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Panama disease caused by Fusarium oxysporum f. sp. cubense tropical race 4 

(FocTR4) has been the major threat for global banana production. Countless 
mitigation approaches have been implemented to avert Foc infections previously 
which include utilising of chemical fungicide, improvement of cultural practices and 
eradication through physical measures. However, most of the attempts failed to 
provide a satisfactory outcome in field trials. Cultivation of resistant cultivars has 
been shown to be the most effective approaches in counteracting the Panama 
disease which could be generated via genetic modification or conventional 
breeding. Hence, understanding the molecular events during compatible and 
incompatible interaction of Foc with banana could provide valuable insight into the 
development of genetically modified resistant banana which is crucial for 
protection strategies against Panama disease. This research was undertaken to 
study the molecular characteristic of Musa acuminata vacuolar processing enzyme 
(MaVPE) – a cysteine proteinase that mediates programmed cell death during 
FocTR4 infection. A total of seven MaVPE genes (designated as MaVPE1 through 
MaVPE7) were successfully identified through systemic in silico analysis of DH-
Pahang (AA group) banana genome. Phylogenetic study showed that MaVPEs 
could be divided into seed type or vegetative type. Quantitative real-time reverse 
transcription polymerase chain reaction (RT-qPCR) further revealed that most of 
MaVPE genes expressions were induced in susceptible M. acuminata cv. 
Berangan after FocTR4 infection, specifically at 1 and 2 days post inoculation 
(DPI). However, in resistant M. acuminata cv. Jari Buaya, MaVPEs expression 
remained at low level at all time points after inoculation with FocTR4. The 
enzymatic caspase-1 activity of MaVPE also corroborated with the gene 
expression analysis. Interestingly, comparative proteomic profiling analysis 
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revealed an increase in the abundance of cysteine proteinase in inoculated 
susceptible M. acuminata cv. Berangan as opposed to cysteine proteinase 
inhibitors in resistant M. acuminata cv. Jari Buaya. Consistently, inhibition of 
MaVPE activity through caspase-1 inhibitor reduced vacuolar membrane 
disintegration and decreased lesion formation of FocTR4 infected banana root. 
Further functional analysis using an Arabidopsis VPE-null mutant exhibited higher 
tolerance to FocTR4 infections and decreased cell death incidence. Taken 
together, the findings suggest that VPE acts as a key molecule in modulating 
susceptibility response in FocTR4-infected plant. This study could be the stepping 
stone for the development of silenced MaVPE banana via exploitation of gene 
editing technology. This would be useful for the production of FocTR4-resistant 
banana cultivar in future. 
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Penyakit Panama, yang disebabkan jangkitan kulat Fusarium oxysporum f. sp. 
cubense “tropical race 4” (FocTR4) merupakan salah satu kekangan utama bagi 
pengeluaran pisang global. Sebelum ini, pelbagai langkah-langkah yang telah 
dilaksanakan bagi mengawal penyakit Panama ini dari merebak termasuklah 
penggunaan racun kulat, penambahbaikan teknik tanaman dan pembasmian 
kulat melalui kaedah fizikal. Tetapi, hasil dari cubaan-cubaan tersebut gagal 
memberikan hasil yang memuaskan. Penanaman kultivar rintang telah 
menunjukkan yang ianya merupakan teknik yang paling efektif dalam megatasi 
masalah penyakit Panama dan ianya boleh dihasilkan melalui pengubahsuaian 
genetik atau pembiakan konvensional. Maka, pemahaman tentang aktiviti 
molekular ketika jangkitan Foc dengan pokok pisang rintang dan rentang boleh 
memberikan petunjuk berharga dalam penghasilan pisang rentang yang diubah 
suai secara genetic bagi melawan penyakit Panama ini. Kajian ini dijalankan 
untuk mengkaji ciri-ciri molekular “Musa acuminata vacuolar processing enzyme 
(MaVPE)” yang merupakan salah satu enzim “proteinase cysteine”. Melalui 
kajian ini, MaVPE telah dikenalpasti sebagai enzim pengantara bagi pengaktifan 
program kematian sel semasa jangkitan FocTR4. Tujuh MaVPE gen (dinamakan 
sebagai MaVPE1 hingga MaVPE7) telah berjaya dikenalpasti melalui analisis 
“in-silico” tersusun dengan menggunakan pengkalan data genom pisang DH-
Pahang (kumpulan AA). Analisis “phylogenetik” menunjukkan bahawa MaVPE 
yang dikenalpasti boleh dibahagikan kepada dua iaitu jenis benih atau jenis 
vegetatif. Analisis pengekspresan gen menggunakan kaedah tindak balas 
berantai polimerase kuantitatif masa sebenar (RT-qPCR) menunjukkan kadar 
pengekspressan gen-gen MaVPE meningkat di dalam pokok pisang Berangan 
(rentan), terutama pada satu dan dua hari selepas inokulasi (DPI). Manakala, di 
dalam pokok pisang Jari Buaya (rintang), pengurangan pengekspressan gen-
gen MaVPE telah dikesan terutama pada satu hari dan dua hari selepas 
inokulasi. Tambahan pula, aktiviti enzim “caspase-1” juga selari dengan analisis 
ekspresi gen. Analisis proteomik perbandingan juga menunjukan peningkatan 
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proteinase cysteine dapat dikesan di dalam pokok pisang Berangan selepas 
inokulasi dengan FocTR4 manakala peningkatan perencat “proteinase cysteine” 
dapat dikesan di dalam pokok pisang Jari Buaya selepas inokulasi dengan 
FocTR4. Sejajar dengan itu, perencatan aktiviti MaVPE dengan menggunakan 
perencat “caspase-1” menunjukkan pengurangan perpecahan membran vakuol 
dan pengurangan pembentukan luka di dalam akar pokok pisang Berangan yang 
diinokulasi dengan FocTR4. Analisis fungsian lebih lanjut di dalam Arabidopsis 
thaliana VPE-null mutan menunjukkan toleransi yang lebih tinggi terhadap 
inokulasi FocTR4 dan pengurangan gejala penyakit dapat dilihat. Sebagai 
kesimpulan, kajian kami mencadangkan bahawa MaVPEs bertindak sebagai 
molekul utama dalam respon kerentanan pokok yang diinokulasi dengan 
FocTR4. Kajian ini boleh dijadikan sebagai batu loncatan bagi pembangunan 
“silenced MaVPE” pisang melalui eksploitasi teknologi pengubahsuaian gen. 
Kajian ini akan bermanfaat bagi menghasilkan pisang rentang terhadap FocTR4 
pada masa hadapan. 



© C
OPYRIG

HT U
PM

v 
 

ACKNOWLEDGEMENTS 
 
 
First and foremost, I would like to thank everyone who has helped me in 
completing the research project. My greatest gratitude to my main supervisor, Dr. 
Lai Kok Song for his endless guidance and motivation in completing this project. I 
would also like to thank my supervisory committees: Dr. Janna Ong Abdullah, Dr. 
Mohd Termizi Yusof and Dr. Noor Baity Saidi for their supportive comments and 
feedback which help to improve the project. Thank you to the collaborator, Dr Wee 
Chien Yeong from MARDI, Serdang, for her guidance in conducting the 
experiment. 
 
 
A lot of thanks to my beloved parents, Wan Abdullah Bin Wan Yaacob and Soraya 
Binti Mail as well as my siblings for their endless supports and motivation 
throughout this study. Special thanks to the members of Floral Biotechnology 
Laboratory: Lee Siew Yi, Yang Shun Kai, Teh Kah Yee, Low Lee Yoon, Andrew-
Kok De Xian, and Moo Chiew Li for their helps throughout the study. 
 
 
Lastly, I would also like to acknowledge the UPM Graduate Research Fellowship 
and Fundamental Research Grant Scheme (FRGS/1/2015/ST03/UPM/02/5) for 
providing financial supports in this research project. 
 
 
Thank you.



© C
OPYRIG

HT U
PM

vii 
 

This thesis was submitted to the Senate of Universiti Putra Malaysia and has 
been accepted as fulfilment of the requirement for the degree of Master of 
Science. The members of the Supervisory Committee were as follows: 
 
 
Lai Kok Song, PhD 
Senior Lecturer 
Faculty of Biotechnology and Biomolecular Sciences 
Universiti Putra Malaysia 
(Chairman) 
 
 
Janna Ong-Abdullah, PhD  
Associate Professor 
Faculty of Biotechnology and Biomolecular Sciences 
Universiti Putra Malaysia 
(Member) 
 
 
Noor Baity Saidi, PhD  
Associate Professor 
Faculty of Biotechnology and Biomolecular Sciences 
Universiti Putra Malaysia 
(Member) 
 
 
Mohd Termizi Yusof, PhD  
Associate Professor 
Faculty of Biotechnology and Biomolecular Sciences 
Universiti Putra Malaysia 
(Member) 
 
 
 
 
 
 

________________________ 
ZALILAH MOHD SHARIFF, PhD 
Professor and Dean 
School of Graduate Studies 
Universiti Putra Malaysia 
 
Date: 13 February 2020 



© C
OPYRIG

HT U
PM

viii 
 

Declaration by graduate student 
 
 
I hereby confirm that: 
 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 is 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. 

 
 
Signature: ________________________   Date: __________________ 

 

Name and Matric No.: Wan Muhamad Asrul Nizam Bin Wan Abdullah, 
GS48544 

 

  



© C
OPYRIG

HT U
PM

ix 
 

Declaration by 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: 

 
 
Lai Kok Song 

 

 
 
 
Signature: 

  

Name of Member of 
Supervisory 
Committee: 

 
 
Janna Ong-Abdullah 

 

 
 

 
Signature: 

  

Name of Member of 
Supervisory 
Committee: 

 
 
Noor Baity Saidi 

 

 
 

 
Signature: 

  

Name of Member of 
Supervisory 
Committee: 

 
 
Mohd Termizi Yusof 

 

  
 
 
 
 
 
 
 
 
 
  



© C
OPYRIG

HT U
PM

x 
 

TABLE OF CONTENTS 

 

Page 

ABSTRACT i 
ABSTRAK iii 
ACKNOWLEDGEMENTS v 
APPROVAL vi 
DECLARATION viii 
LIST OF TABLES xiii 
LIST OF FIGURES xiv 
LIST OF APPENDICES xvii 
LIST OF ABBREVIATIONS xviii 
  

CHAPTER 
 

1 INTRODUCTION 1 
 1.1     Background study 1 
 1.2 Objectives 2 
    
2 LITERATURE REVIEW 4 
 2.1 Banana (Musa spp.) 4 
  2.1.1 Origins and importance 4 
 2.2 Panama disease 5 
  2.2.1 Host range and distribution 5 
  2.2.2 Pathogenicity and symptoms 

development 
6 

  2.2.3 Current management of Panama 
disease 

6 

 2.3 Plant-pathogen interactions 7 
  2.3.1 Disease induction and development 7 
  2.3.2 Plant defense against disease 8 
 2.4 VPE involvement of programmed cell death 

(PCD) in plants 
11 

  2.4.1 VPE and caspase-1 like activity 13 
  2.4.2 VPE roles in abiotic stress-induced PCD 13 
  2.4.3 VPE roles in biotic stress-induced PCD 14 
   
3 MATERIALS AND METHODS  16 
 3.1 Plant materials 16 
 3.2 Fungus materials 16 
  3.2.1 Maintainance and subculturing 16 
  3.2.2 Validation of fungal strain 16 
 3.3 In silico characterization of MaVPEs 17 
  3.3.1 Genome-wide identification of MaVPEs 17 



© C
OPYRIG

HT U
PM

xi 
 

  3.3.2 Multiple sequence alignment and 
phylogenetic analysis 

17 

 3.4 Tissue specific analysis 18 
  3.4.1 Sampling 18 
  3.4.2 RNA extraction and first strand cDNA 

synthesis 
18 

  3.4.3 Data mining and primer designing 18 
  3.4.4 Conventional reverse transcription 

analysis 
19 

 3.5 Quantitative real-time reverse transcription 
polymerase chain reaction (RT-qPCR) analysis 

19 

  3.5.1 Inoculation procedure and sample 
preparation 

19 

  3.5.2 RNA extraction and first strand cDNA 
synthesis 

20 

  3.5.3 Optimization of RT-qPCR for the 
amplification of MaVPE genes 

20 

  3.5.4 Expression analysis of MaVPE genes by 
RT-qPCR 

20 

  3.5.5 RT-qPCR data analysis 21 
 3.6 Caspase-1 activity assay  21 
  3.6.1 Plant treatment and sample preparation 21 
  3.6.2 Protein extraction 21 
  3.6.3 Caspase-1 enzymatic assay 22 
 3.7 Comparative proteomic analysis via label free 

liquid chromatography tandem mass 
spectrometry (LC-MS/MS) 

22 

  3.7.1 Inoculation and sample preparation  22 
  3.7.2 Protein extraction 22 
  3.7.3 Peptide digestion 23 
  3.7.4 Peptide separation and MS analysis 23 
  3.7.5 Protein identification 24 
   Protein quantification and data analysis 24 
 3.8 Caspase-inhibitor study 24 
  3.8.1 Plant treatment 24 
  3.8.2 Protein extraction and enzymatic 

caspase-1 assay 
24 

  3.8.3 Transmission electron microscopy 
(TEM) 

25 

 3.9 Functional VPE analysis using Arabidopis 
thaliana (A. thaliana) VPE-null mutant 

26 

  3.9.1 Cultural practice of Arabidopsis thaliana 26 
  3.9.2 Plant inoculation and sampling 26 
  3.9.3 Disease severity index scoring  26 
  3.9.4 Conventional RT-PCR analysis of AtVPE 

gene 
27 

  3.10 Statistical analysis 27 
4 RESULTS AND DISCUSSION 28 
 4.1 Systemic in silico characterization of MaVPEs 28 
   4.1.1   Genome-wide identification of the 

MaVPEs 
28 



© C
OPYRIG

HT U
PM

xii 
 

   4.1.2   Evolutionary analysis of MaVPEs 30 
 4.2 MaVPEs expression and caspase-1 activity 

analyses in response to FocTR4 infections 
37 

   4.2.1   Tissue specific analysis of MaVPEs 
genes 

37 

   4.2.2   Expression patterns of MaVPEs in 
response to FocTR4 Inoculation 

40 

   4.2.3 Caspase-1 like activity in response to 
FocTR4 inoculation 

44 

   4.2.4 Comparative proteome profiling of 
FocTR4-inoculated banana roots 

46 

   4.2.5 Prevention of oxidative burst and cell 
death 

50 

   4.2.6 Pathogenesis-related (PR) proteins 57 
   4.2.7 Cell wall reinforcement 62 
 4.3 VPE with caspase-1 activity modulates 

susceptibility response against FocTR4 
inoculation 

67 

   4.3.1   Transmission electron microscopy and 
caspase-1 inhibitor study 

69 

   4.3.2   Functional analysis of A. thaliana VPE-
null mutant in response to FocTR4 
inoculation 

71 

5 SUMMARY, CONCLUSION AND RECOMMENDATIONS FOR 
FUTURE RESEARCH 

74 

REFERENCES 75 
APPENDICES 83 
BIODATA OF STUDENT 95 
PUBLICATION 96 

  



© C
OPYRIG

HT U
PM

xiii 
 

LIST OF TABLES 

 

Table   Page 
    
1 Basic information of MaVPE gene family and their 

putative proteins. 
 29 

 
2 

 
List of top 30 ROS scavenging proteins showing 
significant abundance difference (together with their 
accession numbers) in M. acuminata cv. Berangan and 
M. acuminata cv. Jari Buaya treated with FocTR4. 

  
52 

 
3 

 
List of cysteine proteinase proteins showing significant 
abundance difference (together with their accession 
numbers) in M. acuminata cv. Berangan and M. 
acuminata cv. Jari Buaya treated with FocTR4. 

  
55 

 
4 

 
List of top 30 PR proteins showing significant abundance 
difference (together with their accession numbers) in M. 
acuminata cv. Berangan and M. acuminata cv. Jari 
Buaya treated with FocTR4. 

  
59 

 
5 

 
List of top 30 cell wall enhancement proteins showing 
significant abundance difference (together with their 
accession numbers) in M. acuminata cv. Berangan and 
M. acuminata cv. Jari Buaya treated with FocTR4. 

  
64 

 

  



© C
OPYRIG

HT U
PM

xiv 
 

LIST OF FIGURES 

 

Figure   Page 
    

1 A zigzag model illustrates the quantitative output of the 
plant immune system. Adapted from Jones & Dangl 
(2016). PAMPS, pathogen associated molecular pattern; 
PTI, plant triggered immunity; ETI, effector triggered 
immunity; ETS, effector triggered susceptibility. 

 10 

 
2 

 
Predicted mechanism of VPE in plant cells (adapted 
from Hatsugai et al., 2015). Upon stress induction 
(pathogen attack), reactive oxygen species (ROS) is 
upregulated in the plant cells. Accumulation of ROS will 
trigger VPE gene transcription which is translated into 
inactive precursor VPE. Precursor VPE will then be 
transported into plant vacuole whereby it self-catalyses 
to form active mature VPE. Active mature VPE is then 
able to cleave inactive vacuolar protease and hydrolase 
to form their respective vacuolar protein. Activation of 
vacuolar protein and VPE will induce vacuolar 
membrane (tonoplast) disintegration and initiate 
proteolytic cascade of PCD. 

  
12 

 
3 

 
Multiple sequence alignment of VPE proteins from A. 
thaliana, O. sativa, N. benthamiana and M. acuminata. 
XP_015619322 (OsVPE1), XP_015636414 (OsVPE2), 
XP_015625561 (OsVPE3), XP_015637807 (OsVPE4), 
XP_015627103 (OsVPE5), XP_016490026 (NbVPE1a), 
XP_009616670 (NbVPE1b), NP_180165 (AtαVPE), 
NP_176458 (AtβVPE), NP_188656 (AtδVPE), 
NP_195020 (AtγVPE), XP_009410798 (MaVPE1), 
XP_009420869, (MaVPE2), XP_018685504 (MaVPE3), 
XP_009407316 (MaVPE4), XP_009398114 (MaVPE5), 
XP_009396761 (MaVPE6) and XP_018676903 
(MaVPE7). I, N-terminal vacuole signal peptide; II, ASP 
binding pocket; III, catalytic dyad; IV, C-terminal vacuole 
signal peptide.  
 
 
 

  
31 

 
4 

 
The phylogenetic tree was generated based on the 
alignment of the deduced amino acid sequence of VPE 
proteins from banana and other plant species. It was 
constructed by neighbor-joining algorithms of MEGA 7.0 
software after the multiple sequence alignment using the 
MUSCLE program. Bootstrap values of 1000 replication 

  
36 



© C
OPYRIG

HT U
PM

xv 
 

was performed to obtain support values for each branch. 
The MaVPE was marked with *. 

 
5 

 
Conventional RT-PCR profiles of tissue specific MaVPE 
genes expression in M. acuminata cv. Berangan. The 
total RNA was extracted from roots (R), corms (C), 
pseudostems (P), leaves (L), fruits (Fr) and flowers (Fl) 
of eight-month-old plants.  MaGAPDH and MaUbiquitin 
were used as reference genes. 

  
39 

 
6 

 
Expression patterns of MaVPE genes family of M. 
acuminata cv. Berangan and M. acuminata cv. Jari 
Buaya inoculated with FocTR4. Results are presented 
as differential relative transcript abundance. Means ± SD 
of three biological replicates; * significantly different from 
control (0 DPI) at P < 0.05. 

  
43 

 
7 

 
Caspase-1-like activity in roots of M. acuminata cv. 
Berangan and M. acuminata cv. Jari Buaya inoculated 
with FocTR4. Results are presented as relative 
fluorescent unit (%). Means ± SD of three biological 
replicates; * significantly different from control (0 DPI) at 
P < 0.05. 

  
45 

 
8 

 
Comparative proteomic analysis of control and 
inoculated plantlets obtained from M. acuminata cv. 
Berangan. (A) Pearson correlation analysis; (B) multiple 
scattered plot analysis; (C) volcano plot analysis; (D) 
Venn-diagram depicting the range of total proteins 
identified. 

  
47 

 
9 

 
Comparative proteomic analysis of control and 
inoculated plantlets obtained from M. acuminata cv. Jari 
Buaya. (A) Pearson correlation analysis; (B) multiple 
scattered plot analysis; (C) volcano plot analysis; (D) 
Venn-diagram depicting the range of total proteins 
identified. 

  
48 

 
10 

 
Total proteins related to plant defense response 
identified subjected to KEGG pathway analysis for M. 
acuminata cv. Berangan and M. acuminata cv. Jari 
Buaya. * refers to major pathways involved in plant 
immune response against FocTR4. 

  
49 

 
 

11 

 
Schematic illustration of the intrinsic relationship of VPE 
mediated PCD which regulated by signal transduction of 
ROS in compatible and incompatible interaction of 
FocTR4 with host plant. Adapted from Xu et al., 2013. 

  
 

56 

 
12 

   
69 



© C
OPYRIG

HT U
PM

xvi 
 

Root system of M. acuminata cv. Berangan (susceptible) 
and M. acuminata cv. Jari Buaya (resistant) at 2 DPI with 
FocTR4 or no inoculation (control). (A) Non-inoculated 
M. acuminata cv. Jari Buaya; (B) Inoculated M. 
acuminata cv. Jari Buaya (2 DPI); (C) Non-inoculated M. 
acuminata cv. Berangan; (D) Inoculated M. acuminata 
cv. Berangan (2 DPI); (E) Inoculated M. acuminata cv. 
Berangan treated with Ac-YVAD-CMK (2 DPI). Bar, 1 
cm. 

 
13 

 
Transmission electron microscopy of the roots of M. 
acuminata cv. Berangan (susceptible) and M. acuminata 
cv. Jari Buaya (resistant) at 2 DPI with FocTR4 or no 
inoculation (control). (A) Non-inoculated M. acuminata 
cv. Jari Buaya; (B) Inoculated M. acuminata cv. Jari 
Buaya (2 DPI); (C) Non-inoculated M. acuminata cv. 
Berangan; (D) Inoculated M. acuminata cv. Berangan (2 
DPI); (E) Inoculated M. acuminata cv. Berangan treated 
with Ac-YVAD-CMK (2 DPI). Arrow indicates vacuole 
membrane rupture. V, vacuole; scale bar, 2 µm. 
 

  
70 

 
14 

 
Functional analysis of VPE genes in A. thaliana upon 
infection with FocTR4. (A) Disease symptoms 
development in A. thaliana wild-type (Col-0) and A. 
thaliana VPE-null mutant infected with FocTR4 at 0, 3, 
5, 7 and 10 DPI. (B) Conventional RT-PCR analysis 
showing changes in the mRNA levels of AtγVPE 
and ACT2 (actin) in the FocTR4 inoculated leaves of A. 
thaliana wild-type (Col-0) and A. thaliana VPE-
null mutants at 0, 3 5, 7 and 10 DPI. The same results 
were obtained in three independent experiments. 

  
73 

 



© C
OPYRIG

HT U
PM

xvii 
 

LIST OF APPENDICES 

 
 

Appendix   Page 
    
1 List of primers used in this study  83 
 
2 

 
Validation of FocTR4 fungal strain by amplification 
of specific 650 bp TEF-1α gene (lane 1) and 463 
bp VCG 01213 gene (lane 2). Lane M as the 1kb 
GeneRuler, Thermo Scientific DNA ladder. 

  
85 

 
3 

 
Sequencing results of MaVPE genes amplicon for 
RT-qPCR analysis. (A) MaVPE1; (B) MaVPE2; 
(C) MaVPE3; (D) MaVPE4; (E) MaVPE5; (F) 
MaVPE6 and (G) MaVPE7. 

  
86 

 
4 

 
Validation of primers used in RT-qPCR analysis 
via standard curve and melt curve analyses. 

  
89 

 
5 

 
Standard curve of bovine serum albumin (BSA) for 
protein quantification in caspase-1 activity 
analysis. 

  
92 

6 Standard curve of bovine serum albumin (BSA) for 
protein quantification in comparative proteomic 
analysis via LC-MS/MS. 

 93 

7 Validation of inhibition of caspase-1 activity in M. 
acuminata cv. Berangan after treated with 100 
µmoles of Ac-YVAD-CMK for 48 hours. Means ± 
SD of three replicates; * significantly different from 
control (0 DPI) at P < 0.05. 

 94 

    
 

 

  



© C
OPYRIG

HT U
PM

xviii 
 

LIST OF ABREVIATIONS 

 

Α Alpha 
Β Beta 
Δ Delta 
Γ Gamma 
°C Degree celsius 
% Percentage 
A595nm Optical density at wavelength 595 nanometer 
µL Microliter 
µm Micrometer 
µmoles Micromoles 
aa Amino acids 
bp Base pair 
CaCl2 Calcium chloride 
cDNA Complementary deoxyribonucleic acid 
DNA Deoxyribonucleic acid 
DPI Days post inoculation 
DTT Dithiothreitol 
Foc Fusarium oxysporum f. sp. cubense 
G Gram 
kb Kilobase 
kDA kilodaltons 
L Litre 
M Molar 
MaVPE M. acuminata Vacuolar Processing Enzyme 
mL Millilitre 
mg Milligram 
mm3 Cubic millimetre 
mM Millimolar 
MS Murashige and Skoog 
nM Nanomolar 
PCR Polymerase chain reaction 
pI Isoelectric point  
PMSF Phenylmethylsulfonyl fluoride 
qPCR Quantitative real time PCR 
RT Reverse transcription 
VPE Vacuolar Processing Enzyme 

 
 



© C
OPYRIG

HT U
PM

1 
 

CHAPTER 1 
 
 

INTRODUCTION 
 

 
1.1  Background study 
 
 
Bananas and plantains (Musa spp.) are listed as the fourth important food 
crops with global production of 138 million tons in 2010 (Bai et al., 2013). 
However, Panama disease caused by Fusarium oxysporum f. sp. cubense 
(Foc) is a major constraint in developing sustainable banana production. 
Foc Tropical Race 4 (FocTR4) has raised concerns amongst banana 
producing countries as it was identified as the most virulent strain and it 
affected most of the banana cultivars (Jones, 2009). Currently, researchers 
have been focusing on detailed molecular mechanism in plant-pathogen 
interactions to counteract the problem with Panama disease which 
includes the mechanisms involved in programmed cell death (PCD). 
 
 
Several studies have shown the involvement of PCD during FocTR4 
infection in banana plants (Bai et al., 2013; Dale et al., 2017; Paul et al., 
2011). For instance, transcriptomic analysis of banana roots infected with 
FocTR4 showed upregulation of PCD related genes in susceptible M. 
acuminata cv. Brazilian but down-regulated in resistant M. acuminata cv. 
Yueyoukang 1 (Bai et al., 2013). In addition, overexpression of cell death 
abnormality gene 9 (Ced9); an anti-apoptotic gene from Caenorhabditis 
elegans, in banana have shown to increase resistance level towards 
FocTR4 infection by preventing fungal-induced cell death and contributing 
to the maintenance of organelle homeostasis (Dale et al., 2017; Paul et al., 
2011). In addition, Dickman et al. (2001) have also reported that alteration 
of pathways controlling PCD is a valid strategy to confer resistance to 
broad range of necrotrophic fungi.  
 
 
Caspase has been known to play important roles in mediating PCD 
execution. In plants, a cysteine proteinase known as vacuolar processing 
enzyme (VPE) has been identified as a counterpart of caspase-1 (Jan & 
Andrabi, 2008). VPE is highly associated with cell suicidal strategy which 
initiates the vacuolar rupture of the cells and leads to proteolytic cascade 
of PCD.  Previous study has shown that VPE could involve in both 
physiological development as well as plant immune response against biotic 
and abiotic stresses (Kinoshita et al., 1995; Kuroyanagi et al., 2005; 
Hatsugai et al., 2015). For example, both AtVPEβ and AtVPEδ from 
Arabidopsis thaliana (A. thaliana) were shown to be essential for the 
processing and maturation of seed storage proteins within protein storage 
vacuoles (Kinoshita et al., 1995; Nakaune et al., 2005). Moreover, AtVPEγ 
is expressed in vegetative organ and has critical roles in plant immune 
response by mediating vacuolar mediated PCD (Kinoshita et al., 1995; 
Kuroyanagi et al., 2005; Misas-Villamil et al., 2013; Rojo et al., 2004). 
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In plant pathogen interaction, VPE-mediated cell death could be progressed in a 
form of either VPE-dependent hypersensitive response (HR) cell death or VPE-
dependent susceptible cell death (Hara-Nishimura & Hatsugai, 2011). VPE-
dependent HR cell death is important for plant protection against pathogen as it 
inhibit the pathogen growth at the site of infections. Study in Nicotania 
benthamiana (N. benthamiana) showed that VPE deficiency prevented virus-
induced hypersensitive cell death whereby the VPE-silenced plant failed to show 
vacuolar membrane disintegration and PCD symptoms which leads to increased 
virus proliferation in the plants (Hatsugai et al., 2004). However, in VPE-
dependent susceptible cell death, different phenomenon was observed whereby 
VPE was found to promote pathogen invasion in susceptible host plant. For 
instance, study in A. thaliana showed that silencing all VPE genes in A. thaliana 
has successfully increased resistance towards mycotoxin fumonisin B1 (FB1) 
(Kuroyanagi et al., 2005).  In VPE-null mutant plant, no lesion formation or 
vacuolar collapse were observed in the infiltrated Fumonisin B1 (FB1) leaves 
(Kuroyanagi et al., 2005). Taken together, VPE could act as a switch in mediating 
HR cell death to contain pathogen invasion or facilitate further spread of 
pathogen infections in the host plants. 
 
 
VPE has shown to be involved in various plant immune response via activation 
of vacuolar cell death in response to biotic and abiotic stresses. However, to date 
no reports have been made on VPE genes family in banana Thus, this research 
was undertaken to identify and characterize Musa acuminata VPE (MaVPE) 
genes in banana genome as well as discovering the potential of MaVPE in 
mediating banana immune response against FocTR4 infection via regulation of 
cell death mechanism. Taken together, this study will unravel the roles of 
MaVPEs in regulating cell death response against FocTR4 which will be 
beneficial for addressing the problem with Panama disease. 
 
 
1.2  Objectives 
 
 
The objectives of present study were: 
 
 

1. To identify and characterize VPE genes in M. acuminata via genome 
wide analysis.  
 

2. To determine the expression pattern of MaVPE genes family in different 
parts of banana tissues and in response to infection with FocTR4 via 
conventional reverse transcription polymerase chain reaction (RT-PCR) 
and quantitative real-time reverse transcription polymerase chain 
reaction (RT-qPCR). 
 

3. To examine the proteome changes in banana root upon infections with 
FocTR4 via comparative proteomic profiling LC/MS-MS and investigate 
the probable mechanism of VPE during FocTR4 infection. 
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4. To functionally characterize VPE genes upon infection with FocTR4 via 
caspase inhibitor and A. thaliana VPE-null mutant studies. 
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