens is usually mediated by numerous
cell wall-degrading enzymes. The secretion of cell wall-degrading enzymes by
fungal pathogens is very important as it contributes to the pathogenicity of fungal
pathogens during interaction with the host (Fernando ef al., 2001; Kikot et al., 2009).
Among the various cell wall-degrading enzymes released by fungal pathogens, most
research has been focused on pectinases enzyme. Earlier studies have reported that
pectinases are the only enzymes that have the ability to cause tissue maceration and
cell death. However, some of other cell wall-degrading enzymes such as cellulases,
chitinases and xylanases have also been reported as the pathogenic determinants in
disease development (Kubicek et al., 2014).

Even though some Colletotrichum species have been identified as causal agents of
chilli anthracnose disease worldwide, the information on the mechanism of infection
and disease development of Colletotrichum species on chilli is still lacking. The
extracellular enzymes profile which may have potential roles in pathogenesis of
Colletotrichum during anthracnose infection is also unknown. A view on the strategy
of infection used by pathogens along with the secretion of cell wall-degrading
enzymes occur in the chilli fruits during infection would provide valuable
information needed to develop a new control strategy for chilli anthracnose.

1.2 Objectives

The general objective of this study was to investigate the mechanism leading to
pathogenesis of Colletotrichum species during its interaction with chilli fruit.

The specific objectives of the present investigation were as follow:

1. To isolate and identify Colletotrichum species isolated from lesions of chilli
anthracnose  using  morphological, = biochemical and  molecular
characterization.

2. To characterize the pre- and penetration process of C. truncatum CP2 on
chilli fruit during pathogenesis.

3. To evaluate the cell wall-degrading enzymes produced by C. truncatum CP2
during pathogenesis on chilli.

4. To characterize the properties of cell wall-degrading enzymes produced by C.
truncatum CP2.
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