
 

 

 
 
 

Muhammad Shafiq 
 
 
 
 
 

2017 
 
 

 
 

Department of Biotechnology 
Pakistan Institute of Engineering and Applied Sciences 

Nilore, Islamabad, Pakistan 

Interactions of the Betasatellite 
Component of Begomovirus Complex 



 

 
 

 

 
 
 
 
 
 
 
 
 

This page intentionally left blank. 
  



 
 

Reviewers and Examiners 

 
Foreign Reviewers 
 

1. Prof. Dr. Hanu R. Pappu 
Department of Plant Pathology, 
Washington State University, 
P.O Box 646430, Pullman 
WA 99164, USA 
 

2. Prof. Dr. Salvatore Rubino 
University of Sassari, Sassri, Italy 
Dipart. Di Scienze Biomediche,  
Viale San Pietro 43 B, 07100 Sassari Italy 
 

3. Prof. Dr. David A. Lightfoot 
Department of Plant, Soil and  
Agricultural Systems,  
Southern Illinois University,  
Carbondale, Illinois 62901, USA 

 
Thesis Examiners 
 

1. Prof. Dr. Haq Nawaz Bhatti 
Chaiman, Department of Chemistry,  
University of Agriculture Faisalabad 
 

2. Prof. Dr. Naeem Rashid 
School of Biological Sciences  
University of Punjab, Lahore, Pakistan 
 

3. Dr. Asma Haque 
GC University, Faisalabad 
Department of Bioinformatics and Biotechnology,  
GC University, Faisalabad. 

 
 
 
Head of the Department: Prof. Dr. Shahid Mansoor (S.I) 
 
 
Signature with date:       
  



 
 

Thesis Approval Form 

Student’s Name: Muhammad Shafiq Department: Biotechnology 
Registration Number: 10-7-1-050-2010 Date of Registration: 11-01-2010 
Thesis Title: Interactions of the Betasatellite Component of Begomovirus Complex 
 

RECOMMENDATION (if any) by: 

General comments (attach additional sheet if required) 

 

 

 

 

When the final thesis defense of the student has been concluded and all other requirements have been 
met, I  

a.   Do Recommend that the candidate be certified to the faculty for the degree of 
Doctor of Philosophy  

 

b.   Do Recommend that the candidate be certified to the faculty for the degree of 
Doctor of Philosophy subject to the minor correction in the thesis.  

 

c.   Do Recommend that the candidate should reappear in the oral defense  

d.   Do NOTRecommend that the candidate be certified to the faculty for the degree 
of Doctor of Philosophy 

 

Examiners Signatures 

1. Internal Examiner: Dr. Haq Nawaz Bhatti, Professor  

2. Internal Examiner: Dr. Naeem Rashid, Professor  

3. Internal Examiner: Dr. Asma Haq, Professor  

4. Supervisor: Dr. Rob W. Briddon, Professor  

5. Co-Supervisor/Head of Department: Prof. Dr. Shahid Mansoor (S.I), Director  

6. Dean (Research) :   
 

 

Approved by:   
Head of the Department (Name) :_Dr. Shahid Mansoor (S.I)____   Signatures/Date ______________ 

 

Distribution:  
1. Original to be placed in Student’s Personal file in the office of Dean (Research) 

2. Dean and Head of Department’s Office record. 

 



 
 

Thesis Submission Approval 

This is to certify that the work contained in this thesis entitled Interactions of the 

Betasatellite Component of Begomovirus Complex, was carried out by 

Muhammad Shafiq, and in my opinion, it is fully adequate, in scope and quality, for 

the degree of Ph.D. Furthermore, it is hereby approved for submission for review and 

thesis defense. 

 

Supervisor: _____________________ 
Name: Dr. Rob W. Briddon 
Date:    
Place:  NIBGE, Faisalabad 

 
 
 
Co-Supervisor: __________________ 

Name: Dr. Shahid Mansoor (S.I) 
Date:    
Place:  NIBGE, Faisalabad 

 
 
 

Head, Department of Biotechnology:  ___________________ 
Name: Dr. Shahid Mansoor (S.I) 
Date:    
Place:  NIBGE, Faisalabad 



 

 

Interactions of the Betasatellite 
Component of Begomovirus Complex 

 

 

 

 
 
 

Muhammad Shafiq 
 
 
 

Submitted in partial fulfillment of the requirements 
for the degree of PhD 

 
 
 
 

2017 
 
 
 
 

Department of Biotechnology 
Pakistan Institute of Engineering and Applied Sciences 

Nilore, Islamabad, Pakistan



 

ii 

Dedications 

Holy Prophet Muhammad (PBUH) 

the love of CREATOR as well as creatures, 

 the cause of creation of the universe  

and  

Who is the spirit of time (finite) and space (infinite)  

 

 

 

 

 

 

 



 

iii 
 

Acknowledgements 

“And if all the trees in Earth were pen, and the sea, and more seven other seas to help 

it (were ink), the words of ALLAH could not be exhausted, Lo! ALLAH is mighty, 

wise”. Alhamdulillah, I am mortified from head to toe for my deeds before His 

countless bounties bestowed upon me. No words to explain the love and gratitude for 

Holy Prophet Hazrat Muhammad (Peace Be Upon Him), always a source of hope 

and guidance, and whose love is the only key to success in this world and hereafter 

this world.  

Since the joining of Molecular Virology Group, I got a chance to work with a 

number of people who contributed much towards the completion and compilation of 

this manuscript. It is a pleasure to convey my gratitude to them all in my humble 

acknowledgments. First of all I would like to pay my gratitude to my supervisor Dr. 

Rob W. Briddon, who really taught me that science does not lie in pipetting but in 

brain, also for his valuable comments, advice and guidance from the very early stage 

of this research as well as giving me extraordinary experiences throughout the work. 

His truly scientist intuition has made him as a constant oasis of ideas and passions in 

science. I am indebted to him more than he knows. I gratefully acknowledge my co-

supervisor Dr. Shahid Mansoor (Director NIBGE) for his advice and comments; 

he is not only an excellent scientist but also a humble human being. I feel pleasure to 

pay tribute to Dr. Imran Amin, a man with soft nature and have attitude to help in all 

scientific matters. I have respectful appreciation for Dr. Muhammad Saeed for his 

all time available help and sincere cooperation during IRSIP in Germany. I also 

gratefully acknowledge Dr. Zahid Mukhtar (DCS), Head Agricultural 

Biotechnology Division (ABD), NIBGE, for his support, facilitation and maintaining 

nice working environment in the division. I am also thankful to Dr. Zafar Mehmood 

Khalid and Dr. Sohail Hameed (ex-Directors NIBGE) for their full support in my 

PhD. I am also pleased to acknowledge Dr. Michael Wassenegger, Al-Planta-

Institute for Plant Research, Germany, for his extensive cooperation, guidance and 

encouragement during my stay at his lab. I am also thankful to all the staff of NIAB-



 

iv 
 

Faisalabad, CRS-Vehari and CCRI-Multan for providing me samples for my 

study. I also want to acknowledge Dr. Tassawar Hussain Malik (Director Research, 

Pakistan Central Cotton Commity) for providing seed cotton yield data to do the 

satatistical analysis one of my study.  I would also like to thank the Higher 

Education Commission of Pakistan for the award of the indigenous Ph.D 

fellowship, which has supported me during my research work at NIBGE (Pakistan), 

and for funding my six month stay in Germany. I have no words to say thanks to all 

my lab fellows for their company especially Dr. Zafar Iqbal, Dr. Irfan Ali, Qamar 

Abbas, Dr. M. Nouman Tahir, Dr. Ghulam Rasool, Amir Raza, Dr. Amir 

Hameed, Muhammad Hamza, Hassan Jamil Malik, Muhammad Umar, Saad 

Sarfraz, Fiaz Rasool, Nouman sohail, Imran Sohail, Dr. Ishtiaq Hasan, Ms. 

Shaista Javaid, Ms. Roma Mustafa, Dr. Sumaira Yousaf, Ms. Hira Kamal, Mrs. 

Mariam Masood and Mrs. Huma Mumtaz. I also thankfull to all my friends who 

made my stay comfortable in NIBGE especially Mr Ammad Abbas Khan, Mr. Atif 

Iqbal, Syed Shan e Ali, Fiaz Ahmad and Mr. Muhammad Basil. Regarding the 

provision of chemicals and availability of lab equipments, the best technical 

assistance was provided by Mr. Atiq-ur-Rehman. I want to convey special 

acknowledgement to the important people, the lab supporting staff, Mrs. Yasmeen, 

Rizwan Ahmad, Amir Iqbal and Ghulam Mustafa for their cooperation in lab 

work. I also want to appreciate Tanveer Mustafa, Mr. Ali Imran, M. Iqbal and 

Asif Rajoka of University Cell. They always facilitated and never wasted my time in 

official hurdles. 

I am nothing without my family; my parents deserve special mention for their 

inseparable support and prayers. My Father (Mr. Muhammad Rafiq), in the first 

place is the person who always stood side by side through every thick and thin. My 

Mother (Mrs. Nasrin Akhtar) is the one who sincerely raised me with her caring and 

gentle love. Special thanks to my wife (Anam Shafiq), my daughter (Maha Janat), 

my sons (Muhammad Taha and Muhammad Talha), brothers and sisters for 

being supportive and caring attitude. May God bless them all with everlasting 

happiness!  

 

Muhammad Shafiq 



 

v 
 

Declaration of Originality 

I hereby declare that the work contained in this thesis and the intellectual content of 

this thesis are the product of my own work. This thesis has not been previously 

published in any form nor does it contain any verbatim of the published resources 

which could be treated as infringement of the international copyright law. I also 

declare that I do understand the terms ‘copyright’ and ‘plagiarism,’ and that in case of 

any copyright violation or plagiarism found in this work, I will be held fully 

responsible of the consequences of any such violation. 

 

__________________
(Muhammad Shafiq)

19th June, 2017
NIBGE, Faisalabad

 

  



 

vi 
 

Copyrights Statement 

The entire contents of this thesis entitled Interactions of the Betasatellite 

Component of Begomovirus Complex by Muhammad Shafiq are an intellectual 

property of Pakistan Institute of Engineering & Applied Sciences (PIEAS). No 

portion of the thesis should be reproduced without obtaining explicit permission from 

PIEAS. 

 



 

vii 
 

Table of Contents 

Dedications .................................................................................................................... ii 

Acknowledgements ...................................................................................................... iii 

Declaration of Originality .............................................................................................. v 

Copyrights Statement .................................................................................................... vi 

Table of Contents ......................................................................................................... vii 

List of Figures ................................................................................................................ x 

List of Tables ............................................................................................................... xii 

Abstract ...................................................................................................................... xiii 

List of Publications and Patents .................................................................................. xiv 

List of Abbreviations and Symbols.............................................................................. xv 

1.  Introduction and Review of Literature ................................................................... 1 

1.1  Viruses ............................................................................................................. 1 

1.2  Plant Viruses ................................................................................................... 2 

1.3  Geminiviruses .................................................................................................. 2 

1.4  Classification of Geminiviruses ...................................................................... 4 

1.4.1  Mastrevirus .............................................................................................. 5 

1.4.2  Curtovirus ................................................................................................ 6 

1.4.3  Topocuvirus ............................................................................................. 7 

1.4.4  Turncurtovirus.......................................................................................... 8 

1.4.5  Becurtovirus ............................................................................................. 9 

1.4.6  Eragrovirus ............................................................................................. 10 

1.4.7  Grablovirus ............................................................................................ 11 

1.4.8  Capulavirus ............................................................................................ 11 

1.4.9  Begomovirus .......................................................................................... 13 

1.4.10  Begomoviruses Associated with Satellites ............................................ 15 

1.4.11  Betasatellites .......................................................................................... 16 

1.4.12  Alphasatellites ........................................................................................ 17 

1.5  Begomovirus Transmission by the Whitefly Bemisia tabaci ........................ 18 

1.6  Proteins Encoded by Geminiviruses ............................................................. 20 

1.6.1  Replication-Associated Protein .............................................................. 20 

1.6.2  Transcriptional-Activator Protein .......................................................... 21 

1.6.3  Replication Enhancer Protein ................................................................ 22 



 

viii 
 

1.6.4  (A)C4 ..................................................................................................... 23 

1.6.5  (A)V2 Protein......................................................................................... 23 

1.6.6  Coat Protein ........................................................................................... 24 

1.6.7  Nuclear Shuttle Protein .......................................................................... 25 

1.6.8  Movement Protein .................................................................................. 26 

1.7  DNA Replication of Geminiviruses .............................................................. 27 

1.8  Aims and Objectives of the Study ................................................................. 29 

2  General Materials and Methods ............................................................................. 29 

2.1  Sample Collection ......................................................................................... 29 

2.2  Virus and Betasatellite Clones ...................................................................... 29 

2.3  Preparation of Competent Cells .................................................................... 29 

2.3.1  Preparation of Heat Shock Competent Escherichia coli Cells .............. 29 

2.3.2  Preparation of Electro-Competent Agrobacterium tumefaciens Cells ... 30 

2.4  Transformation of Competent Cells .............................................................. 30 

2.4.1  Transformation of Heat-Shock Competent E. coli Cells ....................... 30 

2.4.2  Transformation of Electro-Competent A. tumefaciens Cells ................. 30 

2.5  Plasmid Isolation ........................................................................................... 31 

2.6  Digestion of Plasmid DNA ........................................................................... 31 

2.7  Preparation of Glycerol Stocks ..................................................................... 31 

2.8  Agrobacterium-Mediated Inoculation ........................................................... 32 

2.9  DNA Extraction from Plant Tissue ............................................................... 32 

2.10  Purification of DNA by Phenol-chloroform Extraction ................................ 32 

2.11  DNA Analysis Techniques ............................................................................ 33 

2.11.1  Quantification of DNA .......................................................................... 33 

2.11.2  Agarose Gel Electrophoresis .................................................................. 33 

2.12  Southern Blot Hybridization ......................................................................... 33 

2.13  Photography and Computer Graphics ........................................................... 35 

3  Development of a Quantitative Real Time PCR Assay for the Virus and Satellite 
Components of the CLCuD Complex ...................................................................... 36 

3.1  Introduction ................................................................................................... 36 

3.2  Materials and Methods .................................................................................. 38 

3.2.1  Disease Severity Scale ........................................................................... 38 

3.2.2  Sample Collection .................................................................................. 39 

3.2.3  DNA Quantification ............................................................................... 39 

3.2.4  Primers ................................................................................................... 39 

3.2.5  PCR Reactions ....................................................................................... 45 

3.2.6  Real-Time PCR Using SYBER Green ................................................... 45 



 

ix 
 

3.2.7  Standard Curve Calculations .................................................................. 46 

3.3  Results ........................................................................................................... 46 

3.3.1  Real Time PCR Optimization ................................................................ 46 

3.3.2  Analysis of the Relationship between Symptom Severity and DNA Titre 
for Components of the Begomovirus/Betasatellite/ Alphasatellite 
Complex Causing CLCuD ..................................................................... 47 

3.4  Discussion ..................................................................................................... 55 

4  Quantitative Real-Time PCR as a Tool for Examining Cotton Resistance to the 
Virus Complex Causing CLCuD: the 2014 NCVT Trials as a Case Study ............. 59 

4.1  Introduction ................................................................................................... 59 

4.2  Materials and Methods .................................................................................. 60 

4.2.1  Sample Collection and DNA Extraction ................................................ 60 

4.2.2  Quantification of Virus and Satellite DNA Titres ................................. 62 

4.2.3  Statistical Analysis ................................................................................. 62 

4.3  Results ........................................................................................................... 62 

4.4  Discussion ..................................................................................................... 67 

5  Interaction of Distinct Betasatellites with Tomato leaf curl New Delhi virus ...... 70 

5.1  Introduction ................................................................................................... 70 

5.2  Materials and Methods .................................................................................. 70 

5.2.1  Design of Primers for Quantitative Real-Time PCR ............................. 70 

5.2.2  Origins of Viruses and Satellites............................................................ 73 

5.2.3  Agroinoculation ..................................................................................... 73 

5.2.4  Southern Hybridization .......................................................................... 73 

5.2.5  Quantitative Analysis ............................................................................. 73 

5.3  Results ........................................................................................................... 74 

5.4  Discussion ..................................................................................................... 86 

6  General Discussion ............................................................................................... 89 

7  References ............................................................................................................ 91 

 



 

x 
 

List of Figures 

Figure 1.1: Non-enveloped MSV particle showing ssDNA.Error! Bookmark not 
defined. 

Figure 1.2: Cicadulina mbila, the leafhopper vector of Maize streak virus (left) 
and typical genome organization of mastreviruses (right). ...........Error! 
Bookmark not defined. 

Figure 1.3: Circulifer tenellus, one of the leafhopper vectors of curtoviruses (left) 
and the typical genome organisation of curtoviruses (right). .......Error! 
Bookmark not defined. 

Figure 1.4: Micrutalis malleifera, the vector of Tomato pseudo-curly top virus 
(TPCTV) (left) and typical genome organizations of TPCTV (right).
.............................................................. Error! Bookmark not defined. 

Figure 1.5: Circulifer haematocep, the vector of Turnip curly top virus (TCTV; 
left) and the genome organization of TCTV (right).Error! Bookmark 
not defined. 

Figure 1.6: Circulifer haematoceps, the vector of Beet curly top Iran virus (left) 
and the typical genome organization of becurtoviruses (right). ...Error! 
Bookmark not defined. 

Figure 1.7: The genome organisation of Eragrostis curvula streak virus (ECSV)
.............................................................. Error! Bookmark not defined. 

Figure 1.8: The genome organisation of Grapvine red blotch virus (GRBV). ...... 12 

Figure 1.9: The genome organisation of Alfalfa leaf curl virus (ALCV). .............. 13 

Figure 1.10: Bemisia tabaci, the vector of begomoviruses.Error! Bookmark not 
defined. 

Figure 1.11: The circulative transmission pathway of begomoviruses in the whitefly 
Bemisia tabaci. ..................................... Error! Bookmark not defined. 

Figure 1.12: Geminivirus DNA replication. ............. Error! Bookmark not defined. 

Figure 2.1: Southern blot assembly for the transfer DNA from an agarose gel to a 
nylon membrane. .................................................................................. 34 

Figure 3.1: Disease severity scale for CLCuD affected cotton. ............................. 40 

Figure 3.2: Positions of the primer pairs selected for use in quantitative PCR 
analyses of the virus and satellite components associated with CLCuD.
.............................................................................................................. 43 

Figure 3.3: Analysis of primers for quantitative PCR. ........................................... 44 

Figure 3.4: Production of Standards and Samples for qPCR. ................................ 45 

Figure 3.5: Standard curve and melt curve for the amplification of begomovirus 
from CRS Vehari and NIAB Faisalabad samples. ............................... 50 



 

xi 
 

Figure 3.6: qPCR estimation of the titre (ng per µg of total DNA) of virus in 
cotton plants displaying the range of CLCuD symptom severity levels.
.............................................................................................................. 51 

Figure 3.7: Standard curve and melt curve for the amplification of betasatellite 
from CRS Vehari and NIAB Faisalabad samples. ............................... 52 

Figure 3.8: qPCR estimation of the titre (ng per µg of total DNA) of betasatellite 
in cotton plants displaying the range of CLCuD symptom severity 
levels. ................................................................................................... 53 

Figure 3.9: Standard curve and melt curve for the amplification of alphsatellite 
from CRS Vehari and NIAB Faisalabad samples. ............................... 54 

Figure 3.10: qPCR estimation of the titre (ng per µg of total DNA) of alphasatellite 
in cotton plants displaying the range of CLCuD symptom severity 
levels. ................................................................................................... 55 

Figure 4.1: Symptoms exhibited by the field collected samples for the varieties B-
01, B-02, B-10, B-12 and B-23 of the NCVT trials in CCRI Multan, 
NIAB Faisalabad and CRS Vehari. ..................................................... 61 

Figure 4.2: Standard curve and melt curve for begomovirus from NIAB 
Faisalabad, CRS Vehari and CCRI Multan samples of NCVT trails. . 65 

Figure 4.3: qPCR estimation of the titre (ng of component [virus or satellite] per 
ug of total DNA) of virus, betasatellite and alphasatellite in DNA 
samples extracted from cotton plants collected from the NCVT trials.
.............................................................................................................. 66 

Figure 4.4: Path coefficient analysis of the correlation of virus, betasatellite and 
alphasatellite with seed cotton yield. ................................................... 69 

Figure 5.1: Diagram showing the positions of primers on ToLCNDV DNA A (A), 
DNA B (B) and TbLCB (C) that were used in the quantitative PCR 
assays ................................................................................................... 72 

Figure 5.2: Symptoms exhibited by N. benthamiana plants inoculated with 
ToLCNDV and selected betasatellites. ................................................ 78 

Figure 5.3: Southern blot detection of ToLCNDV DNA A in agroinoculated N. 
benthamiana plants............................................................................... 79 

Figure 5.4: Southern blot detection of ToLCNDV DNA A in agroinoculated N. 
benthamiana plants............................................................................... 80 

Figure 5.5: Southern blot detection of CLCuMB in agroinoculated N. benthamiana 
plants. ................................................................................................... 81 

Figure 5.6: Southern blot detection of CLCuMB (A) and TbLCB (B) in 
agroinoculated N. benthamiana plants. ................................................ 82 

Figure 5.7: Southern blot detection of ToLCNDV DNA B in agroinoculated N. 
benthamiana plants............................................................................... 83 

Figure 5.8: Standard curve and melt curve for amplification of ToLCNDV DNA 
A. .......................................................................................................... 84 

Figure 5.9: qPCR estimation of the titre ToLCNDV DNA A, DNA B or 
betasatellite. ......................................................................................... 85 

  



 

xii 
 

List of Tables 

Table 3.1  Sequences of cotton-infecting begomoviruses and their cognate 
satellites which were used to identify conserved regions .................... 41 

Table 3.2  Oligonucleotide Primers used in the study .......................................... 42 

Table 3.3  Quantification of virus, betasatellite and alphasatellite titres in plants 
with the range of disease severity levels collected at NIAB-Faisalabad 
and CRS-Vehari. .................................................................................. 49 

Table 4.1  Determination of virus, betasatellite and alphasatellite titres in 5 cotton 
varieties across three geographical locations. ...................................... 64 

Table 4.2  Analysis of the correlation between the titres of virus, betasatellite and 
alphasatellite titres and seed cotton yield ............................................. 67 

Table 5.1  Oligonucleotide primers used in the study........................................... 71 

Table 5.2  Infectivity of betasatellites with ToLCNDV in N. benthamiana ......... 76 

Table 5.3  Quantification of components in N. benthamiana plants coinoculated 
with ToLCNDV and betasatellites. ...................................................... 77 

 

  



 

xiii 
 

Abstract 

Whitefly (Bemisia tabaci) transmitted begomoviruses (genus Begomovirus, family 

Geminiviridae) are economically important phytopathogens infecting dicotyledonous 

plants. The genomes of begomoviruses consist of either two (components known as 

DNA A and DNA B) or one (homologous to DNA A) small (2600-2800 nt), circular 

ssDNA components. Most monopartite begomoviruses are associated with DNA 

satellites known as alphasatellites and betasatellites.The current study aimed at 

investigation the interaction of betasatellites with monopartite and bipartite 

begomoviruses. A quantitative real time PCR (qPCR) assay for the detection of 

begomovirus/betasatellite/alphasatellite complex associated with cotton leaf curl 

disease (CLCuD) was developed and used to investigate the relationship between 

symptoms severity and the virus titre. Not surprisingly, no direct correlation between 

symptom severity and virus/satellite titre was found. Subsequently, the optimized 

assay was used to investigate the performance of five selected cotton varieties by 

using seed cotton yield (SCY) as a measure of plant performance in the 2014 National 

Coordinated Varietal Trials (NCVT). Virus/satellite DNA levels, symptoms and SCY 

were found to be highly variable among varieties and their locations. Nevertheless, 

statistical analysis of the results suggested that betasatellite DNA titres, rather than 

virus DNA levels, were the important variable in plant performance, having an 

inverse relationship with SCY. To assess the effects of betasatellites on the bipartite 

begomovirus Tomato leaf curl New Delhi virus (ToLCNDV), the virus inoculated 

independently with three betasatellites; CLCuMBMul, CLCuMBBur and TbLCB. 

Although the results were quite variable, overall the presence of a betasatellite with 

DNA B enhanced the titres of the DNA B. The studies described here were conducted 

to obtain a better understanding of interaction between plants and betasatellites and 

between viruses and betasatellites. A method of determining virus and satellite titre 

for the components causing CLCuD was developed. Advances made in this regard are 

discussed.   



 

xiv 
 

List of Publications 

Journal Publications 

 Shafiq M, Iqbal Z, Ali I, Abbas Q, Mansoor S, Briddon RW, Amin I  (2017) 
Real-time quantitative PCR assay for the quantification of virus and satellites 
causing leaf curl disease in cotton in Pakistan. Journal of Virological Methods 
doi: 10.1016/j.jviromet.2017.05.012 

 Mustafa R, Shafiq M, Mansoor S, Briddon R, Scheffler B, Scheffler J, Amin I 
(2015). Virus-induced gene silencing in cultivated cotton (Gossypium spp.) 
using Tobacco rattle Virus. Molecular Biotechnology: 1-8. doi: 
10.1007/s12033-015-9904-z 

 Iqbal Z, Sattar MN, Shafiq M (2016). CRISPR/CAS9: A tool to circumscribe 
Cotton leaf curl Disease. Frontiers in Plant Science 7. doi: 
10.3389/fpls.2016.00475 

 Raza A, Malik HJ, Shafiq M, Amin I, Scheffler JA, Scheffler BE, Mansoor S 
(2016). RNA interference based approach to down regulate osmoregulators of 
Whitefly (Bemisia tabaci): potential technology for the control of Whitefly. 
PLoS One 11: e0153883. doi: 10.1371/journal.pone.0153883 

 Zaidi SS-e-A, Shafiq M, Amin I, Scheffler BE, Scheffler JA, Briddon RW, 
Mansoor S (2016). Frequent occurrence of Tomato leaf curl New Delhi virus 
in Cotton leaf curl Disease affected cotton in Pakistan. PLoS One 11: 
e0155520. doi: 10.1371/journal.pone.0155520 

 

 

 

  



 

xv 
 

List of Abbreviations and Symbols 

A-rich adenine rich  

aa amino acids  

AAP  acquisition access period 

AD anno domini 

ADK adenosine kinase  

ACMV African cassava mosaic virus   

AYVV Ageratum yellow vein virus  

asRNA  anti-sense RNA  

AZPs  artificial zinc finger proteins  

BC  before Christ  

BCTV Beet curly top virus  

BCTIV Beet curly top Iran virus  

BGMV Bean golden mosaic virus  

BGYMV Bean golden yellow mosaic virus  

BLAST Basic local alignment search tool  

BND  benzoylated naphthoylated DEAE  

BSA  bovine serum albumin  

CaCl2  calcium chloride  

cccDNA Covalently-closed circular DNA 

CCRI Central Cotton Research Institute 

CIAP  calf intestine alkaline phosphatase  

CLCuMB Cotton leaf curl Multan betasatellite 

CLCuMBBur Cotton leaf curl Multan betasatellite strain Burewala 

CLCuMuV Cotton leaf curl Multan Virus 

CLCuKoV Cotton leaf curl Khokhran Virus 

CLCuKoV-Bu Cotton leaf curl Khokhran Virus strain Burewala 

CP coat protein  

CR  common region  

CRS Cotton Research Station 

CTAB  cetyl trimethyl ammonium bromide  

CT threshold cycle  

DEAE  diethyl amino ethyl cellulose  



 

xvi 
 

dsDNA double-stranded DNA  

dsRNA double-stranded RNA  

DTT  dithiothreitol  

EACMKV East African cassava mosaic Kenya virus  

EACMV East African cassava mosaic virus  

ECSV Eragrostis curvula streak virus  

EDTA  ethylene diamine tetraacetic acid  

FeSO4.7H2O  ferrous sulphate hepta hydrate  

GFP  green fluorescence protein  

GRS geminivirus Rep sequence  

GUS  beta-glucuronidase  

HC-Pro helper component protease  

hpRNA  hairpin RNA 

HR hypersensitive response  

ICTV International Committee on Taxonomy of Viruses  

IPTG  isopropyl-beta-D-1-thiogalactopyranoside  

IR intergenic region  

IRD  iteron-related domain  

K2HPO4  dipotassium phosphate  

KCl  potassium chloride  

kDa kilo Dalton 

kV  kilo Volt  

LB  Lauria Bertani  

LIR large intergenic region  

log logarithm  

MCS  multiple cloning site  

mg  milligram  

MgSO4  magnesium sulphate  

miRNA  microRNA  

mM  millimolar 

MP movement protein  

mRNA messenger RNA  

MSV Maize streak virus  

NaCl  sodium chloride  

NaH2PO4  sodium phosphate  

NaOH  sodium hydroxide  



 

xvii 
 

NCVT National Coordinated Varietal Trials  

NES nuclear export signal  

ng nano gram 

NH4Cl  ammonium chloride  

NIAB Nuclear Institute for Agriculture and Biology 

NLS nuclear localization signal  

NSP nuclear shuttle protein  

NW  New World  

OD  optical density  

ORF  open reading frame  

OW  Old World  

PCK proline-cysteine-lysine  

PCNA  proliferating cell nuclear antigen  

PCR polymerase chain reaction  

PCCC Pakistan Central Cotton Committee  

PDR  pathogen-derived resistance  

pH  paviour of hydrogen  

PKC protein kinase C  

PTGS post-transcriptional gene silencing  

pre-miRNA  precursor microRNA 

PVP  polyvinyl pyrrolidone  

PVX Potato virus X  

qPCR real time quantitative polymerase chain reaction  

RCR rolling circle replication  

RDR recombination-dependent replication  

RdRP  RNA-dependent RNA polymerase  

Rep replication-associated protein  

REn  replication enhancer protein  

RISC  RNA-induced silencing complex  

RNA  ribonucleic acid  

rpm  revolutions per minute  

SCR satellite conserved region  

SCY seed cotton yield  

SDS  sodium dodecyl sulphate 

SEL size exclusion limit  

SIR small intergenic region 
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Taq Thermus aquaticus 

SSC  saline sodium citrate  

ssDNA single-stranded DNA 

ssRNA+ positive sense single-stranded RNA  
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TAE tris-acetate EDTA 

ta-siRNAs  trans-acting small interfering RNAs  

TbLCB Tobacco leaf curl betasatellite 

TbYDV Tobacco yellow dwarf virus  

TCTV Turnip curly top virus  

TGS transcriptional gene silencing 

TLCJV Tomato leaf curl Java virus  

TMV Tobacco mosaic virus  

ToLCGV Tomato leaf curl Gujrat virus  

ToLCV Tomato leaf curl virus  

ToLCNDV Tomato leaf curl New Delhi virus  

ToMoV Tomato mottle virus  

TPCTV Tomato pseudo curly top virus  

T-Rep  truncated Rep  

TrAP transcriptional-activator protein  

UV  ultra violet  

VIGS virus-induced gene silencing  

WDV Wheat dwarf virus  

X-Gal  5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside  

μL  microlitre  
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1. Introduction and Review of Literature 

1.1 Viruses 

Viruses are sub-microscopic agents composed of nucleic acid which is encapsidated 

in a protein coat (virion). Viruses use host’s biochemical machinery for their 

transcription and translation. Viruses cannot survive outside the host cell and always 

depend on the host cell for their replication [1]. Phylogeny of viruses is still unclear, 

though it has been supposed that viral gene become vagrant after being excluding 

from host’s genome. On the other hand without any existing definite proof, it is 

assumed that viruses originated as by-products of RNA processing. Viruses are 

regarded as molecular pathogens as there is still contradiction of classification as to 

whether they are living or non-living [2]. Viruses infect all forms of life including 

bacteria as well as higher organisms. Viruses represent the biological entity of most 

abundant type and are present in every type of environment on Earth. Viruses are 

transmitted through air or through specific vectors and viruses can replicate within 

host cells and, in some cases, within their vectors. 

Virus is derived from a Latin word meaning “poison”. Viruses are defined as 

“entities whose genomes are elements of nucleic acid that replicate in living cells 

using cellular synthetic machinery and causing the synthesis of specialized elements 

that can transfer the viral genome to other cells” Luria et al. [310]. Earlier workers 

used the term “virus” more or less interchangeably with bacteria. The term “filterable 

viruses” was introduced when more diseases of this type were discovered [2]. Recent 

environmental studies have shown that viruses, especially bacteriophages, are the 

"most rich biological entities on the planet" [3]. Hull [2] refined this definition as “a 

virus is set of nucleic acid (one or more) template molecules, usually encapsidated in 

a protein covering (coats of protein) or lipoprotein that has the ability to replicate 

inside suitable host cells” [2]. Viruses are leading causative agents of diseases of 

crops that reduce their quality and production around the world. 

There are six major groups of viruses on the basis of nucleic acid of the genome 

and genome organization. These are positive-sense single-stranded RNA (ssRNA+), 
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negative-sense single-stranded RNA (ssRNA-), single-stranded DNA (ssDNA), 

double-stranded RNA (dsRNA), double-stranded DNA (dsDNA) and reverse-

transcribing viruses. The 9th report of virus taxonomy of the International Committee 

on Taxonomy of Viruses (ICTV) has approved 6 orders, 87 families, 19 subfamilies, 

349 genera and ~2284 species of viruses [4]. 

1.2 Plant Viruses 

Plant viruses are intracellular pathogens that use the host cellular machinery for 

replication. The first discovered virus was Tobacco mosaic virus (TMV). The credit 

of this discovery is given to Martinus Beijerinck who observed that sap of tobacco 

plant contains “mosaic disease” when this sap passed through a specific porcelain 

filter called “contagium vivum fluidum” in 1898. Later in the modern era it was 

named as “virus”. Wendell Stanley was the first who purified (crystallized) and his 

findings was published in 1935 [5], though he never determined that encapsidated 

nucleic acid was RNA. For this work he got the Nobel Prize of Chemistry in 1946. 

Later it was known that RNA was the causative agent of the TMV for infection. Plant 

viruses ensompass 20 families, 88 genera and ~750 species [6]. Approximately 90 % 

of plant viruses contain RNA genomes although some viruses are ssDNA 

(geminiviruses and nanoviruses) or dsDNA genomes (caulimoviruses) [4, 6]. 

1.3 Geminiviruses 

In 752 AD, Empress Koken was the first to describe possible geminivirus symptoms 

in plants in a poem. This described the autumn-like appearance of a plant in the 

summer.  

The plant was recognized as most likely being Eupatorium makinoi. The 

yellow symptoms are thought to be due to a whitefly-transmitted geminivirus 

(begomovirus; see section 1.4.7) and betasatellite (see section 1.4.10) complex [7].  

Viruses of the family Geminiviridae are significant constraints for agricultural 

productivity in both tropical and sub-tropical regions of the world. At the beginning of 

the twentieth century there were several diseases identified which are now known to 

have a geminiviral aetiology [8, 9]. The name geminivirus was derived from 

“geminate” meaning twins [10] and remains the characteristic feature of viruses of 

this family.  
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Structural analysis showed that the Maize streak virus (MSV) protein capsid 

has a 22 x 38 nm particle which consist 110 CP subunits arranged as 22 pentamers 

arranged as two incomplete T=1 icosahedra (Figure 1.1) [11]. For African cassava 

mosaic virus (ACMV) a similar structure has subsequently observed but with slightly 

less pronounced vertices [12]. This work very much confirmed the earlier studies on 

Chloris striate mosaic virus (CSMV) [13]. Work conducted during the 1970s showed 

[10, 14] geminate particles encapsidated circular ssDNA, which are associated with 

Bean golden mosaic virus (now called Bean golden yellow mosaic virus [BGYMV]), 

cassava latent virus (now known as ACMV) and MSV. Upon mechanical introduction 

to plants this genomic DNA was infectious [15]. This indicated that geminiviruses 

were distinct from other plant viruses characterized at that time.  

The evidence for divide genomes of some geminiviruses came from BGYMV 

and Tomato golden mosaic virus (TGMV) [16, 17]. Shortly afterwards ACMV was 

completely sequenced and the bipartite nature of virus was confirmed by inoculation 

of the clones to plants [18, 19]. The monopartite nature of Beet curly top virus 

(BCTV), MSV and Tomato pseudo curly top virus (TPCTV) was recognised [20-23] 

which resulted in the present day recognition of seven genera of geminiviruses 

(Mastrevirus, Begomovirus, Curtovirus, Topocuvirus Becurtovirus, Turncurtovirus 

and Eragrovirus) by the ICTV on the basis of their insect vector, genome organization 

and host range[24-26]. 
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Viruses of the family Geminiviridae cause significant losses to crops and are 

of great concern worldwide. Geminiviruses, either have one (monopartite) or two 

(bipartite), small (2600-3000 nt) circular ssDNA components encapsidated in 

geminate particles [11]. Geminiviruses encode only 5-7 proteins for their replication, 

transmission, movement and pathogenesis while majority of proteins are recruited 

from their host cell for replication [27, 28]. The geminiviruses group was established 

in 1979 and afterwards in 1995, it was upgraded to family Geminiviridae [29]. 

Geminiviruses are wide distributed around the world and infect monocots, like wheat 

and maize, as well as dicots, like cassava and tomato [27]. There are more than 199 

officially recognized geminiviruses out of these more than 181 are begomoviruses 

[30]. To date more than 1000 complete sequences of geminiviruses have been 

deposited in the database, which is increasing day-by-day showing the huge diversity, 

wide geographic range, economic importance and adaption to hosts of these viruses. 

Geminiviruses are useful to study plant metabolism and for the construction of 

vectors for the expression of useful products. Virus induced gene silencing (VIGS) is 

a useful tool to down-regulate gene expression in gene function studies by specifically 

degrading the target RNA. Several viruses and satellites, such as TGMV [31], 

Cabbage leaf curl virus (CabLCuV) [32, 33], ACMV [34] and Tomato yellow leaf 

curl China betasatellite (TYLCCNB) [35] were engineered as silencing vectors. To 

obtain the expression of foreign proteins in the cells of plant, the geminivirus based 

vectors have been used. By exploiting the Chickpea chlorotic dwarf virus (CpCDV) 

strain B (previously known as Bean yellow dwarf virus) replication machinery, a high 

level expression system was developed [36]. Geminivirus expression based systems 

tend to have wider host ranges and accept larger inserts than RNA virus based vectors 

[37]. 

1.4 Classification of Geminiviruses 

The Geminiviridae family has recently expanded from the seven genera, 

Begomovirus, Curtovirus, Mastrevirus, Becurtovirus, Turncurtovirus, Eragrovirus 

and Topocuvirus to 9 genera with the addition of Capulavirus and Grablovirus [25, 

40]. However, it is likely that more genera will be added shortly following the 

identification of the divergent geminiviruses Citrus chlorotic dwarf virus [38] and 
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Mulberry mosaic dwarf-associated virus [39] and a newly identified geminivirus in 

apple [40]. 

1.4.1 Mastrevirus 

The genus Mastrevirus has viruses with monopartite genomes and cause infection in 

either monocotyledonous or dicotyledonous plants [41]. Mastreviruses are only 

present in the Old World (OW) [42]. However, in the New World (NW) a mastrevirus 

has been identified in an insect [43]. The genus name was derived from the virus 

name Maize streak virus (MSV) which is the type member of the genus. Wheat dwarf 

virus (WDV) and MSV are well examples of monocot infecting mastreviruses, while 

Tobacco yellow dwarf virus (TbYDV) and CpCDV are two well studied examples of 

mastreviruses that infect dicotyledonous plants. 

The sizes of mastrevirus genomes are 2.6-2.8 kb and encode four proteins that 

are conserved between distinct viruses [44]. The proteins required in the early 

infection cycle are the replication associated protein (Rep) which is translated from a 

spliced complementary-sense mRNA and Rep A which is translated from an un-

spliced mRNA (Fig. 1.2). The proteins required for encapsidation and viral movement 

both in and out of the cell are coat protein (CP) and movement protein (MP). These 

are the virion-sense proteins and required late in the infection cycle. Only Rep is 

essential for replication but Rep A is required to modulate cell cycle and other 

developmental pathways [45]. Mastrevirus genomes having some characteristic 

features such as a large intergenic region (LIR) and small intergenic region (SIR) 

[46]. Both contain regulatory elements and non-coding regions. The presence of a 

short (~80 nt) encapsidated DNA primerbound to the virion-sense, is another a unique 

feature of mastreviruses [47-49]. 
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1.4.2 Curtovirus 

Curtoviruses have monopartite genomes and occur in both the OW as well as the NW. 

They are transmitted by Circulifer tenellus, a leafhopper [50]. Following a recent 

revision of the classification of curtoviruses only three species are recognised [51]. 

All three, eet curly top virus (BCTV), Spinach severe curly top virus and 

Horseradish curly top virus (HCTV), occur in the United States whereas only BCTV 

has been identified in Iran and possibly Turkey. Nevertheless, it is the Middle East 

that is believed to be the geographic origin of the viruses with the representatives in 

the NW has been introduced [50]. BCTV has the widest host range of any geminivirus 

infecting >300 plant species of ~44 families including ornamental plants, crops, and 

weeds [52, 53]. Curtoviruses encode seven genes [50, 54]. In the complementary 

sense they encode the Rep involved in replication, the Ren protein, C2 a homolog of 

the begomovirus TrAP that does not transactivate and the C4 protein. These proteins 

are required early in infection. Three highly conserved genes, encoding the CP, V2 
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(which maintains the relative level of ss/dsDNA) and V3 having a role in movement 

(Fig. 1.3) [50, 55]. HCTV is unusual in lacking the gene encoding REn [41].  

 

1.4.3 Topocuvirus 

Tomato pseudo curly top virus (TPCTV) is the only known species of Topocovirus 

which occurs in Florida [20] and is transmitted by the leafhopper Micrutalis 

malleifera. TPCTV is monopartite and infects dicotyledonous plants and has been 

identified only in the NW. This virus encodes two genes (CP and V2) in the virion-

sense and four genes (Rep, C2, REn and C4) in the complementary-sense (Fig. 1.4). 

The function of the gene products is unclear but in having sequence similarity to other 

dicot infecting geminiviruses genes it likely indicates that they have a similar 

function.  
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1.4.4 Turncurtovirus 

Turncurtovirus is one of the most recently established genus of the Geminiviridae 

family [25]. The genus has only one species, Turnip curly top virus (TCTV) and this 

is a Circulifer haematocep (leafhopper) transmitted virus [56, 57]. TCTV has a 

monopartite genome and infects only dicotyledonous plants. TCTV encodes six genes 

(Fig. 1.5), two (CP and V2) in the virion-sense and four (Rep, C2, REn and C4) in 

complementary-sense [58]. 
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1.4.5 Becurtovirus 

Becurtovirus is a recently established genus of the family Geminiviridae [25]. Spinach 

curly top Arizona virus (SCTAV) and Beet curly top Iran virus (BCTIV) are the two 

known species of the genus becurtovirus and infect only dicotyledonous plants. 

BCTIV is transmitted by the leafhopper Circulifer haematoceps and both viruses have 

monopartite genomes [56, 59, 60]. The genome of SCTAV encodes five genes, 

encoding the CP and proteins with homology to the V2 and V3 proteins in the virion- 

sense of Beet curly top virus, and two genes in the complementary-sense Rep A and 

Rep B (Fig. 1.6). It is likely that, as with mastreviruses, the Rep is translated from a 

messenger RNA which is spliced and joins the Rep A and Rep B ORFs. 

Becurtoviruses have unusual nonanucleotides sequences (TAAGATTCC) and occur 

in both the OW and the NW [25, 61].  
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1.4.6 Eragrovirus 

The genus Eragrovirus has only recently been established. The genus Eragrovirus has 

only single specie known as Eragrostis curvula streak virus (ECSV) and the vector of 

this virus remains to be determined [25]. ECSV encodes four possible genes, the CP 

and V2 which are virion-sense genes, and Rep and the C2 (with similarity to the TrAP 

of bipartite begomoviruses) in the complementary-sense genes. A LIR and a SIR 

separate the virion- and complementary-sense genes (Fig. 1.7) [43, 62]. 
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1.4.7 Grablovirus 

The newly established genus Grablovirus includs a group of closely related viruses 

infecting grapevines in Canada, South Korea and the USA [40]. The genus name is 

based on the name of the type member: Grapevine red blotch virus (GRBV), the first 

and currently the only member of this genus [311]. These viruses have the virion 

strand origin of replication nonanucleotide motif TAATATT/AC and a unique 

genome arrangement (Fig.1.10). The natural vector is likely the three-cornered alfalfa 

treehopper (Spissistilus festinus Say) [312]. 

1.4.8 Capulavirus 

The genus Capulavirus has only recently established. This genus included a group of 

closely related viruses isolated from Euphorbia caput-medusae (South Africa), 

Medicago sativa (France and Spain), Phaseolus vulgaris (India) and Plantago 

lanceolata (Finland). The genus name Capulavirus was derived from the type member 

of the genus: Euphorbia caput-medusaelatent virus [40]. As with viruses in the genera 

Mastrevirus and Becurtovirus, capulaviruses have two intergenic regions and express 
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Rep from a spliced complementary-strand transcript. In common with begomoviruses 

and curtoviruses, they have a large complementary-sense ORF (C3) that is completely 

embedded within rep. A unique feature of capulavirus genomes is a complex 

arrangement of possible MP-encoding ORFs located in the 5’direction from CP 

(Fig.1.9). Two or more of these ORFs may constitute an intron-containing MP 

(Fig.1.9) [40]. All known capulaviruses have the nonanucleotide motif 

‘‘TAATATT/AC’’ at their presumed origins of virion strand replication. 

 

Figure 1.8: The genome organisation of Grapvine red blotch virus (GRBV). 
GRBV encodes three genes in the virion-sense, the coat protein (CP), movement 

protein (V2) and V3, and three genes in the complementary-sense, the 
replication-associated protein A (RepA), RepB and C3 [40]. The genome also has 

a large intergenic region (LIR) that contains a hairpin structure with 
nonanucleotide sequence (TAATATT/AC), and small intergenic region (SIR). 
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Figure 1.9: The genome organisation of Alfalfa leaf curl virus (ALCV). 
ALCV encodes three genes in the virion-sense, the coat protein (CP), V3 and V4, 

and four genes in the complementary-sense, the replication-associated protein 
(Rep), RepA, RepB and C3 [40]. The genome also has a large intergenic region 

(LIR) that contains a hairpin structure with nonanucleotide sequence 
(TAATATT/AC), and small intergenic region (SIR). 

1.4.9 Begomovirus 

The genus Begomovirus derives its name from the type member Bean golden mosaic 

virus (which is now known as Bean golden yellow mosaic virus). Begomoviruses are 

the most numerous (more than 300 species), geographically wide spread and 

economically the most important geminiviruses [41, 63]. Begomoviruses infect only 

dicotyledonous plants and are transmitted exclusively by the whitefly Bemisia tabaci.  

 The genomes of begomoviruses are either monopartite; having one component 

which is homologous to DNA A component of bipartite begomoviruses, or bipartite; 

having two components known as DNA A and DNA B. [64]. The sizes of the 

genomes/genomic components are 2.6-2.8 kb and are transcribed in a bidirectional 

manner. The DNA A encodes six genes, Rep, TrAP, REn and AC4 (C4 for 

monopartite viruses) in the complementary-sense [65-67] and AV2 (V2 in 

monopartite viruses) and CP in the virion-sense (the NW begomoviruses have no 

[A]V2 gene). The DNA B encodes two genes, the virion-sense nuclear shuttle protein 

(NSP) and the complementary-sense movement protein (MP). 

The bipartite begomoviruses components share a short sequence of ~200 nt 

with high levels of sequence similarity, called the common region (CR), which, in 

most cases, resides within the intergenic region (IR). Other than this there is little 

similarity between the two components. For a few begomoviruses, such as Cotton leaf 

crumple virus and bipartite isolates of Tomato leaf curl virus, the levels of identity 

between CRs in the two components are very low (37 % and 40 % respectively) [68, 

69]. This has been attributed to these viruses possibly being monopartite 

begomoviruses which have only recently “captured” a DNA B from another virus and 

the sequence similarity between the CRs in the two components has yet to fully 

mature. 

The NW begomoviruses are distinct from the OW begomoviruses [70-72]. All 

NW begomoviruses are believed to have originated from a limited introduction from 
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the OW. Most of the begomoviruses of the OW have monopartite genomes [26, 72]. 

In contrast, in the NW Tomato leaf deformation virus is the only monopartite 

begomovirus identified so far [73, 74]. The most noticeable differences between NW 

and OW begomoviruses is the lack of the AV2 gene in NW viruses and the CP of NW 

begomovirus having the conserved amino acid motif PWRsMaGT which is not 

present in OW begomoviruses [75]. Two OW bipartite begomoviruses have NW 

begomoviruses characters, including the absence of the AV2 gene – Corchorus yellow 

vein virus and Corchorus golden mosaic virus [76, 77]. These are believed to be 

ancestors of the viruses which gave rise to the begomoviruses present in the NW. 
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1.4.10 Begomoviruses Associated with Satellites 

Satellites are those components which depend on their helper viruses for 

encapsidation, movement, transmission and having no homology of sequence with 

helper virus and are not required for their propagation [78]. The first satellite reported 

in association with a begomovirus was the ~682-nt circular ssDNA satellite which 

was associated with Tomato leaf curl virus (ToLCV) [79]. The ToLCV-satellite 

(ToLCV-sat) for its movement and replication depends on the helper virus, encodes 

no proteins and there is no sequence similarity except for a nonanucleotide sequence 
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“TAATATTAC” with the helper virus, which is present in almost all geminiviruses, 

and “AATCGGTGTC”, which is similar to Rep binding motif (iterons) of ToLCV 

[80, 81]. Hence the ToLCV-sat has all the features of a true satellite. Since the 

identification of ToLCV-sat, many similar small non-coding satellites have been 

identified. The collective name “deltasatellites” has been proposed for these [82]. 

Begomoviruses may associate with two further small molecules known as 

betasatellites and alphasatellites. 

1.4.11 Betasatellites 

Betasatellites (previously known as DNA β) are small, approximately half (~1350 nt) 

the size of begomovirus components, have an adenine residue rich region and a 

sequence of ~100 nt conserved between all betasatellites called the satellite conserved 

region (SCR) (Fig. 1.8) [9, 83, 84]. The hairpin structure present in the SCR contains 

the geminivirus-like nonanculeotide TAA/GTATTAC as part of the loop. 

Betasatellites have only been identified in the OW, although the betasatellite-

derived deltasatellites have been identified in the NW [82]. In some cases the 

betasatellite is required to infect the natural host. For example, the monopartite 

begomovirus Cotton leaf curl Multan virus (CLCuMuV) is poorly infectious to cotton 

(G. hirsutum) without betasatellite and no typical symptoms of cotton leaf curl disease 

(CLCuD) were produced [85]. The virus is more infectious in the presence of the 

cognate betasatellite, Cotton leaf curl Multan betasatellite, and induces symptoms 

typical of CLCuD [83]. Thus this indicates that the betasatellite is symptom 

determining – encodes a dominant symptom determinant. In fact, βC1 gene 

expression from a Potato virus X (PVX) vector induced typical symptoms of CLCuD 

(vein thickening and enations) in N. tabacum and N. benthamiana [86]. Similar results 

were also obtained with Ageratum yellow vein virus (AYVV) and its cognate 

betasatellite Ageratum yellow vein betastellite [87, 88]. For both CLCuMuV and 

AYVV the cognate betasatellite was shown to lead to raised virus DNA levels in 

plants. However, not all betasatellites have this type of relationship with their helper 

viruses. For Tobacco curly shoot virus in N. tabacum in the field, only some plants 

also contain Tobacco curly shoot betasatellite. Although this betasatellite enhances 

symptoms it is not essential and does not raise viral DNA levels [89]. The CLCuMB 

has been shown to complement the DNA B component of ToLCNDV in cotton, at 
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least transiently, suggesting that betasatellites may have virus cell-to-cell movement 

function [90]. 

Betasatellites encode only a single protein, known as βC1, which performs all 

the activities mediated by betasatellites [91]. βC1 accumulates in the nucleus and has 

the ability to bind with ssDNA and dsDNA in a size and sequence non-specific 

manner and to perform the function of suppression of RNA silencing [92]. The study 

of GFP-βC1 fusions showed that it is involved in nuclear import and export and 

localized in the periphery of the cell [93]. Severe symptoms in the host plants are due 

to the self-interaction of βC1 protein because this protein forms granular bodies in 

vivo and in vitro by interacting with itself [94]. α-helices at the C-terminal end are 

important in multimerization [93, 94]. βC1 modulates the expression of miRNAs 

which are important in plant development [95], is a suppressor of both transcriptional 

gene silencing (TGS) and post-transcriptional gene silencing (PTGS) [96-99]. 

βC1 interacts with many host factors but two factors, ASYMMETRIC 

LEAVES 1 (AS1) and ASYMMETRIC LEAVES 2 (AS2), interacting each other to 

form a complex that regulates leaf development. In transgenic plants βC1 has the 

ability to complement an as2 mutation by over expressing βC1 phenocopy the AS2 

expression at molecular and morphological level hence it means that βC1 not 

dependent on AS2. But βC1 depend on AS1 because it changes AS1 dependent gene 

expression by directly interacting with AS1 and regulates jasmonic acid responsive 

genes [100]. Expression of βC1 protein of the Chilli leaf curl betasatellite in N. 

tabacum led to expression of eight genes which play an important role in ATP 

synthesis in plant growth, plant development, and processes related to replication, 

plant defense, detoxification responses and cell protection [101]. 

1.4.12 Alphasatellites 

The alphasatellites, previously known as DNA 1, were identified before the 

betasatellites [102]. Alphasatellites are ~1400 nt and rely on their helper viruses for 

encapsidation, movement in plants and transmission between plants but not for 

replication because they have their own Rep and have the ability for autonomous 

replication [9, 102]. As a consequence alphasatellites are satellite-like. Interestingly 

alphasatellites are related to nanovirus components which encode Rep and it is 

believed that alphasatellites have evolved by coinfection between a nanovirus and a 
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begomovirus [9, 103]. This is shown by alphasatellites and nanovirus components 

having the same nonanucleotide sequence TAGTATTAC. 

Alphasatellites are most commonly identified in association with 

begomovirus-betasatellite complexes [9]. Experimentally it was shown that an 

alphasatellite was capable to maintain in plants by bipartite begomoviruses, a 

curtovirus (BCTV) but not by a mastrevirus (CpCDV). Moreover an alphasatellite 

was shown to be transmitted by the leafhopper vector of the curtovirus BCTV in a co-

infection with that virus [104]. Recently a novel group of alphasatellites have been 

identified the NW (specifically South America) associated with bipartite 

begomoviruses [105, 106] and in association with Wheat dwarf India virus, a 

mastrevirus infecting a monocotyledous plant species (wheat) in India [107]. 

 The function of alphasatellite in begomovirus infections is still unclear. 

Alphasatellites are not essential for the infectivity of the virus, unlike some 

betasatellites. Possibly alphasatellites minimize the effects of begomovirus infection, 

thus ensuring the onward transmission of the begomovirus complex [102, 108, 109]. 

The Rep proteins of two unusual alphasatellites have suppression of PTGS activity, 

meaning that they are overcoming host defenses. However, not all alphasatellite-

encoded Rep proteins have this activity but instead have suppressor of transcriptional 

gene silencing activity (Q. Abbas, unpublished results). 

1.5 Begomovirus Transmission by the Whitefly Bemisia 
tabaci 

Geminiviruses are transmitted by insects in a circulative (non-propagative) manner 

[110]. The begomoviruses are the best studied group of geminiviruses with respect to 

interaction with insect vectors. Begomoviruses are transmitted by the whitefly 

Bemisia tabaci [111, 112].  

The whitefly acquires begomoviruses as intact virions from the phloem of 

infected plants. There is then a latent period before the acquire virus is transmitted to 

a new plant. During this latent period, virions move from the digestive system to the 

hemocoel and from there are transported to the salivary glands (Fig. 1.9). The 

interaction between insect and virus is specific. Although the receptors in the insect 

that mediated movement into the hemocoel from the digestive tract and from the 
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hemocoel into the salivary glands remain to be determined, the receptors on the virus 

reside on the CP – the only structural protein in geminivirus virions [113-118]. A 

third partner plays a part in geminivirus transmission. Insect endosymbiotic bacteria 

produce a protein called “GroEL”, which forms a complex with the CP and protects 

the virion from degradation in the hemolymph [119-121]. 

Bemisia tabaci (Gennadius) is a destructive pest in its own right and has a 

wide host range and a high diversity [122]. Now it is believed that B. tabaci is a 

species complex [123] that consists of as many as 32 distinct, morphologically 

indistinguishable cryptic species [122, 124-127]. It is clear that not all cryptic species 

transmit all begomoviruses with equal efficiency [128]. 
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1.6 Proteins Encoded by Geminiviruses 

1.6.1 Replication-Associated Protein 

Replication associated protein (Rep) is the only protein encoded by geminiviruses 

required for replication of viral DNA. The protein is ~40-41 kDa and shows similarity 

with the rolling-circle replication (RCR) initiator proteins of prokaryotic plasmids 

[129]. The C-terminus of geminivirus Rep has ATP and GTP hydrolysis activity and 

the N-terminus has oligomerization (amino acids 121-181), DNA binding (amino 

acids 1-181) and DNA cleavage (amino acids 1-120) domains [130-132]. The Rep 

protein has the specific recognition of origin in the first 116 amino acids of N-

terminus [133]. There are three highly conserved motifs, Motif I (FLTY), Motif II 

(HXH) and Motif III (YXXK), at the N-terminus of Rep in almost all geminiviruses 

which are resulted by the comparison of RCR of prokaryotes and viral Rep [134]. 

Besides these three motifs, recently a fourth highly conserved amino acid sequence 

motif at N-terminus of the Rep in all geminivirus genera has been identified (the 

geminivirus Rep sequence [GRS]) which is essential for replication. Mutation of GRS 

of TGMV shows that there was no infection in host plant and no replication in 

tobacco protoplast, indicating that the sequence is essential for replication [135]. 

Rep binds repeated elements (iterons) in the IR and produces a nick within the 

nonanucleotide sequence (TAATATT∕AC) of virion-sense to initiate replication [136]. 

A conserved tyrosine residue covalently binds the Rep at the 5’ end phosphoryl group 

of the nicked DNA and the 3’ end hydroxyl group acts as a primer, by using 

complementary strand as a template, to synthesize new viral DNA strand [137]. Rep 

performs the role of replicative helicase and forms a large oligomeric complex and 

has helicase activity which depends on the oligomeric conformation [138]. Rep 

activity, the DNA binding and nicking, may be down-regulated by the accumulation 

of high level of CP as well as viral DNA and REn plays an important role in 

modulating Rep activity [139-141]. 

Geminiviruses replicate in the nuclei of differentiated cells by the induction of 

the host cell DNA replication machinery [142, 143]. Rep binds with retinoblastoma 

related protein (pRBR) in the S phase of the cell cycle [144, 145]. Experimental 

studies showed that TGMV-Rep interacts with pRBR through an 80 amino acid 

region which contains two α-helices [146]. In mature leaves expression up regulated 
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by the Rep as it interfere the pRBR/E2F pathway and mediate the repression of 

proliferating cell nuclear antigen (PCNA; processivity factor for DNA polymerase δ 

promoter). It leads to the viral replication by interfering in the DNA replication 

machinery [147]. Additionally a novel protein kinase (GRIK), histone H3, and a 

kinesin essential for mitosis are also the partners of Rep for geminivirus replication 

[148] and UBC9 is also the partner of Rep which is a part of sumoylation pathway 

[149]. It is supposed that these reactions occurs in the early stages of geminiviral 

DNA replication complex. 

1.6.2 Transcriptional-Activator Protein 

The transcriptional-activator protein (TrAP) has a zinc-finger like domain which is 

composed of cysteine and histidine residues, a nuclear localization signal (NLS) and 

an acidic domain [150-153]. It acts as a transcription factor [154], suppresses gene 

silencing host defense [155, 156] and modulates the expression of host genes 

including miRNAs [157-159].  

 The TrAP of bipartite begomoviruses binds in the promoter region of virion-

sense (V2, CP and NSP) genes and transactivates their expression [160]. The TrAP of 

TGMV represses the virion-sense promoter in phloem cells and activates it in 

mesophyll cells [161]. An in vitro study of the binding activity of the TrAp of 

TYLCV shows that it binds preferentially to ssDNA in a sequence non-specific 

manner but may not be involved in transactivation [162]. Similarly the TrAP homolog 

of BCTV (C2) does not transactivate the virion-sense promoter [156]. For 

mastreviruses the Rep A protein performs transactivation function [145]. 

TrAP also performs the function of host defense suppression in more than one 

way. In transgenic N. benthamiana plants the expression of TrAP of TGMV and the 

C2 of BCTV developed a susceptible phenotype by reducing the mean latent period 

and reducing the inoculum concentration without affecting viral replication and 

disease symptoms [156]. The transgenic expression in plants of a TrAP lacking the 

SNF1 (a metabolic regulator that reacts to change in charge energy of cell) interaction 

domain did not show the enhanced susceptibility [163]. 

The TrAP (of begomoviruses) and C2 (of BCTV) are strong RNA silencing 

suppressor [164, 165]. TrAP is capable of reversing already present silencing and 
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preventing the establishent of silencing, when it is expressed by a PVX vector or 

transiently under constitutive promoter control [157, 166]. The TrAP of East African 

cassava mosaic virus (EACMCV), Indian cassava mosaic virus (ICMV) and Tomato 

yellow leaf curl China virus (TYLCCNV) are strong suppressors of PTGS [167, 168] 

and also suppressors of TGS [169]. The transcription dependent mechanisms, which 

are domain of NLS activation, DNA binding and zinc-binding domains, are supposed 

to be involved in the activation of host genes (WEL-1) that may act as endogenous 

RNA silencing regulators [151, 157, 168]. Transcription independent mechanism 

depends on the interaction of TrAP and adenosine kinase (ADK) and it does not 

require an activation domain [170, 171]. The deficiency of ADK, decrease the level of 

transmethylation activity so the production of methyl transferase cofactor S-adenosyl 

methionine was enhanced and localized in cytoplasm [172].  

 Bimolecular fluorescence complementation assays showed that TrAP:ADK 

complexes formed in the cytoplasm and TrAP:TrAP complexes formed in the 

nucleus. The TrAP - ADK interaction is involved in local silencing suppression and 

the TrAP zinc finger motif (CCHC) is involved in the interaction with itself and this 

interaction is essential for nuclear localization and transcriptional activation [173]. 

TrAP expression by baculovirus vector showed that the non-phosphorylated form of 

TrAP was found in both cytoplasm and nucleus, whereas the phosphorylated form 

was present only in the nucleus which demonstrates the strong impact of cellular 

kinases on subcellular localization of proteins [170].  

1.6.3 Replication Enhancer Protein 

The replication enhancer protein (REn) is a ~16 kDa and ~134 amino acids (aa) which 

is encoded by most dicot infecting geminiviruses. REn is not essential for replication. 

It interacts with Rep to enhance viral DNA accumulation up to 50 fold and helps for 

development of symptoms [25, 140, 141, 174]. Rep A performs at least some of the 

functions of REn for mastreviruses [66, 175].  

The structure and functions of REn is highly conserved for all begomoviruses 

and curtoviruses and is highly hydrophobic in nature [140, 147]. REn interacts with 

Rep, PCNA and pRBR and forms homo-oligomers. The analysis of TYLCV REn in 

yeast two-hybrid assay showed that mutations of REn not only inactivate it but also 

reduce the replication enhancement and REn oligomerization activity which inactivate 
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the Rep and PCNA interaction while REn and pRBR interaction is fully functional. In 

REn protein the hydrophobic residues are in the middle region, which are involved in 

self as well as Rep and PCNA interaction, whereas polar residues in the C- and N-

terminal ends were observed to be very important for the interaction of REn with 

pRBR. These experiments proved the importance of interaction of REn-REn, REn-

PCNA and REn-TrAp in the replication of geminiviruses. The interaction of REn-

pRBR has no importance in virus replication however it has vital role in 

differentiation of infected cells [140]. A study with ToLCV and TGMV showed that 

REn also interacts with SINAC1, a transcription factor, and this interaction is very 

important for viral replication enhancement [140]. 

1.6.4  (A)C4 

The (A) C4 gene, in most cases [176], rests entirely within the coding sequence of 

Rep and is not well conserved. Mutational of the BCTV C4 altered symptoms without 

affecting the titre of the virus [177]. When Beta vulgaris was inoculated with C4 

mutant there were no symptoms observed. This means C4 also play a role in virus 

pathogenicity as well as symptom determinant [177]. Ectopic cell division in C4 

transgenic N. benthamiana plants induced virus like symptoms [178]. A RING finger 

protein, RKP (a homolog of human cell cycle regulator KPC1) is induced by the C4 

of BCTV. RKP is mutated in A. thaliana plants with RKP mutated are less 

susceptibility to BCTV. From these experiments it was confirmed that C4 protein 

involves in symptoms development [179]. Similarly when ToLCV C4 mutants were 

inoculated to plants these developed mild symptoms, athough the titre of the virus was 

comparable to a wild type infection. These results showed that C4 is not involved in 

replication or movement but it has the role in pathogenesis [180]. It has been observed 

that the C4 protein of BCTV interacts with two shaggy-related protein kinases and a 

leucine-rich repeat receptor-like kinase which show C4 to interact with the 

brassinosteroid signalling pathway [181]. Additionally the C4 of a number of viruses 

has been shown to suppress PTGS [98, 99, 167] and to bind miRNAs important in 

plant development [182]. 

1.6.5 (A)V2 Protein 

The (A)V2 gene is present in all OW begomoviruses with the exception of CoGMV 

[183, 184] and CoYVV [76] (see section 1.4.6). The (A)V2 protein has the role of 
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pathogenesis in plans and viral DNA accumulation, having the size of ~112 aa [185-

187]. It was experimentally shown that V2 protein localized in the cell periphery, 

nucleus and endoplasmic reticulum (ER), this is very important for cell-to-cell 

movement [188, 189]. V2 has a nuclear export signal (NES) at the N-terminus which 

are responsible for movement function [190]. The AV2 pathogenicity depends on a 

protein kinase C (PKC) motif which is involved in cell death elicitation and 

phosphorylation [189]. Mutation of AV2 genes of East African cassava mosaic Kenya 

virus and East African cassava mosaic virus showed that it has no role in symptom 

development in cassava although symptoms were attenuated [191]. 

 The V2 has very diverse functions by interacting with diverse host factors. 

The V2 of TYLCV suppresses RNA silencing and interacts with SISGS3 which is 

involved in the RNA silencing pathway [192]. 

1.6.6 Coat Protein 

The coat protein performs multiple functions in geminiviruses being involved in 

encapsidation, accumulation of virus, intra- and intercellular movement and insect 

transmission. The study of MSV virions showed that these consist of 110 subunits of 

CP which form geminate particle by organizing as 22 pentameric capsomers [11], 

confirming the earlier studies of the mastrevirus CSMV [13]. This structure was later 

also shown for a begomovirus [12]. 

The CP of monopartite begomoviruses plays important role in infectivity and 

CP mutation has no effect on viral replication [180, 186, 187, 193, 194] whereas for 

bipartite begomoviruses the CP is dispensable for infectivity although mutants have 

longer latent periods, suggesting that the CP has a role in long distance movement in 

plants [185, 188, 195-201]. Mutational analysis of the MSV CP showed that in 

infected plant cells the viral titre is very low but has no effect in protoplast, which 

means movement functions were impaired [194]. The CP of monopartite 

geminiviruses also involved in the movement function as it was localized, with the 

onset of viral infection, in the secondary plasmodesmata [202]. The CP is also acting 

as a nuclear shuttle protein (NSP) as in TYLCV it facilitate the viral DNA in and out 

of the nucleus because it is present around the nucleolus and nucleus [188]. A 

conserved region, which is common in almost all cereal infecting mastreviruses, 

proline-cysteine-lysine (PCK) was recognized in the CP at 180-182 aa. The study 
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showed that the substitution of lysine (K) with valine (V) produce a mutant 

MSVCP182V which abolished the systemic infection but it replicates at the point of 

inoculation [203]. The MYMV CP contains two NLSs within the N-terminal residues 

3KR and 41KRRR which are involved in the shuttling of viral DNA in and out of the 

nucleus. This study showed that the CP of MYMV interacts with impotin α (a nuclear 

import factor) which means through importin α-dependent pathway CP is imported 

into the nucleus [204]. The Tomato leaf curl java virus also has NLS and NES [205]. 

The viral vector specificity for transmission depends on the CP. Replacement 

of the CP of ACMV, which is transmitted by B. tabaci, with the CP of BCTV, which 

is transmitted by a leafhopper, yielded a virus transmissible by the leafhopper [113]. 

The CP interacts with GroEL, which protects the virion from degradation in the insect 

[120]. 

1.6.7 Nuclear Shuttle Protein 

The bipartite begomovirus component DNA B has NSP which is in the virion-sense. 

Its transcription is regulated by TrAP and is expressed late in infection [154]. 

Mutation in NSP has no effect on replication and encapsidation but abolishes 

infectivity [195, 206]. 

NSP localized in the nucleus but accumulate in the cell periphery [207] and 

can bind with both dsDNA and ssDNA [208]. NSP has two NLSs at the N-terminus, 

which are required for nuclear targeting and it is a very basic protein. Mutation in 

NLSs led to loss of viral infectivity. The C-terminal amino acid sequences of NSP are 

required for the interaction with MP [209, 210]. 

NSP is an avirulence determinant and host defense target in some cases as 

suggested by the expression of NSP by a PVX vector in plants which showed 

hypersensitive response (HR) and leaf curling symptoms [209, 211]. The N-terminal 

end of NSP is responsible for the induction of HR. NSP interacts with an 

acetyltransferase [212], H3 histone [213] and a protein kinase [214]. The NSP may be 

phosphorylated by various which may modulate its function [214, 215]. 
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1.6.8 Movement Protein 

The begomovirus MP is involved in cell-to-cell movement of virus. MP interacts in a 

cooperative manner with NSP and binds with both dsDNA and ssDNA in a form and 

size specific manner [216]. MP mediates the movement of dsDNA and ssDNA and it 

increases the size exclusion limit (SEL) of plasmodesmata [217]. Two models, the 

“couple skating model” and the “relay race model” have been proposed to explain 

bipartite begomovirus movement. The couple skating model supposes that the NSP 

binds in the nucleus with ssDNA and transfers to cytoplasm where MP interacts with 

this complex and facilitates this for cell-to-cell movement through plasmodesmata. 

The relay race model suggests that NSP binds with viral dsDNA and transfer this to 

the cytoplasm where MP replaces NSP and mediates plasmodesmatal crossing to the 

adjacent cell [208, 215]. Mutation in either of these two proteins led to loss in cell-to-

cell movement of viral DNA showing both to be essential for movement [200]. An 

electron microscopic study showed that MP promotes the NSP of AbMV to the 

plasma membrane in fission yeast [218]. The MP of Mungbean yellow mosaic India 

virus is localized around epidermal cells as was observed in the non-host transgenic 

N. benthamiana [219], whereas the MP of AbMV localized at plasmodesmata and 

plasma membrane [220]. 

There are two domains of MP, “an anchor domain”, which is essential and 

sufficient for fixing in the nuclear environment and cell periphery and the second is 

the “pilot domain” which is involved in protein targeting. These domains are essential 

for intracellular movement and have putative amphiphilic helix, which play an 

essential role in fixing the protein on leaflet of membrane [221]. The size of viral 

genome for cell-to-cell movement depends on the complex of MP and plasmodesmata 

complex [222]. 

It has been reported that the MP of some begomoviruses are involved in 

symptom development. Expression of the MPs of Squash leaf curl virus in N. 

benthamiana and Tomato mottle virus in N. tabacum induced virus-like symptoms 

[223, 224]. However, for at least one begomovirus, ToLCNDV, the NSP has been 

shown to be a symptom determinant [211]. Whether this difference is due to the 

viruses coming from the NW and OW, respectively, is unclear.  
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Mutation of the MP gene of MSV resulted in either a loss of infectivity or 

infections with no symptoms and greatly reduced viral DNA titre [225]. For MSV the 

MP interacts with the CP to form CP-MP complexes which diverts CP-DNA 

complexes from the nucleus into the cytoplasm where they are then available for cell-

to-cell movement [226].  

1.7 DNA Replication of Geminiviruses 

The replication of geminiviruses takes place in the nucleus of the host cell and occurs 

for the most part by RCR (Fig. 1.10) [228]. After inoculation of the virus to the host 

cell, the replication of geminivirus DNA genomes occurs in three steps in the nucleus 

of the host cell. In the first step the covalently closed circular (ccc) dsDNA is formed 

from ssDNA. The dsDNA acts as a template for transcription and production of 

virion-sense ssDNA by RCR which is resolved into unit length mature ssDNA 

genomes [229]. In third stage the ssDNA is either encapsidated in virus particles, for 

cell-to-cell movement or insect transmission, or returns to the replication cycle to act 

as a template for RCR [230-233]. 

For mastreviruses, the primer which plays a role in the conversion of ssDNA 

to dsDNA is encapsidated in virions, bound to the SIR region, and is about 80 

deoxyribonucleotides with 5’ end ribonucleotides [47, 48]. In a study of ACMV 

infected tobacco, an RNA primed the synthesis of the complementary DNA strand of 

ACMV [234]. The RNA primer is synthesized in the IR between coordinates 2581 

and 221 by the host primase enzyme. 

The IRs of geminiviruses have multiple cis elements which are involved in 

replication initiation [235]. Rep binds specifically to iterons and with high affinity, 

prior to nicking within the nonanucleotide (TAATATT↓AC) in the virion-sense 

strand. The Rep protein is linked covalently with the 5’ terminus of the cleaved DNA 

[175, 236]. The 3’ end of the nicked DNA strand acts as a primer for synthesizing the 

virion-sense strand using the complementary-sense strand as a template and using 

plant host polymerases. The newly synthesized virion-sense strand is cut and ligated 

to a new circular ssDNA strand by Rep [129]. 
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Recombination-dependent replication (RDR) is another mechanism of 

replication that may be used by geminiviruses [237]. The RDR mechanism is not fully 

understood. However, during RCR breaks occur in dsDNA intermediates which on 

the basis of recombination dependent replication repairs the break [238]. The use of 
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RDR was experimentally shown in AbMV, BCTV, ACMV, TYLCV and TGMV 

[237, 239]. Intermediates consistent with both RCR and RDR mechanisms were 

observed in naturally infected plants but not in leaf discs Agrobacterium-inoculated 

with AbMV, where only intermediates compatible with the RDR mechanism were 

detected. A number of geminiviruses and their satellites were shown to use both RDR 

and RCR mechanism [239]. 

In geminivirus replication many host factors are involved. For example 

amphidicolin, which is an inhibitor of DNA polymerases δ and α, inhibited viral DNA 

accumulation [240], The PCNA which is the processivity factor for host DNA 

polymerase δ, both Rep and REn bind to PCNA and Rep also binds with RAD54 

which is involved in homologous recombination and might have a role in viral 

replication mediated by recombination-dependent replication [28]. 

1.8 Aims and Objectives of the Study 

Since the identification of alphasatellites and betasatellites in the late 1990s, our 

understanding of the nature of begomoviruses has undergone a paradigm shift. 

Whereas before we believed that most begomoviruses in the OW were bipartite with a 

few monopartite examples, we now realise that the majority are monopartite and 

associated with betasatellites. The interaction of betasatellites with begomoviruses 

and, particularly, the effects of the betasatellite on virus DNA levels and symptoms 

remain unclear. The main objectives of study were: 

 To develop a quantitative real-time PCR (qPCR) assay for the virus and 

satellite components of the complex causing CLCuD. 

 Investigate the relationship between symptoms and virus titre in cotton using 

the qPCR assay 

 Assess the usefulness of the qPCR assay for examining cotton germplasm for 

resistance to CLCuD. 

 To investigate the interaction of a bipartite begomovirus with betasatellites.
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2 General Materials and Methods 

2.1 Sample Collection 

Leaves of plants were collected in the field and stored in microfuge tubes or plastic 

bags labeled with a permanent marker. The samples were transported either in liquid 

nitrogen or on ice and then stored at -70 ̊C until use. 

2.2 Virus and Betasatellite Clones 

The following infectious clones of viruses/satellites were used in this study; Tomato 

leaf curl New Delhi virus (ToLCNDV; DNA B [U15017]; DNA A [U15015]) [197], 

Cotton leaf curl Multan betasatellite (CLCuMB; AJ298903; [83], Cotton leaf curl 

Multan betasatellite-Burewala Strain (CLCuMBBur; AM774306; [241] Tobacco leaf 

curl betasatellite (TbLCB; FM955608; [242]. 

2.3 Preparation of Competent Cells 

2.3.1 Preparation of Heat Shock Competent Escherichia coli Cells 

Competent E. coli cells were prepared as described previously [243]. A single colony 

was picked from a freshly grown plate of E. coli (Top 10) and transferred to a flask 

containing 20mL Luria_Bertani (LB; 1 % [w/v] tryptone, 0.5 % [w/v] yeast extract 

and 1 % [w/v] NaCl) medium using a sterile wire loop and incubated at 37˚C 

overnight. After 16-18 hours 3 mL of the culture used as inoculum in a 1 L flask 

having 300 mL LB media and incubated at 37˚C in a shaking incubator at 220 rpm 

until an OD600 of 0.5-1. Then the flask was placed on ice for 30 minutes (min) and the 

culture transferred to pre-chilled 50 mL sterile centrifuge tubes (Axygen Scientific 

SCT-50mL-25-S) and centrifuged (model 5810R; Eppendorf, Hamburg, Germany) at 

4000 X g for 8-10 min at 4˚C. The supernatant was discarded and the pellet re-

suspended in 20 mL of 0.1 M MgCl2 per tube, mixed well and centrifuged again to 

pellet the cells. The pellet was again re-suspended in 20 mL of 0.1 M CaCl2, put it on 

ice for 30 min and then centrifuged again. Finally the pellet was re-suspended in 3-4 

mL of 0.1 M CaCl2 and cold, filter sterilized glycerol (100 µL per 
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1 mL of CaCl2) was added. The resulting competent cells were stored in aliquots of 

100 μL at -70˚C. All steps were carried out under aseptic conditions. 

2.3.2 Preparation of Electro-Competent Agrobacterium tumefaciens 
Cells 

A single colony picked from a freshly grown plate of A. tumefaciens (strain GV3101) 

was transferred into 50 mL LB liquid medium having 25 µg/mL rifampicin in a 100 

mL autoclaved flask using a sterile wire loop. The flask was incubated in a shaker 

(180 rpm) for 48 hours at 28˚C. Then 5 mL of the culture was used as inoculum in a 

1L flask having 300 mL of LB containing 25 µg/mL rifampicin and put in a shaker 

until the OD600 of cells was 0.5-1 at 28˚C. The culture transferred to ice chilled 50 

ml centrifuge tubes, placed on ice for 10 min and then centrifuged (Eppendorf 

Centrifuge 5810 R) at 4˚C for 10 min at 4000 X g. The pellet was re-suspended in 

sterile distilled water (50 mL; SDW) and centrifuged at 4˚C for 10 min at 4000 X g. 

This wash was repeated 2-3 times with SDW. Then the cells were re-suspended in 10 

mL cold SDW having filter sterilized 10 % [v/v] glycerol and centrifuged as before. 

This wash was also repeated 2 times. Finally the cells were re-suspended in 3-4 mL of 

filter sterilized cold 10 % [v/v] glycerol, aliquoted (100 µL) into 1.5 mL eppendorf 

tubes and stored at –70˚C. 

2.4 Transformation of Competent Cells 

2.4.1 Transformation of Heat-Shock Competent E. coli Cells 

The ligation mixture or plasmid (~500 ng) added to the competent cells (100 µL 

aliquot), mixed and incubated on ice for 30 min. Then cells were heat shocked in dry 

bath at 42˚C for 2 min and then transferred to ice for 2 min. Then 1 mL LB medium 

was added to the tube and incubated for one hour at 37˚C. The transformed cells were 

spread on solid LB medium (1 % [w/v] tryptone, 0.5 % [w/v] yeast extract, 1.5 % 

[w/v] agar and 1 % [w/v] NaCl) in petri plates with specific antibiotics and incubated 

for 16 hours at 37˚C. 

2.4.2 Transformation of Electro-Competent A. tumefaciens Cells 

The plasmid (~100 ng) added in the A. tumefaciens (100 µL) cells and placed for 30 

min on ice. Then the cells were transferred into a chilled electroporation cuvette, 

which was placed in the electric shock chamber of the electroporator (BTX Harvards; 
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set at 1.44 kV) and the electric shock was given. After this 1 mL of liquid LB media 

was added to the tube and incubated for two hours at 28˚C. Finally the transformed 

cells were spread on petri plates containing solid LB media with specific antibiotics, 

wrapped with clingfilm and incubated for 48 hours at 28˚C. 

2.5 Plasmid Isolation 

A single transformed E.coli or Agrobacterium colony was picked from a petri plate 

with a sterile tooth pick and transferred into an autoclaved 10 mL culture tube 

containing 5 mL of LB medium with specific antibiotics and placed overnight at 37˚C 

for E. coli or 48 hours at 28˚C for A. tumefaciens in a shaker at 180 rpm. After this 

1mL of the culture transferred into a 1.5mL eppendorf tube and centrifuged at 16000 

X g for 2 min. After discarding the supernatant, the pellet was re-suspended by 

vortexing in 100 µL re-suspension solution (50 mM Tris-HCl [pH 8.0], 10 mM 

EDTA, 100 µg/mL RNase A). Then 150 µL of lysis solution (1 % [w/v] SDS, 0.2 M 

NaOH) was added and gently mixed. Finally 200 µL of chilled neutralization solution 

(3.0 M potassium acetate [pH 5.5]) was added, mixed thoroughly and centrifuged in a 

microfuge for 10 min at 14000 X g. The supernatant was transferred into a 1.5 mL 

eppendorf tube and two volumes of chilled absolute ethanol was added, mixed and 

placed at -20˚C for 30 min. The tube was then centrifuged (16000 X g) for 10 min and 

the resulting pellet washed with 70 % [v/v] ethanol, dried and dissolved in SDW. 

2.6 Digestion of Plasmid DNA 

Restriction endonuclease enzymes with their specific buffers were used according to 

the suppliers (Fermentas, Thermo Fisher Scientific, Waltham, Massachusetts, USA) 

recommendations. For screening of plasmid DNA for insert size, restrictions were 

carried out in a 10 µL volume containing ~500 ng plasmid DNA, 3 units of enzyme, 1 

µL 10x buffer and water. The reaction mixture was incubated at the optimum 

temperature for the enzyme (usually 37°C) for 1-3 hours. The results of the digestion 

were examined by agarose gel electrophoresis of 5 µL of the reaction mixture (section 

2.7). 

2.7 Preparation of Glycerol Stocks 

Glycerol stocks were prepared to preserve bacterial cultures. Approx. 700 µL of 

bacterial cell cultures that were grown overnight (E. coli) or for 48 hours (A. 



Chapter 2: General Materials and Methods 

 

32 
 

tumefaciens) were mixed with 300 µL sterilized glycerol in a 1.5 mL eppendorf tube 

and stored at -80°C. To recover bacterial cell cultures from glycerol stocks, the 

culture was streaked using a sterile wire loop on plates of solid LB medium 

containing suitable antibiotics and incubated at a suitable temperature (37˚C for E. 

coli and 28˚C for A. tumefaciens).  

2.8 Agrobacterium-Mediated Inoculation 

Binary vectors (pGreen0029 [244] or pBin19 [245]) were transformed into 

Agrobacterium strain GV3101 cells as described in section 2.4.2. With a sterile wire 

loop, a single colony was added into 50 mL liquid LB media having the required 

antibiotics and incubated at 28 ̊ C in a shaker at 160 rpm until the OD600 of the culture 

was 0.5-1. Then the culture was centrifuged (Eppendorf Centrifuge 5810 R) at 4000 X 

g for 8 min to pellet the cells. The cells were re-suspended in 10 mM MgCl2 

containing 100 µM acetosyringone. N. benthamiana and N. tabacum plants were 

inoculated with the Agrobacterium inoculum into the youngest fully expanded leaves 

at the 4-5 leaf stage using a 1 mL sterile syringe. The plants were grown in a growth 

room with controlled lighting (16 hour photoperiod) at 25 ̊ C. 

2.9 DNA Extraction from Plant Tissue 

DNA was isolated from leaf tissues using the CTAB method [246]. Leaf tissue (100-

200 mg) was ground in liquid nitrogen using a pestle and mortar. Then 700 µL pre-

warmed CTAB buffer (100 mM Tris-HCl [pH 8.0], 20 mM EDTA, 2 % (w/v) CTAB, 

1.4 M NaCl) having 0.2 % [v/v] β-mercaptethanol was added to the fine powder and 

mixed. The tube was incubated at 65°C for 45 min with frequent mixing. Tubes were 

then cooled and chloroform-isoamyl alcohol (24:1; ~700 µL) was added, mixed and 

centrifuged at 16000 X g for 12 min. Then upper aqueous phase was transferred into a 

new 1.5 mL tube and 0.6 volume of isopropanol was added to precipitate DNA. The 

tubes were placed at room temperature and then centrifuged at 16000 X g for 20 min. 

Then the pellet was washed with 70 % [v/v] ethanol, dried at 37°C in an incubator for 

20 min, dissolved in SDW and stored at -20°C. 

2.10  Purification of DNA by Phenol-chloroform Extraction 

By adding SDW, the volume of the DNA solution in an eppendorf tube was made up 

to 200 μL. Then 200 μL of phenol:chloroform (1:1) added, mixed well and 
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centrifuged at 16000 X g for 5 min. The upper layer was transferred to a new tube 

without disturbing the interface. Then to the supernatant, 1/10th volume of 3 M 

sodium acetate [pH 5.4] and 2.5 volumes chilled absolute ethanol were added and the 

tube placed at -20°C for 45 min. The microfuge tube was then centrifuged at 

14000rpm for 15 min to pellet nucleic acids. The pellet was washed with 70 % [v/v] 

ethanol, dried at 37°C in an incubator, dissolved in SDW and stored at -20°C. 

2.11  DNA Analysis Techniques 

2.11.1  Quantification of DNA 

DNA was quantified using a NanoDrop (ND-2000, Bio-Rad) and spectrophotometer 

(Smartspec, Bio-Rad). The absorbance was measured at 260 nm (OD260). An OD260 of 

dsDNA of 1= 50 μg/mL. 

2.11.2  Agarose Gel Electrophoresis 

DNA samples were mixed with loading dye (6X loading Dye, Fermantas USA), 

loaded into the wells precast in the gels and elctrophoresed (100V for 30-60 min) on 1 

% (w/v) agarose gels in 0.5X TAE buffer stained with ethidium bromide (0.5 µg/mL). 

The DNA fragments stained with ethidium were visualized under UV on a UV 

transilluminator (Geldoc EZ Imager; Biorad, Hercules, California, USA) and 

photographed.  

2.12  Southern Blot Hybridization 

Southern hybridization [247] was performed as described previously [248]. DNA 

samples (~10 μg) were electrophoresed slowly on a 1.5 % [w/v] agarose gel for 4-5 

hours at low voltage. Then the gel was equilibrated with denaturation solution (1.5 M 

NaCl, 0.5 M NaOH) for 30 minutes. After the treatment, the gel was placed on the 

apparatus containing denaturation solution (Figure 2.1) and the nylon membrane 

(Hybond, Amersham Life Sciences) was placed on top of the gel. The edges of the 

filter were submerged in solution II (1.5 M NaCl, 0.5 M NaOH). Filter paper and 

tissue paper were placed on the membrane and the whole was weighted down with a 

weight to ensure good contact between the constituent parts. The following day the 

membrane was carefully separated from the gel and washed with 2X SSC (0.75 M 

NaCl and 75 mM sodium citrate) for 5 minutes and then treated with neutralization 
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solution (1.5 M NaCl, 1 M Tris [pH=7.4]) for 15 min. The membrane was then UV 

cross-linked (UV Crosslinker CL-1000; UVP, USA) at 120 mJ/cm2 to fix the DNA on 

the nylon membrane. After air drying the membrane was either hybridized or stored 

dry until use. 

 

Figure 2.1: Southern blot assembly for the transfer DNA from an agarose gel to 
a nylon membrane. 

After UV cross-linking the blot was transferred into a hybridization bottle and 

50 mL of pre-hybridization solution containing 5 mL 50X Denhardt’s solution [0.1 % 

(w/v) each of BSA, PVP (mol. wt. 40,000) and Ficol (mol. wt. 70,000)], 10 mL 20X 

SSC, 10 µL salmon sperm DNA [500 ng], 5 mL 10 % [v/v] SDS and 25 mL of SDW) 

was added. The hybridization bottle was incubated at 65°C for 2 hours in a Midi dual-

14 (Hybaid) hybridization oven. 

The radioactively labeled probe was made from a PCR product of the required 

sequences by using a DecaLabel DNA Labeling Kit (MBI Fermentas). The reaction 

mixture consisted of 10-100 ng of template DNA, 10 µL of a 10 nt random sequence 

oligonucleotide primer, 10 µL of 5X reaction buffer and SDW to make the volume up 

to 40 µL. The reaction mixture was denatured at 95˚C for 10 min and placed on ice 

for 2 min. Another reaction mixture was prepared containing 3 µL Mix C (without 

dCTP), 6 µL 50 uCi of [α-P32-dCTP, 3000 Ci mmol, aqueous solution], and 1 µl 

Klenow enzyme. Reaction mixture was incubated at 37˚C for 5 min, 4 µL dNTP mix 

was added and again incubated at 37˚C for 5 min. Reaction was stopped by adding 1 
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µL of EDTA (0.5 M, pH 8.0). The labelling reaction mixture was poured centrally 

into the column and the column centrifuged at 1,000 X g for 4 min. The resulting 

radioactive probe was denatured for 10 min at 100˚C, flash cooled in ice, added to the 

hybridization bottle and incubated at 65°C over night. 

 After hybridization the membrane was washed once in 0.5 % [w/v] SDS and 

2X SSC at room temperature for 5 minutes, once in 2X SSC with 0.1 % [w/v] SDS 

for 15 minutes at room temperature and then with 0.1X SSC and 0.5 % [w/v] SDS for 

30-60 minutes at 37°C. A final washing, if required, was in 0.1X SSC and 0.5 % 

[w/v] SDS at 55°C. The membrane was then taken out of the washing solution, 

wrapped in saran wrap and exposed to a phosphor-imaging screen for 4-24 hours. The 

phospho-imaging screen was read in a PharosFX Imager (Bio-Rad). 

2.13  Photography and Computer Graphics 

By using high resolution digital camera (Nikon D700), the plants were photographed. 

Photographs were manipulated using Picture Manager (Microsoft). Figures were 

drawn and photographs manipulated using pDRAW32 (http://www.acaclone.com/) 

and CorelDRAW Suite v.12 (Corel Corp. USA) software.  
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3 Development of a Quantitative Real Time 
PCR Assay for the Virus and Satellite 
Components of the CLCuD Complex 

3.1 Introduction 

Cotton is a leading cash crop contributing 1.5 % in GDP and earning foreign 

exchange. According to the Pakistan central cotton committee (Ministry of Textile 

Industry), Pakistan is the fourth largest producer of cotton worldwide. Total area 

under cultivation of cotton was 2961 thousand hectares [249]. Thus cotton is not only 

source of foreign exchange but also provides employment to poor people of the 

country. These facts give cotton a prime importance in the country.  

 In Pakistan Cotton production is mainly affected by cotton leaf curl disease 

(CLCuD). CLCuD is caused by a complex of viruses belonging to the genus 

Begomovirus of the family Geminiviridae [83, 250] in association with a specific 

betasatellite [83]. In 1967, CLCuD was reported for the first time in Pakistan near the 

city of Multan. However, it became epidemic in Pakistan during the year 1991-92 

near the vicinity of Multan and Pakistan suffer heavy losses during the 1990s [251]. 

Losses due to the CLCuD were reduced in Pakistan during mid and late 1990s which 

was mainly because of introduction of locally developed, tolerant, and resistant cotton 

varieties. However, during year 2001-02 a resistant breaking strain of CLCuD 

resulted in infection of all resistant varieties [241, 252, 253]. Since resistance 

breaking only Cotton leaf curl Khokhran virus - strain Burewala (CLCuKoV-Bu) and 

the recombinant strain of Cotton leaf curl Multan betasatellite (CLCuMB) have been 

consistently identified in CLCuD affected cotton in Pakistan [241, 254]. 

Highly sensitive tests are required for the detection and quantification of the 

virus in epidemiological studies and also to help in selection of lines in breeding 

programs as well as understanding of mechanism of resistance in resistant lines 

developed through conventional and genetic engineering approaches. Several methods
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have been established to detect and identify different Begomovirus species infecting 

tomato crops, like serological method based on enzyme linked immunosorbent assays 

(ELISA) [255] and immunoblotting [256, 257], DNA hybridization [258], PCR 

methods and restriction fragment length polymorphism [259-261], loop-mediated 

isothermal amplification (LAMP) [262] and qPCR for the quantitation of virus 

isolates [263]. PCR is one of the methods used extensively for the detection of 

begomoviruses. The major drawback of conventional PCR is that it cannot accurately 

determine the quantity of viruses. Moreover, some plants are phenotypically normal 

and carry very low virus titres which are below the detection limit of even 

conventional PCR. So there is need to quantify viruses in symptomatic as well as non-

symptomatic plants.  

The use of qPCR for the identification and quantification of DNA/RNA 

viruses has now become more attractive due to its greater accuracy and speed 

compared with conventional/end-point PCR or serological methods [263, 264]. The 

use of an internal control in qPCR exhibit stable expression at various experimental 

conditions and allows normalization between samples. This kind of normalization is 

very effective in direct comparisons between independent samples and to avoid false 

negative results by removing any sampling, extraction or amplification bias that could 

hamper the analyses. In qPCR several chemistries are available which includes SYBR 

Green I (DNA binding dye), hybridization and hydrolysis probes and molecular 

beacons [265]. Binding of the SYBR Green I to the minor grooves of double stranded 

(ds) DNA results in emission of fluorescence 1000 folds greater than its free form in 

solution [266, 267]. Thus there is a direct correlation of fluorescence and synthesis of 

dsDNA in the reaction tube. This fluorescence can be determined which serves as the 

measure of amplified product. This method is relatively cheap and easy to use. 

Specificity is the most important issue while using such non-specific dsDNA-binding 

dyes. However, melt curve analyses can determine any non-specific product during 

the reaction. In experiment the fluorescence of the sample can be measured containing 

known DNA amounts in parallel to actual experimental reactions. The logarithm (log) 

of the starting quantities (SQ) versus threshold cycle (Ct) is used to plot standard 

curves to evaluate the reaction efficiency and calculate the DNA present in the 

samples. 
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Protocols for the absolute quantification of begomoviruses and their cognate satellites 

causing CLCuD, using SYBR Green chemistry, have been developed. This method is 

useful to determine the amount of these viruses in cotton. The quantitative PCR assay 

was then used to investigate the relationship between disease severity and 

virus/satellite titer. 

3.2 Materials and Methods 

3.2.1 Disease Severity Scale 

The disease severity scale for CLCuD affected cotton used here is based upon a scale 

developed by Dr. Mehboob-ur-Rahman (unpublished results). It is important to note 

that symptoms of CLCuD are highly variable and dependent upon cotton variety [269] 

and environmental factors. The photos given in Figure 3.1 and the descriptions given 

below should only be taken as a rough guide, rather than an exhaustive list of the 

range of symptoms. Typically the range of symptoms for each scale are: 

 Symptom severity scale 0 - No visible symptoms of infection. 

 Symptom severity scale 1 - Very mild symptoms consisting of only vein 

darkening but rarely vein swelling on only a single (the youngest) leaf. Often 

these symptoms are transient (the plant often recovers and is non-

symptomatic). 

 Symptom severity scale 2 - Symptoms appear late and only the upper leaves 

are affected. The plants shows vein darkening, vein swelling, leaf curling and 

enations but little stunting. Rarely plants show the development of leaf-like 

enations. Plants do not recover. 

 Symptom severity scale 3 - Symptoms appear early and most of the plant is 

affected. The plant shows vein darkening, vein swelling, leaf curling, leaf 

crumpling and enations as well as stunting. Plants frequently show the 

development of leaf-like enations. Plants do not recover. 

 Symptom severity scale 4 - Plants are extremely stunted with very small, 

extremely curled leaves with extensive crumpling. Plants appear dark green 

and do not flower. Leaves show extensive vein darkening, vein swelling and 

enations, as well as, in many cases, leaf-like enations. 
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3.2.2 Sample Collection 

The leaves of CLCuD affected cotton (Gossypium hirsutum) plants were collected 

from the Nuclear Institute for Agricultural Biology (NIAB), Faisalabad and the 

Cotton Research station (CRS), Vehari, Pakistan. Leaf samples were transported on 

ice and stored at -80 ˚C. 

3.2.3 DNA Quantification 

The DNA samples and purified plasmids were quantified by spectrophotometer 

(Smartspec Plus, BioRad USA). The samples were 50 fold diluted in SDW and 

quantified at 260 nm absorbance (OD 260 of 1 = 50 μg/mL). 

3.2.4 Primers 

In order to design primers for qPCR, the sequences of CLCuD-associated 

begomoviruses and their associated satellites were downloaded from database (Table 

3.1). The retrieved sequences were aligned using ClustalX2 and areas of conservation 

were identified to which primers were designed and synthesized (Figure 3.2). All sets 

of primers were analysed in a melt curve analysis during optimization but the primer 

sets were optimized of CLCuD complex shown encircled in Figure 3.2 (one of the 

example of rejected primers which were showing more than one peak in melt curve 

analysis during qPCR is shown in Figure 3.3). 

As internal control (reference gene) in qPCR, a fragment of the cotton 

stearoyl-acyl carrier protein desaturase (sad1) gene (accession no. AJ132636) was 

selected and primers were synthesized (Table 3.1). 
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Figure 3.1: Disease severity scale for CLCuD affected cotton. 
 The disease scale runs from 0, no symptoms of infection, up to 4, severe stunting leaves small and severely twisted, all leaves of plant showing 
symptoms. See section 3.2.1 for a more detailed explanation. 
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Table 3.1: Sequences of cotton-infecting begomoviruses and their cognate 
satellites which were used to identify conserved regions 

Begomovirus Betasatellite Alphasatellite 

Species/ 

strain 

Accession 

no. 

Species/ 

Strain 

Accession 

no. 

Species/ 

strain 

Accession 

no. 

CLCuMuV AJ002458 CLCuMBMul AJ292769 CLCuMuA AJ132344 

CLCuMuV AJ002459 CLCuMBMul AJ298903 CLCuMuA AJ132345 

PaLCV AJ436992 CLCuMBMul AJ299443 CLCuMuA AJ238493 

CLCuKoV-Ko AJ496286 CLCuMBMul AJ316037 CLCuMuA AJ512948 

CLCuMuV AJ496287 CLCuMBMul AJ316038 CLCuMuA AJ512949 

CLCuKoV-Bu AM421522 CLCuMBBur AM774306 CLCuMuA AJ512950 

CLCuKoV-Bu AM774294 CLCuMBBur AM774307 CLCuMuA AJ512951 

CLCuKoV-Bu AM774295 CLCuMBBur AM774308 CLCuMuA AJ512952 

CLCuKoV-Bu AM774296 CLCuMBBur AM774309 CLCuMuA AJ512953 

CLCuKoV-Bu AM774297 CLCuMBBur AM774310 CLCuMuA AJ512954 

CLCuKoV-Bu AM774298 CLCuMBBur AM774311 CLCuMuA AJ512955 

CLCuKoV-Bu AM774299 CLCuMBBur AM774312 CLCuMuA AJ512956 

CLCuKoV-Bu AM774300 CLCuMBBur AM774313 CLCuMuA AJ512957 

CLCuKoV-Bu AM774301 CLCuMBBur FN554719 CLCuMuA AJ512958 

CLCuKoV-Bu AM774302 CLCuMBBur FN554720 CLCuMuA AJ512959 

CLCuKoV-Bu AM774303 CLCuMBBur FN554721 CLCuMuA AJ512960 

CLCuKoV-Bu AM774304 CLCuMBBur FN554722 CLCuMuA AJ512961 

CLCuKoV-Bu AM774305 CLCuMBBur FN554723 CLCuMuA AJ512962 

  CLCuMBBur FN554724 CLCuMuA AJ512963 
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Table 3.2: Oligonucleotides used in the study 

Primer Position Sequence (5’-3’) 
Size 

(bps)* 

BegomoqPCRF1 
V2 

ATGTGGGATCCACTGTTAAATGAGTTCCC 
186 

BegomoqPCRR1 GATTATATCTGCTGGTCGCTTCGACATAA 

BegomoqPCRF2 
CP 

CCGTGCTGCTGCCCCCATTGTCCGCGTCAC 
297 

BegomoqPCRR2 GTCTTAATGTTCTCATCCATCCAGATC 

BegomoqPCRF3 REn and 

CP 

ATGCAACTGTCACCGGTGGACAATACGC 
418 

BegomoqPCRR3 CTGGATGACCTCACAGCCTCCGACTGGTC 

BegomoqPCRF4 
Rep 

CTGCAGTGATGGGTTCCCCTGTGCG 
290 

BegomoqPCRR4 GAGTTCATGGGGGCCCAAAGGCTGGCA 

BetaqPCRF1 
βC1 

GATTTGACTTATATTGGGCCAATTTAAT 
241 

BetaqPCRR1 AAGATATAGTTCACAGACTTGATATACTTG 

BetaqPCRF2 
βC1 

CAAGTATATCAAGTCTGTGAACTATATCTT 
194 

BetaqPCRR2 GATACTATCCACAAAGTCACCATCGCTAAT 

BetaqPCRF3 βC1 and 

A-rich 

ATTAGCGATGGTGACTTTGTGGATAGTATC 
269 

BetaqPCRR3 ACGTGTAATACGTCTCCATCATCACTTTA 

BetaqPCRF4 
A-rich 

TAAAGTGATGATGGAGACGTATTACACGT 
191 

BetaqPCRR4 TTCGCTGCGCTCCCATTTCTTTCATAA 

ALPHAqPCRF1 
Rep 

CTAGGGTTTCCGGCCCCTTTGAATTTGGGGA 
204 

ALPHAqPCRF1 TGCCAAGATTTCAAATTTGAAATTTGAAT 

ALPHAqPCRF2 
Rep 

ATTCAAATTTCAAATTTGAAATCTTGGCA 
249 

ALPHAqPCRF2 CCTTCTTATCACGAGGGATATCAAATACAA 

ALPHAqPCRF3 
Rep 

TAATATTGTATTTGATATCCCTCGTGATAA 
110 

ALPHAqPCRF3 GCCATAAGAGGCTCATACTTATTACTAACT 

ALPHAqPCRF4 
Rep 

AGTTAGTAATAAGTATGAGCCTCTTATGGC 
136 

ALPHAqPCRF4 CACCACATGGAATACATGGGATTACATG 

S1F 
 

CCAAAGGAGGTGCCTGTTCA 
107 

S2R TTGAGGTGAGTCAGAATGTTGTTC 

 
* Predicted size of amplification product.
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Figure 3.2: Positions of the primer pairs selected for use in quantitative PCR analyses of the virus and satellite components associated 
with CLCuD.  

Primers which were ultimately used in further studies are circled. (A) Primers for amplification of the virus were designed to the V2 gene based 
upon a multiple sequence alignment of 18 begomovirus isolates. (B) Primers for amplification of the betasatellite were designed to the βC1 gene 
based upon a multiple sequence alignment of 19 Cotton leaf curl Multan betasatellite isolates. (C) Primers for amplification of the alphasatellite 
were designed to the Rep gene based upon a multiple sequence alignment of 19 isolates of Cotton leaf curl Multan alphasatellite. 
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Figure 3.3: Analysis of primers for quantitative PCR.  
All primer pairs (Table 3.2) were examined by melting curve analysis to ensure that 
there was a single peak indicative of a single product being produced. Here is one of 
example of qPCR of a set of primers which showed more than one peak during melt 
curve analysis. (A) melt curve analysis of begomovirus amplification with primer pair 
BegomoqPCRF2/BegomoqPCRR2 which showed two peaks during optimization. (B) 
More than one peak produced during amplification of betasatellite with primer pair 
BetaqPCRF1/BetaqPCRR1 in melt curve analysis. (C) melt curve analysis of 
alphasatellite amplified with primer pair AlphaqPCRF1/AlphaqPCRR1 shows more 
than one peak. 
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Figure 3.4: Production of Standards and Samples for qPCR. 
(A) Steps in the production of standards for qPCR and optimization by conventional 
PCR and qPCR and (B) steps involved in sample collection, DNA extraction, making 
of dilutions and optimization on conventional PCR. 

3.2.5 PCR Reactions 

For qPCR of virus, betasatellite and alphasatellite templates, primers designed to 

amplify ~186-bps, ~194-bps and ~249-bps fragments, respectively, within conserved 

regions were used (Figure 3.2). 

 The cotton sad1 gene (selected for its high copy number) was used as an 

internal control to normalize the values in qPCR. This gene was giving Ct values 

comparable to the virus and satellite templates. 

3.2.6 Real-Time PCR Using SYBR Green 

The reaction mixtures for qPCR consisted of 12.5 μL of SYBR Green Super Mix, 

0.25 μL of each primer (2.5 pM each), 2.5 μL of template DNA (~50 ng), and 9.5 μL 

water to make a final volume of 25 µL. 
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The cycling conditions consisted of an initial 10 min at 94 °C followed by 40 cycles 

of 30 s at 94 °C (denaturation), 30 s at 57 °C (annealing) and 30 s at 72 °C 

(extension). All reactions were conducted in triplicate (technical replicates). 

At the end of run a melt curve from 57 to 95°C, with an increment of 0.5 °C 

every 10 s, was performed in order to assess the amplified product.  

3.2.7 Standard Curve Calculations 

For each product (virus, betasatellite or alphasatellite) amplified, a standard curve was 

produced by linear regression analysis of the Ct value plotted over the amount of 

DNA of each standard dilution with three replicates. PCR equipment software 

analyzed the data automatically. 

The efficiency of PCR (E) was calculated using the formula: 

E=eln/10-s-1 ------- (3-1) 

Where “s” is the slope and “E” represents efficiency. The standard curve 

constructed with serial dilutions of genomic DNA by using the efficiency of PCR 

(100±5 %) is sufficient for quantification. 

 For the absolute quantification of the virus and satellite components of the 

CLCuD complex, quantified plasmids of Cotton leaf curl Khokhran virus 

(CLCuKoV; accession no. AJ436992), Cotton leaf curl Multan betasatellite 

(CLCuMB; accession no. AJ292769) and Cotton leaf curl Multan alphasatellite 

(CLCuMuA; accession no. AJ132344) were used as standards. Serial dilutions of 

plasmids were prepared (20ng/µL, 2ng/µL, 0.2ng/µL, 0.02ng/µL and 0.002ng/µL) 

and spiked with the equal amount of healthy cotton genomic DNA (to change the 

background of standards and make them comparable with the “dirty” genomic DNA 

samples). These samples were then analyzed in triplicate. The mean Ct of the 

triplicates was used for the estimation of begomovirus and satellite titres.  

3.3 Results 

3.3.1 Real Time PCR Optimization 

A number of primers for the quantitative amplification of virus, betasatellite and 

alphasatellite associated with CLCuD were designed based on alignments of the 
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sequences given in Table 3.1. The resulting primers (Table 3.2) were used in 

conventional PCR reactions, with varying primer concentrations (final concentration, 

0.01, 0.02, 0.03, or 0.04 pM/reaction) and varying annealing temrperatures (54°C, 

55°C, 56°C and 57°C) to amplify products from the tenfold serial dilution of 

standards of begomovirus, betasatellite and alphasatellite respectively. Primer pairs 

BegomoqPCRF1/BegomoqPCRR1, BetaqPCRF2/BetaqPCRR2 and 

ALPHAqPCRF2/ALPHAqPCRF2, for the amplification of fragments of the V2 gene 

of CLCuKoV-Bu, the βC1 gene of CLCuMB and the Rep gene of CLCuMA 

respectively (Figure 3.2), were selected based on the specificity and efficiency (results 

not shown). 

3.3.2 Analysis of the Relationship between Symptom Severity and 
DNA Titre for Components of the Begomovirus/Betasatellite/ 
Alphasatellite Complex Causing CLCuD 

The selected sets of primers were used to assess the titres of virus and satellites in 

cotton samples collected from plants showing the range of symptom severity levels 

(Figure 3.1). Two sets of plant samples were collected – one set from NIAB-

Faisalabad and one set from CRS-Vehari. For each severity level three samples (three 

plants) were analysed. In conventional PCR no amplification was observed for 

samples of severity 0 (S-0) and 1 (S-1) but samples of severity S-2, S-3 and S-4 were 

all positive using all three primer pairs. In this experiment DNA extracted from a 

healthy Gossypium arboreum plant, grown in a glasshouse was used as negative 

control. This showed no amplification at any point during the study. 

 The results of the qPCR analysis of plants of severity levels S-0 to S-4 are 

summarised in Table 3.3. For each component (virus, betasatellite and alphasatellite) 

the titres determined are shown in bar graphs (Figures 3.6, 3.8 and 3.10). Also for 

each component at each location the standard curve and melt curve analysis is shown 

(Figures 3.5, 3.7 and 3.9). The standard curve of begomovirus for CRS-Vehari 

samples and NIAB-Faisalabad samples showed a linear relationship. Melt curve 

analysis showed a single product produced, in amplification of virus (Figure 3.5). The 

titre of begomovirus in S-0 and S-1 plants from both CRS-Vehari and NIAB-

Faisalabad was very low but detectable by qPCR in a single plant in each case (Table 

3.3). This shows the high sensitivity of qPCR. The accumulation of begomovirus 
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DNA for plants of S-2 to S-4 for both CRS-Vehari and NIAB-Faisalabad samples was 

high (Table 3.3, Figure 3.6). 
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Table 3.3: Quantification of virus, betasatellite and alphasatellite titres in plants 
with the range of disease severity levels collected at NIAB-Faisalabad and CRS-

Vehari. 

Samples 

NIAB, Faisalabad CRS, Vehari 

virus  

(ng/µg) 

betasat.  

(ng/µg) 

alphasat. 

(ng/µg) 

virus  

(ng/µg) 

betasat.  

(ng/µg) 

alphasat. 

(ng/µg) 

G. arboreum* 0.000 0.000 0.000 0.000 0.000 0.000 

S-0-A 0.000 0.000 0.001 0.010 0.000 0.000 

S-0-B 0.000 0.000 0.000 0.000 0.000 0.000 

S-0-C 0.000 0.000 0.000 0.000 0.000 0.000 

S-1-A 0.000 0.000 0.002 0.000 0.000 0.000 

S-1-B 0.001 0.000 0.015 0.000 0.000 0.000 

S-1-C 0.000 0.000 0.002 0.000 0.000 0.000 

S-2-A 0.006 0.064 0.326 0.001 0.216 0.085 

S-2-B 0.010 0.034 0.344 0.001 0.144 0.168 

S-2-C 0.000 0.003 0.001 0.346 0.266 0.161 

S-3-A 0.006 0.016 0.516 0.856 0.606 0.211 

S-3-B 0.015 0.016 0.292 0.356 0.300 0.663 

S-3-C 0.011 0.045 0.218 0.327 0.074 0.534 

S-4-A 0.037 0.114 0.143 0.719 1.388 1.070 

S-4-B 0.022 0.035 0.045 0.381 0.161 0.642 

S-4-C 0.005 0.007 0.000 1.030 0.008 0.148 

 
* Results of amplification from a DNA sample extracted from a Gossypium arboreum plant maintained 
in an insect free glasshouse. 
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Figure 3.5: Standard curve and melt curve for the amplification of begomovirus 
from CRS Vehari and NIAB Faisalabad samples.  

(A) Standard curve for the amplification of begomovirus from CRS Vehari samples 
with a PCR efficiency of 95.9 %, slope -3.392 and correlation coefficient 0.991. (B) 
Melt curve analysis of the products amplified from CRS Vehari samples. (C) Standard 
curve for the amplification of begomovirus from NIAB Faisalabad samples with a 
PCR efficiency of 95.4 %, slope -3.391 and correlation coefficient 0.999. (D) Melt 
curve data analysis of the products amplified from NIAB, Faisalabad samples. 
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Figure 3.6: qPCR estimation of the titre (ng per µg of total DNA) of virus in 
cotton plants displaying the range of CLCuD symptom severity levels.  

The DNA samples analysed were extracted from (A) samples collected at CRS Vehari 
and (B) NIAB Faisalabad For each severity level (indicated as 0 to 4 in Section 3.2.1) 
three plants (A to C) were analysed. This experiment was repeated three times and 
samples of each experiment were analysed in three technical repeats.The results 
shown are the means with standard deviation. 

The standard curve of betasatellite for CRS, Vehari samples and NIAB, 

Faisalabad samples showed a linear relationship. Melt curve analysis showed a single 

product produced, in amplification of betasatellite (Figure 3.7). Betasatellite was not 

detected in S-0 and S-1 plants from either location (Table 3.3). The accumulation of 

betasatellite in plants of S-2 to S-4 for both CRS-Vehari and NIAB-Faisalabad 

samples was high variable (Table 3.3, Figure 3.8).  
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Figure 3.7: Standard curve and melt curve for the amplification of betasatellite 
from CRS Vehari and NIAB Faisalabad samples.  

(A) Standard curve for the amplification of betasatellite from CRS Vehari samples 
with a PCR efficiency of 95.9 %, slope -3.392 and correlation coefficient 0.991. (B) 
Melt curve analysis of the products amplified of CRS Vehari samples. (C) Standard 
curve for the amplification of betasatellite from NIAB Faisalabad samples with a PCR 
efficiency of 95.4 %, slope -3.391 and correlation coefficient 0.999. (D) Melt curve 
data analysis of the products amplified of NIAB, Faisalabad samples. 
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Figure 3.8: qPCR estimation of the titre (ng per µg of total DNA) of betasatellite 
in cotton plants displaying the range of CLCuD symptom severity levels.  

The DNA samples analysed were extracted from (A) samples collected at CRS Vehari 
and (B) NIAB Faisalabad. For each severity level (indicated as 0 to 4) three plants (A 
to C) were analysed. This experiment was repeated three times and samples of each 
experiment were analysed in three technical repeats. The results shown are the means 
with standard deviation. 

The standard curve of alphasatellite for CRS-Vehari samples and NIAB-

Faisalabad samples showed a linear relationship. Melt curve analysis showed a single 

product produced, in amplification of alphasatellite (Figure 3.9). No alphasatellite was 

detected in S-0 plants and in one S-1 plant NIAB, Faisalabad but at very low titre not 

detected by conventional PCR (Table 3.3). The accumulation of alphasatellite in 

plants of S-2 to S-4 for both CRS-Vehari and NIAB-Faisalabad samples was high 

(Table 3.3, Figure 3.10). 
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Figure 3.9: Standard curve and melt curve for the amplification of alphsatellite 
from CRS Vehari and NIAB Faisalabad samples.  

(A) Standard curve for the amplification of alphsatellite from CRS Vehari samples 
with a PCR efficiency of 95.5 %, slope -3.396 and correlation coefficient 0.996. (B) 
Melt curve analysis of the products amplified of CRS Vehari samples. (C) Standard 
curve the amplification of alphasatellite from NIAB Faisalabad samples with a PCR 
efficiency of 95.8 %, slope -3.395 and correlation coefficient 0.998. (D) Melt curve 
data analysis of the products amplified of NIAB, Faisalabad samples. 
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Figure 3.10: qPCR estimation of the titre (ng per µg of total DNA) of 
alphasatellite in cotton plants displaying the range of CLCuD symptom severity 

levels.  
The DNA samples analysed were extracted from (A) plants collected at CRS Vehari 
and (B) NIAB Faisalabad. For each severity level (indicated as 0 to 4) three plants (A 
to C) were analysed. This experiment was repeated three times and samples of each 
experiment were analysed in three technical repeats. The results shown are the means 
with standard deviation. 

3.4 Discussion 

A qPCR procedure for the absolute quantification of begomovirus, betasatellite and 

alphasatellite associated with CLCuD was developed. Considerable difficulty was 

experienced in obtaining a primer pair suitable for amplification of virus. Ultimately a 

virus pair amplifying part of the V2 gene was found to produce acceptable results in 

qPCR. The qPCR assay was then used to investigate the relationship between CLCuD 

severity in cotton and the DNA levels of the virus/satellites. Three samples each were 
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collected from plants exhibiting CLCuD symptoms with severity rating 0, 1, 2, 3 and 

4 as well as from plants exhibiting no symptoms. This sampling procedure was 

conducted at two sites, Faisalabad and Vehari, and then the qPCR assay was used to 

examine all samples. 

 Overall, for all three components (virus and satellites) there was a positive 

correlation between disease severity and virus/satellite titre – thus more severe disease 

is associated with more virus/satellite DNA. For disease severity 0, 1 and, in most 

cases, 2 plants virus and satellites were either not detected or detected in minute 

amounts, whereas for disease severity scale 3 and 4 plants relatively large amounts of 

virus and satellites were detected. 

 Surprisingly virus was detected in a plant (plant A) of severity scale 0 

originating from Vehari. This is thus a plant showing no visible symptoms but 

harbouring virus. This is best explained as a plant variety with strong resistance (but 

not immunity) to the virus complex causing CLCuD which can tolerate a certain 

amount of virus without exhibiting symptoms. In this plant no betasatellite and 

(probably) no alphasatellite were detected. Since betasatellites depend on a helper 

virus for replication it is more than likely that in Vehari plant A there is insufficient 

virus to replicate the betasatellite to detectable levels. What controls alphasatellite 

abundance in plants remains unclear. Alphasatellites require a helper virus for 

movement in and between plants but replicate autonomously in permissive cells. This 

might explain why (possibly) minute levels of alphasatellite can be detected in plant 

A. 

 It is likely that all G. hirsutum varieties are, to some degree, susceptible to 

CLCuD. Recent analyses have shown that G. arboreum, a diploid cotton species long 

believed to be immune to CLCuD, in fact is susceptible but exhibits an extreme 

resistance [268]. G. arboreum will support the replication of CLCuKoV-Bu and 

CLCuMB when grafted with a CLCuD symptomatic scion from infected G. hirsutum. 

However, the plant recovers from infection, and virus/betasatellite levels fall below 

the detection threshold, when the scion is removed. So when there is a continual 

supply of virus from an infected scion G. arboreum shows virus/satellite replication 

but upon removal of the scion plant host defences (such as gene silencing) clear the 

virus rapidly. 
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For all three components of the complex, virus, betasatelitte and alphasatellite, the 

amounts (titre) of each component, when detected, is higher in the samples from 

Vehari than in the samples collected from Faisalabad. The reason for this is unclear. 

Vehari is almost every year noted as a “hot-spot” for CLCuD, having the highest 

incidence and the overall highest severity of the disease [269]. Over the years 

sequencing of representative virus and satellite components has not indicated any 

significant difference between the virus, betasatellite and alphasatellites occurring in 

Vehari and Faisalabad [241]. Nor are the varieties of cotton grown in Vehari 

significantly different from those grown in Faisalabad. One possibility is that there are 

differing B. tabaci biotypes (cryptic species) prevalent in Vehari and Faisalabad – 

biotypes that transmit the virus-satellite complex with differing efficiencies. This is 

unlikely since a recent analysis of the diversity of B. tabaci across Pakistan, based on 

mitochondrial COI sequences, did not show differences between these two locations 

(Mariyam Masood, manuscript in preparation). The only remaining possibility is that 

there are differing environmental conditions in the two locations, with those in Vehari 

favouring the virus complex more than the conditions in Faisalabad. Certainly Vehari 

is more arid than Faisalabad and has higher mean temperatures during the cotton 

season than Faisalabad which could certainly affect plant growth and virus replication 

and spread. The reason for this difference (differing disease severity and concomitant 

differences in virus/satellite DNA titres) and the possible effects of environmental 

variables will require further investigation. 

 As was noted during the characterisation of the virus associated with 

resistance breakdown in cotton that an alphasatellite is not always associated with the 

CLCuD complex [241]. Sample C from Faisalabad lacked any detectable 

alphasatellite. This is consistent with the idea that alphasatellites are non-essential 

components [270, 271].  

The results presented here show that qPCR is a useful way of looking at 

virus/satellite titres in plants. It has shown that symptom severity is a general guide to 

virus and satellite abundance but that this relationship is not absolute. This means that 

a cotton plant with severe symptoms may actually harbour little virus/satellite (a 

highly susceptible plant) and that a plant with no symptoms may harbour 

virus/satellite (a highly resistant [highly tolerant] plant). It is evident that a qPCR 
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assay, such as that presented here, would be a useful additional tool in examining the 

response of cotton plants to the virus complex causing CLCuD. 
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4 Quantitative Real-Time PCR as a Tool for 
Examining Cotton Resistance to the Virus 

Complex Causing CLCuD: the 2014 NCVT 
Trials as a Case Study 

4.1 Introduction 

Cotton is the backbone of the economy of Pakistan which contributes 60 % of the 

foreign exchange. The cotton crop is cultivated on 2.96 million hectares and average 

lint production annually of 670 kg/ha [272]. At this time cotton production is severely 

affected by CLCuD. 

The first report of CLCuD in Pakistan was near the city of Multan in 1967 but 

remained a sporadic problem affecting only a few plants [273]. At Moza Khokhran, 

near Multan, a whole field of an imported American cotton variety was severely 

affected in 1988. This was the beginning of the epidemic spread of CLCuD to almost 

all areas growing cotton in Pakistan and into north-western India.  

By the late 1990s plant breeders, using conventional breeding and selection 

methods, had introduced many varieties with resistance derived from the varieties CP-

15/2, LRA-5166 and CIM-443 [274], which stemmed the losses from CLCuD [275]. 

However, from 2001 onwards, all previously resistant cotton varieties began to show 

CLCuD symptoms, initiating in the vicinity of the city of Burewala, district Vehari. 

The epidemic of the resistance breaking virus complex spread across most cotton 

growing areas of Pakistan and into north-western India. [252, 276-278]. Analyses of 

the virus complex causing the disease at this time showed it to be caused by a distinct 

strain, the Burewala strain, of CLCuKoV and a recombinant version of CLCuMB 

[241, 277]. At this time there are no commercial cotton varieties available to farmers 

with resistance/tolerance to the CLCuKoV-Bur/CLCuMBBur complex. However, a 

number of promising cotton lines are under investigation, including Mac-7 [272].
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In Pakistan the National Coordinated Varietal Trials (NCVT) are conducted under the 

auspices of the Pakistan Central Cotton Committee (PCCC; http://www.pccc.gov.pk/) 

every year; an apex national research organization conducting research on cotton. The 

trials are conducted with the objective of assessing promising breeding 

material/strains developed by cotton breeders of federal and provincial institutions, as 

well as the private sector, for suitability under varied climatic/soil conditions of 

different ecological zones of the country. Since the trials provide extensive 

information on varietal performance, this was chosen as the source for materials to 

assess the usefulness of qPCR analysis as an aid, an additional tool, to help in 

determining the best cotton varieties for cultivation. 

4.2 Materials and Methods 

4.2.1 Sample Collection and DNA Extraction 

Samples of plants of the 2014 NCVT were collected at three locations, from NIAB 

(Faisalabad), CCRI (Multan) and CRS (Vehari) of five varieties (Figure 4.1) and ten 

samples (Plants) of each variety. The samples were kept in the plastic bags and 

labeled, then immediately shifted to ice and stored at -80°C. DNA was extracted from 

leaf tissue by the CTAB method (Chapter 2 section 2.9) and quantified using a 

NanoDrop spectrophotometer (Chapter 2, section 2.11.1). 
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Figure 4.1: Symptoms exhibited by the field collected samples for the varieties B-01, B-02, B-10, B-12 and B-23 of the NCVT trials in 
CCRI Multan, NIAB Faisalabad and CRS Vehari. 
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4.2.2 Quantification of Virus and Satellite DNA Titres 

qPCR analyses of begomoviruses and satellites were performed as described 

previously (Chapter 3, sections 2.6 and 2.7). 

4.2.3 Statistical Analysis 

Statistical analyses were performed using the software PASW Statistics 18 (formerly 

SPSS Statistics; SPSS Inc., Chicago, USA [http://www.spss.com.hk/statistics/). Path 

coefficient analyses were also performed to check the correlation of different 

combinations of CLCuD complex with seed cotton yield (SCY) by using the software 

IBM SPSS Amos graphics [http://www-03.ibm.com/software/products/en/spss-amos]. 

4.3 Results 

To ascertain whether qPCR analysis of virus and satellite components of the CLCuD 

complex would be useful in selecting cotton varieties for cultivation, samples were 

collected from the 2014 NCVT. Three NCVT locations, the Central Cotton Research 

Institute (CCRI) in Multan, the Nuclear Institute for Agriculture and Biology (NIAB) 

in Faisalabad and the Cotton Research Station (CRS) in Vehari (part of the AYUB 

Agricultural Research Institute, Faisalabad) were selected at random from the ten sites 

that are used by the NCVT. From these three sites varieties with codes B-01, B-02, B-

10, B-12 and B-23 were collected.  

 All the varieties selected showed symptoms of CLCuD – none were immune. 

However, there were differences in symptom severity for the same variety at different 

locations (Table 4.1). Overall symptom severity, across all varieties, was highest in 

Multan and lowest in Vehari. 

The extracted DNA was subjected to qPCR for quantification of begomovirus, 

betasatellite and alphasatellite. The standard curves showed linear relationship for 

virus and satellites, between the amount of input DNA and threshold cycles (CT), 

over a 6 log units (Figure 4.2). In addition a melt curve analysis for each sample 

showed a single product, exemplified by their being only a single peak of 

amplification product (Figure 4.2).  

The results of the qPCR analysis of the NCVT plants are tabulated in Table 

4.1 and summarised in Figure 4.3. Additionally the qPCR results are shown relative to 
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the SCY for each variety at each location. As with the results in Chapter 3, the 

calculated titres for virus and satellites were quite variable, both between different 

varieties at one location and the same varieties at different locations. Overall the 

alphasatellite titres appear high in Vehari and Multan but low in Faisalabad. The 

betasatellites titre was overall low in Multan relative to Faisalabad and Vehari.  

 Correlation between the DNA levels of the three components of the CLCuD 

complex and SCY were calculated using SPSS16 at significance level of 5 % (Table 

4.2). The begomovirus titre showed a positive, but non-significant (P< 0.05) 

correlation with betasatellite, alphasatellite and SCY. Alphasatellite titre showed a 

non-significant, negative correlation with SCY (P< 0.05) and a positive, non-

significant correlation with begomovirus and betasatellite titres. In contrast, 

betasatellite titre showed a significant and negative correlation with SCY. 

The path coefficient analyses shows that there is a positive effect of virus titre 

on SCY but in conjunction with betasatellite titre it shows a negative effect on SCY 

(Figure 4.4). Begomovirus titre with alphasatellite titre also shows a negative effect 

on SCY but less than that of betasatellite titre. For alphasatellite titre the path 

coefficient analyses show a negative effect on SCY. The path analyses show the 

greatest effect was for betasatellite titre, having an inverse effect on SCY.  
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Table 4.1 Determined virus, betasatellite and alphasatellite titres in 5 cotton varieties across three geographical locations. 

V
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CCRI, Multan NIAB, Faisalabad CRS, Vehari 
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virus 

(ng/µg) 

betasat. 

(ng/µg) 

alphasat. 

(ng/µg) 

SCY* 

(kg/ha) 
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virus 

(ng/µg) 

betasat. 

(ng/µg) 

alphasat. 

(ng/µg) 

SCY* 

(kg/ha) 

S
ev

er
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y@
 

virus 

(ng/µg) 

betasat. 

(ng/µg) 

alphasat. 

(ng/µg) 

SCY* 

(kg/ha) 

B-01 3 0.528 0.412 0.040 3118.0 3 0.008 0.619 0.008 2302.0 2 0.009 0.930 0.055 2165.0 

B-02 3 0.876 0.636 0.030 2875.0 2 0.006 0.754 0.007 1704.0 3 0.103 0.959 0.045 2082.0 

B-10 2 0.071 0.140 0.006 4054.0 3 0.063 0.959 0.00001 2474.0 2 0.972 0.826 0.052  2209 .0 

B-12 3 0.082 0.072 0.018 3159.0 2 0.020 0.672 0.00001 3805.0 3 0.139 0.497 0.015 1282.0 

B-23 2 0.428 0.251 0.033 2960.0 3 0.313 1.156 0.039 1936.0 1 0.060 0.687 0.031 1296.0 
 

@ Disease severity rating (as described in Chapter 3, section 3.2.1)  

*Seed cotton yield. Data kindly provided by Dr. Tassawar Hussain Malik (Director Research, Pakistan Central Cotton Committee). 
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Figure 4.2: Standard curve and melt curve for begomovirus from NIAB 
Faisalabad, CRS Vehari and CCRI Multan samples of NCVT trails. 

 (A) Standard curve for begomovirus with a PCR efficiency of 96.8 %, slope of -3.500 
and correlation coefficient 0.977 of begomovirus [left] and melt curve [right]. (B) For 
betasatellites the standard curve for betasatellite with a PCR efficiency of 95.7 %, 
slope of -3.228 and correlation coefficient 0.997 [left] and melt curve [right]. (C) 
Standard curve for alphasatellite with a PCR efficiency of 96.0 %, slope of -3.591 and 
correlation coefficient 0.992[left] and melt curve [right]. The melt curve plots 
negative rate of change of fluorescence (-d(RFU)/dT) against temperature. 
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Figure 4.3: qPCR estimation of the titre (ng of component [virus or satellite] per 
ug of total DNA) of virus, betasatellite and alphasatellite in DNA samples 

extracted from cotton plants collected from the NCVT trials.  
Calculated titre of begomovirus (A) betasatellite (B) and alphasatellite (C). The 
scatter chart shows the yield of the varieties at each location. The varieties are given 
as the NCVT codes B-1, B-2, B10, B12 and B23. The samples originated from the 
fields at CCRI Multan (M), NIAB Faisalabad (N) and CRS Vehari (V). The healthy 
control (H.C) is a glasshouse grown cotton plant that was not infected. This 
experiment was repeated three times and samples of each experiment were analysed 
in three technical repeats. The results shown are the means with standard deviation. 
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Table 4.2: Analysis of the correlation between the titres of virus, betasatellite and 
alphasatellite titres and SCY 

 
Begomovirus Alphasatellite Betasatellite SCY 

B
eg

om
ov

ir
us

 P. value@ 1    

Sig. (2-tailed)$     

N£ 15    

A
lp

ha
sa

te
lli

te
 P. value@ 0.508 1   

Sig. (2-tailed)$ 0.053    

N£ 15 15   

B
et

as
at

el
li

te
 P. value@ 0.013 0.307 1  

Sig. (2-tailed)$ 0.965 0.267   

N£ 15 15 15  

Y
ie

ld
 

P. value@ 0.025 -0.347 -0.575* 1 

Sig. (2-tailed)$ 0.928 0.205 0.025  

N£ 15 15 15 15 

* Correlation is significant at the 0.05 level (2-tailed). 
@ Probability value 
$ Significance  
£ Number of samples 

4.4 Discussion 

The NCVT are a yearly set of trials to establish the best cotton varieties for cultivation 

in the varied agro-ecological zones of Pakistan. The trials usually involve several 

dozen varieties developed by federal, provincial and private organisations across at 

least twenty sites. With the limited availability of consumables it was impossible to do 

a comprehensive analysis of all varieties across all sites of the NCVT. Instead three 

sites and 10 cotton varieties were selected to assess the possible use of qPCR to 

provide a quantitative measure of the susceptibility of a cotton variety to the virus and 

betasatellite causing CLCuD, as well as the alphasatellite they are frequently 

associated with. 
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 Here SCY was used as a measure of varietal performance. Clearly it would 

have been preferable to use cotton lint yield as a measure of varietal performance. 

Cotton lint yield and, particularly, quality is the major indicator of price which will be 

obtained for the crop. Unfortunately the NCVT does not measure the lint yield for 

each variety at each location. Rather SCY was the only available measure which was 

taken for each variety at each location and thus this had to be used here as the 

measure of plant performance. Whether this choice has any effect on the results is 

unclear, but it will be desirable, in the future, to investigate the relationship between 

virus/satellite DNA levels and lint yield. 

 Considerable variability was found in both SCY and virus/satellite titre in the 

study shown here. The variability of the SCY between the varieties in a specific 

location may be due to their different genetic makeup, so they have different levels of 

resistance/tolerance against the CLCuD complex. The variability of the SCY for one 

variety at different locations may be due to environmental conditions. It may also be 

the case that different locations have different “strains/variants” of the 

begomovirus/betasatellite/alphasatellite yielding a different intensity of infection. 

There may also be some abiotic stresses, such as water stress which can also cause 

variability in SCY as well as other biotic stresses which may differ between the 

locations. It is precisely for this reason that the NCVT are conducted at multiple 

locations. 

The results obtained here suggest that it is betasatellite level that has the 

greatest effect on cotton performance rather than virus or alphasatellite titre, or even 

virus and betasatellite titre. This is surprising since the betasatellite entirely depends 

on the helper begomovirus for its encapsidation, replication and movement [83]. 

Betasatellites encode only a single protein, known as βC1. βC1 is a symptom 

determinant (pathogenicity determinant) [86, 279], is a suppressor of both PTGS and 

TGS [92, 97, 98], alters the pattern of miRNA expression [95], may upregulate the 

level of virus in plants [83] and also may be involved in virus movement in plants 

[280], binds with DNA/RNA [92], interacts with a variety of host factors [100, 281], 

interacts with the CP of helper begomovirus, forms multimeric complexes [93, 94] 

and suppresses jasmonic acid responses in plants [282]. It is clear that βC1 plays an 

important part in virus infection and could be the determining factor in plant 

performance. This is possibly not surprising and should be investigated further. Some 
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evidence which supports this is already available, infection of cotton with a 

begomovirus alone, in this case it was CLCuMuV, induced only mild symptoms [85] 

full CLCuD require CLCuMB [83]. 

 

Figure 4.4: Path coefficient analysis of the correlation of virus, betasatellite and 
alphasatellite with seed cotton yield. 

It is evident that the performance of cotton under varying environmental 

conditions and CLCuD pressure is complex - hence the need for trials such as those 

conducted under the NCVT. Nevertheless, the qPCR method outlined here would 

provide an additional character, other than symptoms, to determine/quantify cotton 

response to the viruses causing the disease. This can be useful in the decision making 

process on which cotton varieties to carry forward in the development pipeline for 

commercially acceptable, high yielding varieties. Put simply, in the absence of 

immunity it is desirable for a variety to show mild symptoms (preferably no 

symptoms) and to harbour a low virus titre (preferably no virus) – noting that the 

results obtained here suggest that it is betasatellite titre that is important rather than 

virus. So the present NCVT trials monitor disease severity and qPCR would provide 

the virus/satellite titre element. The authorities conducting the NCVT, and similar 

trials of cotton varieties, should give serious consideration to include a qPCR element 

into the evidence that is used in the decision making process in deciding which 

varieties to recommend farmers to grow. 
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5 Interaction of Distinct Betasatellites with 
Tomato leaf curl New Delhi virus  

5.1 Introduction 

In south Asia both monopartite and bipartite begomoviruses are involved in causing 

disease in tomato [79, 278, 283, 284]. Tomato leaf curl New Delhi virus (ToLCNDV) 

is the predominant bipartite begomovirus infecting elite cultivars of tomato crops in 

northern India [285]. The virus causes stunted growth and severe leaf curl. To date no 

resistance sources are available in tomato germplasm against the virus. The majority 

of OW monopartite begomoviruses which infect tomato are associated with a class of 

small ssDNAs, known as betasatellites, which depend on the helper virus for 

movement, replication and encapsidation within the plant and are in many cases, 

symptom determining [83, 286-288]. 

In rare cases betasatellites are detected with bipartite begomoviruses such as 

Mung bean yellow mosaic India virus [289-291], Tomato yellow leaf curl Thailand 

virus [292] and ToLCNDV [283]. Although the interaction of betasatellites with 

monopartite begomoviruses has been well investigated, this is not the case for the 

interaction with bipartite begomoviruses. The study here was designed to investigate 

the interaction of bipartite begomoviruses with betasatellites. 

5.2 Materials and Methods 

5.2.1 Design of Primers for Quantitative Real-Time PCR 

For southern blot probe and real time PCR primers were designed on the conserved 

regions of all available sequences ToLCNDV DNA A, ToLCNDV DNA B, 

CLCuMBMul, CLCuMBBur and TbLCB by using alignments generated using Clustal 

X2 (Table 5.1; Figure 5.1). 
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Table 5.1: Oligonucleotides used in the study 

Primer Sequence (5’-3’) 
Amplification 

product (bps) 

V2 qPCR F GTCGAAGCGACCAGCAGATAT 
190 

V2 qPCR R GGAACATCTGGACTTCTGTAC 

BC1 qPCR F GTTGTATGCGAATAGGAAATTCG 
192 

BC1 qPCR R CAGGTTCATAGTCGACGTTCGC  

B MP qPCR F GCCCATGATTCGTTCGGAC 
181 

B MP qPCR R1 GAATTCCGACCACCAAAGAT 

ND-B Probe F GCCCATGATTCGTTCGGAC 
475 

ND-B Probe R CACGTGGTACTGGAATATCGCA 

ND-A Probe F CCTTTAATCATGACTGGCTT 
249 

ND-A Probe R CATTTCCATCCGAACATTC 

Beta Probe F GATTTGACTTATATTGGGCCAATTTAAT 
406 

Beta Probe R GATACTATCCACAAAGTCACCATCGCTAAT 

TbBeta Probe F GTCTATTACAGGAGCCTCTTCCATC 
475 

TbBeta Probe R CCAGAAGGGGATGGAATTCATCAT 

18s F TCTGCCCTATCAACTTTCGATGGTA 
137 

18s R AATTTGCGCGCCTGCTGCCTTCCTT 
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Figure 5.1: Diagram showing the positions of primers on ToLCNDV DNA A (A), DNA B (B) and TbLCB (C) that were used in the 
quantitative PCR assays. 
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5.2.2 Origins of Viruses and Satellites 

Infectious constructs of ToLCNDV DNA A (U15015), DNA B (U15016), 

CLCuMBMul (AJ292769), CLCuMBBur (AM774307) and TbLCB (AM922485) have 

been described earlier [197, 241, 289, 293]. These constructs transformed into 

Agrobacterium tumefaciens strain GV-3101 for inoculation in N. benthamiana. 

5.2.3 Agroinoculation 

Agrobacterium tumefaciens cultures harbouring constructs in binary plasmid vectors 

were inoculated in N. benthamiana plants at the 6-8 leaf stage and some plants were 

also mock inoculated in which inoculum contains only binary vector having no 

construct in A. tumefaciens. Two to three leaves were infiltrated with a sterile 1mL 

syringe by using 0.5-1 mL inoculum [294]. Plants were placed in a glasshouse which 

was maintained insect-free and observed for the appearance of symptoms on a daily 

basis. At 25 days after inoculation, leaf samples were taken to extract DNA for qPCR 

and Southern blotting after taking photograph of the plants. 

5.2.4 Southern Hybridization 

Newly emerged leaves at 25 days post inoculation (dpi) plants were taken to extract 

DNA from 100 mg of leaf tissue by the CTAB method [295] for southern 

hybridization analysis. The DNA from three plants was pooled to make one sample 

and two such samples were used for southern blotting for each treatment. Total 8μg of 

DNA was run on 1.5 % agarose gels then transferred to nitrocellulose membranes and 

by using standard protocol, hybridized with α32P-dCTP labelled probes [296]. DNA A 

was detected by using radiolabeled specific probe (a 628 bp fragment of the Rep 

Gene), a specific probe for DNA B (a 475 bp fragment of the MP gene). For 

betasatellites the respective βC1 gene was used as a specific radioactive probe. After 

hybridization phosphor screen was scanned on a Pharos FxTM molecular imaging 

system by using Quantity one version 4.6.9. 

5.2.5 Quantitative Analysis 

DNA was extracted from 100 mg of leaf tissue taken from plants at 25dpi and was 

used for quantitative real time PCR (qPCR) on a Chromo4TM Real Time PCR 

Detection System (Bio-Rad) and qPCR assay was done using SYBR Green Real-
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Time PCR Master Mix (Thermo). All components were quantified in qPCR by using 

specific primers (Table 4.1).  

One sample of DNA made for analysis by pooling three samples DNA. The 

reaction mixture rand PCR conditions were as described in chapter 3 section 3.2.6. 

The ten-fold serial dilutions of standards were used to make the standard curves and 

melt curve analysis was done as described in chapter 3 section 3.2.7. The amount of 

each component under study was normalized to the 18S RNA internal control gene. 

5.3 Results 

Inoculation of N. benthamiana plants with ToLCNDV DNA A (TA) and DNA B (TB) 

resulted in infection of all inoculated plants that showed vein swelling and upward 

leaf curling symptoms of leaves developing subsequent to inoculation (Figure 5.2) 

which were first evident at 9 dpi (Table 5.2). Similarly inoculation with only TA led 

to symptoms that were milder than to those induced by TA/TB. Southern blot analysis 

of plants showed the presence of TA in both TA and TA/TB inoculated plants at 

approximately the same levels (Figure 5.4). This was confirmed by quantitative PCR 

analysis which showed approx. 0.08 ng of TA per µg of total genomic DNA (Figure 

5.9; Table 5.3). Additionally TB was detected in TA/TB inoculated plants but not TA 

inoculated plants (Figures 5.4 and 5.9). Neither TA nor TB was detected in plants that 

were either not inoculated or mock inoculated (Figures 5.4, 5.7 and 5.9). 

 N. benthamiana plants inoculated with TA and TB in the presence of 

CLCuMBMul (MB) or with just TA in the presence of MB similarly led to all plants 

showing symptoms but possibly symptoms took a little longer to appear (10 days 

compared to 9 days without the betasatellite; Table 5.2). The symptoms in this case 

were downward leaf curling/cupping with vein swelling (Figure 5.2). Southern blot 

analysis of plants showed the presence of MB in both plants coinoculated with TA 

and TA/TB at approximately the same levels (Figures 5.5 and 5.6), showing 

approximately equal levels of MB in each case (Figure 5.9). However, the titre of TA 

in TA/TB/MB inoculated plants was approximately twice that in TA/MB inoculated 

plants.  

In contrast to MB, N. benthamiana plants inoculated with TA and CLCuMBBur 

(LB) or TA/TB/LB developed symptoms more reminiscent of TA/TB in the absence 
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of a betasatellite with upward leaf curling and vein swelling (Figure 5.2). Although 

Southern blot analysis showed the presence of TA in plants inoculated with either 

TA/TB/LB or TA/LB, as well as DNA B in TA/TB inoculated plants, the betasatellite 

was not detected (Figures 5.3, 5.5 and 5.7). Quantitative PCR analysis confirmed this 

finding, showing a very low LB titer in plants inoculated with LB (Figure 5.9). 

 N. benthaimana plants co-inoculated with TobLCB (Tb.B) developed 

symptoms that were significantly different from plants co-inoculated with either MB 

or LB. Plants showed downward curling (cupping) of leaves, less crumpling than LB 

or MB inoculated plants as well as veins swelling (Figure 5.2). Southern blot analysis 

seemed to suggest that plants co-inoculated with Tb.B and either TA or TA/TB 

contained more TA DNA than plants inoculated with only TA or TA/TB (Figure 5.4). 

Quantitative PCR analysis confirmed this finding for TA/Tb.B inoculated plants but 

not TA/TB/Tb.B inoculated plants. TA/Tb.B inoculated plants were found to contain 

more than twice the titer of TA than plant inoculated with only TA (0.18 compared to 

0.08 ng of TA per µg of total genomic DNA (Figure 5.9; Table 5.3). Although Tb.B 

could be detected in co-inoculated plants by Southern blotting (Figure 5.6), the 

quantitative PCR analysis suggested that betasatellite titres in plants were very low 

(Figure 5.9).  

 To ensure that the quantitative PCR analyses were detecting only a single 

product, at the end of each run a melting curve analysis was conducted on the 

products produced. Figure 5.8 shows the standard curves and melting point analyses 

for selected amplification runs. This shows, in each case, only a single peak, 

indicative of a single product. 
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Table 5.2: Infectivity of betasatellites with ToLCNDV in N. benthamiana 

I n o c u l u m * 

Infectivity 

Symptoms$ 
Latent period 

(days) 

Diagnostics by qPCR (plants infected/ inoculated) Southern 

Exp. 1 Exp. 2 Exp. 3 

TA TB 

MB, 

LB or 

Tb.B 
TA TB 

MB, 

LB or 

Tb.B 

TA TB 

MB, 

LB or 

Tb.B 

TA TB 

MB, 

LB or 

Tb.B 

TA 6/6 - - 6/6 - - 6/6 - - + - - ULC,VT 9 

TA/TB 6/6 6/6 - 6/6 6/6 - 6/6 6/6 - + + - ULC,VT 9 

TA/TB/MB 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 + + + DLC,VT 10 

TA/MB 6/6 - 6/6 6/6 - 6/6 6/6 - 6/6 + - + DLC,VT 10 

TA/TB/LB 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 + + + ULC,VT 10 

TA/LB 6/6 - 6/6 6/6 - 6/6 6/6 - 6/6 + - + ULC,VT 10 

TA/TB/Tb.B 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 6/6 + - + DLC,VT 10 

TA/Tb.B 6/6 - 6/6 6/6 - 6/6 6/6 - 6/6 + - + DLC,VT 10 

 
*Viruses and satellites are denoted as ToLCNDV DNA A (TA), ToLCNDV DNA B (TB), CLCuMBMul (MB), CLCuMBBur (LB) and TbLCB (Tb.B). 
$ Symptoms are denoted as downward leaf curling (DLC), upward leaf curling (ULC) and vein thickening (VT).
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Table 5.3: Quantification of components in N. benthamiana plants coinoculated 
with ToLCNDV and betasatellites. 

Inoculum* 

Component DNA concentration  

(ng/mg total DNA) 

TA TB Betasatellite 

Healthy@ 0.000 0.0000 0.0000 

TA 0.084 0.0000 0.0000 

TA/TB 0.081 0.0003 0.0000 

TA/TB/MB 0.056 0.0004 7.1792 

TA/MB 0.119 0.0000 8.3996 

TA/TB/LB 0.048 0.0004 0.0003 

TA/LB 0.060 0.0000 0.0123 

TA/TB/Tb.B 0.054 0.0005 0.0083 

TA/Tb.B 0.184 0.0000 0.0174 

 
*Viruses and satellites are denoted as ToLCNDV DNA A (TA), ToLCNDV DNA B (TB), 
CLCuMBMul (MB), CLCuMBBur (LB) and TbLCB (Tb.B). 
@Values obtained with DNA extracted from a healthy, non-inoculated N. benthamiana plant 
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Figure 5.2: Symptoms exhibited by N. benthamiana plants inoculated with ToLCNDV and selected betasatellites.  
The plants shown were either inoculated with ToLCNDV DNA A ( A), ToLCNDV DNA A and DNA B (B), ToLCNDV DNA A, DNA B and 
CLCuMBMul (C), ToLCNDV DNA A and CLCuMBMul (D), ToLCNDV DNA A, DNA B and CLCuMBBur (E), ToLCNDV DNA A and 
CLCuMBBur (F), ToLCNDV DNA A, DNA B and TobLCB (G), ToLCNDV DNA A and TobLCB (H). Healthy, non-inoculated (I) and mock 
inoculated (J) N. benthamiana plants are shown for comparison. Photographs were taken at 25 dpi. 
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Figure 5.3: Southern blot detection of ToLCNDV DNA A in agroinoculated N. 
benthamiana plants.  

The DNA samples run on the gel were extracted from the leaves of plants inoculated 
with ToLCNDV DNA A (TA; lanes 1 and 2), ToLCNDV DNA A and DNA B 
(TA/TB; lanes 3 and 4), ToLCNDV DNA A, DNA B and CLCuMBMul (TA/TB/MB; 
lanes 5 and 6), ToLCNDV DNA A and CLCuMBMul (TA/MB; lanes 7 and 8), 
ToLCNDV DNA A, DNA B and CLCuMBBur (TA/TB/LB; lanes 9 and 10), 
ToLCNDV DNA A and CLCuMBBur (TA/LB; lanes 11 and 12). Additionally DNA 
extracted from non-inoculated healthy N. benthamiana plant (Healthy; lane 13) and a 
mock inoculated N. benthamiana plant (Mock; lane 14) were included. Viral DNA 
forms are indicated as single-stranded (ss), super-coiled (sc) and open-circular (oc). 
Samples were extracted at 25dpi and approximately equal amounts of DNA (10 μg) 
were loaded in each well. The genomic DNA band of the ethidium bromide stained 
agarose gel is shown below the blot to confirm equal loading. 
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Figure 5.4: Southern blot detection of ToLCNDV DNA A in agroinoculated N. 
benthamiana plants.  

The DNA samples run on the gel were extracted from the leaves of plants inoculated 
with ToLCNDV DNA A (TA; lanes 1 and 2), ToLCNDV DNA A and DNA B 
(TA/TB; lanes 3 and 4), ToLCNDV DNA A, DNA B and CLCuMBMul (TA/TB/MB; 
lanes 5 and 6), ToLCNDV DNA A and CLCuMBMul (TA/MB; lanes 7 and 8), 
ToLCNDV DNA A, DNA B and CLCuMBBur (TA/TB/LB; lanes 9 and 10), 
ToLCNDV DNA A and CLCuMBBur (TA/LB; lanes 11 and 12). Additionally DNA 
extracted from non-inoculated healthy N. benthamiana plant (Healthy; lane 13) and a 
mock inoculated N. benthamiana plant (Mock; lane 14) were included. Viral DNA 
forms are indicated as single-stranded (ss), super-coiled (sc) and open-circular (oc). 
Samples were extracted at 25dpi and approximately equal amounts of DNA (10 μg) 
were loaded in each well. The genomic DNA band of the ethidium bromide stained 
agarose gel is shown below the blot to confirm equal loading. 
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Figure 5.5: Southern blot detection of CLCuMB in agroinoculated N. 
benthamiana plants.  

The DNA samples run on the gel were extracted from the leaves of plants inoculated 
with ToLCNDV DNA A (TA; lanes 1 and 2), ToLCNDV DNA A and DNA B 
(TA/TB; lanes 3 and 4), ToLCNDV DNA A, DNA B and CLCuMBMul (TA/TB/MB; 
lanes 5 and 6), ToLCNDV DNA A and CLCuMBMul (TA/MB; lanes 7 and 8), 
ToLCNDV DNA A, DNA B and CLCuMBBur (TA/TB/LB; lanes 9 and 10), 
ToLCNDV DNA A and CLCuMBBur (TA/LB; lanes 11 and 12). Additionally DNA 
extracted from non-inoculated healthy N. benthamiana plant (Healthy; lane 13) and a 
mock inoculated N. benthamiana plant (Mock; lane 14) were included. Viral DNA 
forms are indicated as single-stranded (ss), super-coiled (sc) and open-circular (oc). 
Samples were extracted at 25dpi and approximately equal amounts of DNA (10 μg) 
were loaded in each well. The genomic DNA band of the ethidium bromide stained 
agarose gel is shown below the blot to confirm equal loading. 
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Figure 5.6: Southern blot detection of CLCuMB (A) and TbLCB (B) in 
agroinoculated N. benthamiana plants.  

The DNA samples run on the gel were extracted from the leaves of plants inoculated 
with ToLCNDV DNA A (TA; lanes 1 and 2), ToLCNDV DNA A and DNA B 
(TA/TB; lanes 3 and 4), ToLCNDV DNA A, DNA B and CLCuMBMul (TA/TB/MB; 
lanes 5 and 6), ToLCNDV DNA A and CLCuMBMul (TA/MB; lanes 7 and 8), 
ToLCNDV DNA A, DNA B and CLCuMBBur (TA/TB/LB; lanes 9 and 10), 
ToLCNDV DNA A and CLCuMBBur (TA/LB; lanes 11 and 12). Additionally DNA 
extracted from non-inoculated healthy N. benthamiana plant (Healthy; lane 13) and a 
mock inoculated N. benthamiana plant (Mock; lane 14) were included. Viral DNA 
forms are indicated as single-stranded (ss), super-coiled (sc) and open-circular (oc). 
Samples were extracted at 25dpi and approximately equal amounts of DNA (10 μg) 
were loaded in each well. The genomic DNA band of the ethidium bromide stained 
agarose gel is shown below the blot to confirm equal loading. 
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Figure 5.7: Southern blot detection of ToLCNDV DNA B in agroinoculated N. 
benthamiana plants.  

The DNA samples run on the gel were extracted from the leaves of plants inoculated 
with ToLCNDV DNA A (TA; lanes 1 and 2), ToLCNDV DNA A and DNA B 
(TA/TB; lanes 3 and 4), ToLCNDV DNA A, DNA B and CLCuMBMul (TA/TB/MB; 
lanes 5 and 6), ToLCNDV DNA A and CLCuMBMul (TA/MB; lanes 7 and 8), 
ToLCNDV DNA A, DNA B and CLCuMBBur (TA/TB/LB; lanes 9 and 10), 
ToLCNDV DNA A and CLCuMBBur (TA/LB; lanes 11 and 12). Additionally DNA 
extracted from non-inoculated healthy N. benthamiana plant (Healthy; lane 13) and a 
mock inoculated N. benthamiana plant (Mock; lane 14) were included. Viral DNA 
forms are indicated as single-stranded (ss), super-coiled (sc) and open-circular (oc). 
Samples were extracted at 25dpi and approximately equal amounts of DNA (10 μg) 
were loaded in each well. The genomic DNA band of the ethidium bromide stained 
agarose gel is shown below the blot to confirm equal loading. 
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Figure 5.8: Standard curve and melt curve for amplification of ToLCNDV DNA 
A.  

(A) Standard curve for estimation of the titre of ToLCNDV DNA A with a PCR 
efficiency of 96.5 %, slope of -3.376 and correlation coefficient 0.992 [left] and a 
melt curve analysis of the products of amplification [right]. (B) Standard curve for 
estimation of the titre of ToLCNDV DNA B with a PCR efficiency of 95.0 %, slope 
of -3.376 and correlation coefficient 0.991 [left] and a melt curve analysis of the 
products of amplification [right]. (C) Standard curve for estimation of the titre of 
betasatellites with a PCR efficiency of 97.0 %, slope of -3.376 and correlation 
coefficient 0.995 [left] and a melt curve analysis of the products of amplification 
[right]. The standard curves plot log of starting DNA quantity against threshold cycle 
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[C(T)] cycle. The melt curves plots negative rate of change of fluorescence [-
d(RFU)/dT] against temperature. 

 

Figure 5.9: qPCR estimation of the titre ToLCNDV DNA A, DNA B or 
betasatellite.  

qPCR estimation of the titre (ng of component [ToLCNDV DNA A, DNA B or 
betasatellite] per µg of total DNA) of ToLCNDV DNA A (A), DNA B (B) and 
betasatellite (C) in DNA samples extracted from N. benthamiana inoculated plants 
with ToLCNDV DNA A (TA), ToLCNDV DNA A and DNA B (TA/TB), ToLCNDV 
DNA A, DNA B and CLCuMBMul (TA/TB/MB), ToLCNDV DNA A and 
CLCuMBMul (TA/MB), ToLCNDV DNA A, DNA B and CLCuMBBur (TA/TB/LB), 
ToLCNDV DNA A and CLCuMBBur (TA/LB), ToLCNDV DNA A, DNA B and 
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TbLCB (TA/TB/TbB), ToLCNDV DNA A and TbLCB (TA/TbB). The healthy 
control (H.C) was an N. benthamiana plant that was not inoculated. This experiment 
was repeated three times and samples of each experiment were analysed in three 
technical repeats. The results shown are the means with standard deviation. 

5.4 Discussion 

Increasingly bipartite begomoviruses are being identified in the presence of 

betasatellites in the field [284, 297, 298]. Typically betasatellites are identified with 

monopartite begomoviruses and the interactions and effects of this have been studied 

in detail [91, 187, 299]. However, the effects of the interaction of betasatellites with 

bipartite begomoviruses have not been extensively investigated. The study here was 

designed to investigate the interaction of betasatellites with a bipartite begomovirus. 

 Although it is accepted dogma that bipartite begomoviruses require both 

components to symptomatically infect plants, for all bipartite begomoviruses so far 

examined the DNA A component has been shown to infect N. benthamiana in the 

absence of DNA B. Generally, such DNA A only infections are associated with low 

viral DNA levels and a lack of symptoms [300-302]. Also, such DNA A only 

infections are generally reported only in N. benthamiana and appear only to result 

from agroinoculation, not mechanical or biolistic inoculation [197]. The results 

obtained here are thus in agreement with previous findings except that here plant 

infected with only ToLCNDV DNA A exhibited symptoms. It is possible that this 

phenomenon is a peculiarity of ToLCNDV since Jyothsna et al. [284] also reported 

symptomatic infection of N. benthamiana and tomato by agroinoculation of only 

ToLCNDV DNA A. However, symptoms in this case were milder than the symptoms 

of a normal DNA A with DNA B infection. In contrast Pratap et al. [303] did not 

encounter plants with symptomatic infection following inoculation with ToLCNDV 

DNA A. It would thus seem likely that the differences seen in the ability of 

ToLCNDV DNA A to symptomatically infect plants is isolate specific. Further 

studies will be required to investigate this further. 

  In most cases the interaction between monopartite begomovirus and 

compatible betasatellite leads to plants harbouring a higher viral DNA titer than plants 

infected with only the virus [83, 88, 91]. With exception of ToLCNDV DNA A with 

TbLCB, and possibly ToLCNDV DNA A with CLCuMBMul, no increase in virus 

(DNA A) titer was seen in the presence of a betasatellite. This seems to suggest that 
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there is an “antagonism” between the DNA B of the virus and the betasatellite. This 

has been shown previously using a distinct ToLCNDV isolate and the betasatellites 

CLCuMB and Luffa leaf distortion betasatellite (LuLDB) [284]. As was found here, 

they reported that the presence of a DNA B reduced betasatellite titer, whereas the 

presence of a betasatellite enhanced DNA B titer. In the study here, however, only the 

TbLCB induced a statistically significant increase in DNA Btitres relative to plant 

infected with ToLCNDV DNA A and DNA B. The reason for this apparent 

antagonism is unclear. It may be due to both DNA B and betasatellites competing for 

virus DNA A-encoded Rep. Alternatively it could be due to interference between 

movement functions. The DNA B encodes two proteins involved in virus movement 

[304, 305] and the βC1 of betasatellites may also have a function in virus movement 

[90]. Further studies will be required to ascertain the molecular basis for the apparent 

antagonism between betasatellites and the DNA B components of bipartite 

begomoviruses. 

 It is evident from the results presented here that the interaction between even 

quite closely related betasatellites and ToLCNDV differ. The reason for this is 

unclear. In contrast to CLCuMB, TbLCB is likely adapted to solanaceous hosts, even 

though the clone used here was isolated from soybean [289]. This may explain why 

the TbLCB has a gretaer effect on ToLCNDV DNA A infections than either of the 

CLCuMBs. The difference in effects of the two CLCuMBs is surprising. The major 

difference between these two clones is that CLCuMBBur contains an approx. 110 nt 

fragment of the SCR originating from Tomato leaf curl betasatellite [241, 253]. 

However, this difference is non-coding and is thus unlikely to cause the observed 

differences seen in plants. It is far more likely that that the differences in the βC1 

protein (6 amino acid differences) between the two CLCuMB clones are responsible 

[306]. Certainly all other effects/functions of betasatellites have been attributed to the 

βC1 protein [86, 91]. 

 It is likely that, as agriculture becomes more intensive in southern Asia, the 

opportunity for bipartite begmoviruses to come into contact with betasatellites, by co-

infection, increases. The results obtained here, taken together with the results of 

previous studies, indicate that it is difficult to predict the outcome of such encounters. 

It will be of interest to co-infect plants with bipartite begomoviruses and betasatellites 

and maintain them for an extended period, possibly with whitefly transmission, to 
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assess the outcome of such interactions. Would the betasatellite ultimately be lost, or 

the DNA B be lost? Or would, possibly, a stable tripartite virus evolve? These are 

questions that need answers. Certainly the spread of betasatellites, which can enhance 

symptoms (and thus losses) and increase virus host range [227], is of great concern 

and interactions with bipartite begomoviruses could exacerbate the situation.
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6 General Discussion 

About 10 years ago, the discovery of begomovirus associated satellites (betasatellites 

and alphasatellites) caused a paradigm shift of understanding regarding the diversity 

and evolution of geminiviruses. Prior to this it was believed that begomoviruses are 

either monopartite or bipartite in the Old World. After 2000 it became increasingly 

clear that the majority of begomoviruses of the OW are monopartite and associated 

with betasatellites [307]. The first report of a begomovirus associated with a 

betasatellite was given for the weed Ageratum conyzoides showing yellow vein 

symptoms [88]. It was clear from this discovery that infection in the host plant was 

due to a begomovirus/betasatellite complex. After this, from many disease samples 

collected from different locations and at different times, betasatellites have been 

reported continuously. Since betasatellites play a key role in pathogenesis the main 

focus of researchers has been to identify the selective advantage betasatellites provide 

to their helper begomoviruses. Efforts have also been put into identifying the factors 

encoded by the virus which are important for maintenance of betasatellites [187]. 

 The study here has shown that qPCR is a useful technique for analyzing 

virus/satellite DNA titres in plants. The assays were used to investigate the 

virus/satellite DNA levels in cotton varieties being assessed for widespread 

cultivation in the NCVTs. In the future, multiplexing of the qPCR for the detection of 

begomoviruses and their satellites in a single reaction will be needed. The use of 

specific probes (such as TaqMan probes; [308]) will allow for quicker and simpler 

processing of the results. Such a system will improve the selection of varieties for 

commercial cultivation, benefitting farmers and the country. Recently the system has 

also been used to investigate the resistance of transgenic plants [309] and the 

described system should ease the introgression of resistance into elite varieties of 

cotton once suitable transgenes have been identified. This system has also been used 

to quantify the titer of ToLCNDV A, B and CLCuMB from the cotton field samples 

[298] and showed that this system could be used for the quantification of virus and 

cognate satellites titers from field samples. 
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 Geminiviruses in Pakistan are widespread and diverse. Although developed 

for the components of the CLCuD complex (Chapter 3 and 4), and then expanded to 

include ToLCNDV (Chapter 5) qPCR assays such as that described here, is applicable 

to all DNA viruses. It would be a relatively simple procedure to develop qPCR assays 

for all the DNA viruses including the nanoviruses and other geminiviruses that occur 

in Pakistan (and elsewhere) which would be useful in the development of transgenic 

resistance and the conventional selection/breeding of resistant varieties. 

 The study described in chapter 5 indicated that even quite similar betasatellites 

can have strikingly differing effects on their helper viruses. The production of 

chimeric betasatellites, for example between TbLCB and CLCuMB, could be used to 

investigate which satellite sequences are responsible for the differences. This will 

form the basis of future research into the pathogenicity and interactions of 

betasatellites with their helper begomoviruses. 
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