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Abstract 

Viruses of the family Geminiviridae are phytopathogens with circular single-stranded 

DNA genome encapsidated in characteristic geminate particles that are transmitted by 

insects. Economically the most important are the geminiviruses of the genus 

Begomovirus which are transmitted exclusively by the whitefly Bemisia tabaci that 

occur in both the Old World (OW) and New World (NW). Bipartite begomoviruses, 

with components known as DNA A and DNA B, are native to the NW. However, in 

the OW, the bipartite begomoviruses are out-numbered by the monopartite 

begomoviruses, with genomes consisting of a homolog of the DNA A component of 

the bipartite viruses. Many monopartite begomoviruses are associated with two 

classes of single-stranded DNA satellites, designated as alphasatellite and 

betasatellite. Betasatellites are, in many cases, essential for the helper begomovirus to 

infect, and induce typical disease symptoms in, the host from which they were 

isolated. For many begomovirus-betasatellite pairs the betasatellite encodes the major 

pathogenicity/symptom determinant of the complex.  

The study described here was designed to investigate the effects of mutation of 

selected begomovirus genes on infectivity, symptoms and the ability to maintain 

betasatellites.  The coat protein (CP), V2, C2 and C4 genes, the products of which 

have in previous studies of monopartite begomoviruses been implicated in virus 

movement and/or pathogenicity, of two betsatellite-associated monopartite 

begomoviruses, Pedilanthus leaf curl virus (PedLCV) and Cotton leaf curl Kokhran 

virus (CLCuKoV) were mutated. Mutant viruses were inoculated to Nicotiana 

benthamiana in both the presence and absence of the cognate betasatellites, Tobacco 

leaf curl betasatellite (TbLCB) and Cotton leaf curl Multan betasatellite (CLCuMB), 

respectively.  

Mutation of the CP abolished infectivity of monopartite begomoviruses. The 

mutation could be complemented by transient expression of the CP at the point of 

inoculation-albeit without inducing symptoms. These results are consistent with 

previous studies, and suggest that the protein is required for virus spread/movement in 

plants. Also the results show for the first time that the CP is important for the 

maintenance of betasatellites. Mutation of the V2 genes of PedLCV and CLCuKoV 

lead to reduced and asymptomatic infections. Betasatellite fully restored the 

infectivity of CLCuKoV and partially restored the infectivity of PedLCV, although for 
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CLCuKoV infections were asymptomatic whereas PedLCV infections exhibited very 

mild symptoms. These findings, for the most part, agree with earlier studies indicating 

that the V2 is a pathogenicity determinant, has a role in virus movement and V2 plays 

a part in the maintenance of betasatellites by monopartite begomoviruses. 

 Mutation of the C2 genes of both monopartite begomoviruses resulted in 

reduced and asymptomatic infections. Co-inoculation with betasatellite resulted in a 

greater number of plants in which virus spread systemically, but for the 

CLCuKoV/CLCuMB combination, viral DNA levels were higher than for mutant in 

the absence of the betasatellite. These findings agree with earlier studies, indicating 

that C2 is not essential for infectivity but affects symptom expression, and are 

consistent with C2 being a suppressor of post-transcriptional gene silencing, as well 

as showing that C2 plays a part in the maintenance of betasatellites. The results for the 

mutation of the C4 for the two viruses differed. For PedLCV mutation of C4 resulted 

in significantly reduced infectivity. For plants inoculated with TbLCB and the C4 

mutant, fewer plants ultimately showed systemic movement of the betasatellite. For 

CLCuKoV mutation of the C4 had no discernible effect on infectivity of the virus or 

the maintenance of the betasatellite by the virus. The effects on symptoms are 

consistent with earlier results indicating that the C4 of monopartite begomoviruses 

plays a part in symptoms induced by the virus.  

 Betasatellites are increasingly being identified in the field with bipartite 

begomoviruses. It was therefore of interest to examine the requirements for 

betasatellite maintenance by a bipartite virus such as Tomato leaf curl New Delhi virus 

(ToLCNDV). For the majority of bipartite begomoviruses, including ToLCNDV, both 

components are essential for symptomatic infection. As for the monopartite viruses, 

four mutants (of the CP, AV2, AC2 and AC4 genes encoded on DNA A) of ToLCNDV 

were produced. In the presence of the DNA B none of the mutations affected 

infectivity or symptoms. The betasatellite was not efficiently maintained by 

ToLCNDV (both in the presence and absence of the DNA B) but mutations of the 

AC2 and AC4 abolished the ability of the virus to maintain the satellite, indicating 

that these proteins are important in maintenance of the satellite by the virus. 

 The earlier finding that betasatellites can complement DNA B functions of 

bipartite begomoviruses led to the suggestion that begomovirus movement is 

constrained by an RNAi-based resistance in plants. To investigate this hypothesis 

ToLCNDV DNA A was inoculated together with three well characterised suppressor 
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proteins from heterologous RNA viruses. Transient expression of each of the three 

suppressors (the Tobacco etch virus [genus Potyvirus, family Potyviridae] HC-Pro, 

the Cymbidium ringspot virus [genus Tombusvirus, family Tombusviridae] p19 and 

the Turnip crinkle virus [genus Carmovirus, family Tombusviridae] coat protein) at 

the point of inoculation with ToLCNDV DNA A resulted in more plants in which 

systemic movement of the virus was evident. These findings support the contention 

that begomovirus movement is countered by a plant RNAi-based defence. 

 In addition to being of academic interest, the studies described here were 

conducted in the belief that a better understanding of virus-satellite interactions could 

lead to novel means of reducing agricultural losses due to these pathogens; possibly 

identifying new targets for engineered resistance that interfere with virus-satellite 

interactions. Advances made in this regard are discussed.  
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Chapter 1 

Introduction and review of literature 

1.1 Viruses 

Viruses are microscopic contagious particles composed of nucleic acid 

encapsidated in a protein coat. Viruses transcribe and translate within the respective 

host cell and use the host's biochemical "machinery". Viruses are not functionally 

active outside their host, therefore free energy is not captured or stored by viruses. 

The origins of viruses is unclear, though it has generally been perceived that viruses 

may be genes that have become vagrant after excluding themselves from host's or 

related specie's genome. Alternatively it is may be that viruses are by-products of 

RNA processing, so far no definite proof exists yet. Classifying them as living or non-

living is still remains debatable therefore they are regarded as molecular pathogens.  

Viruses infect almost every form of life ranging from simplest bacteria (known 

as bacteriophage), to higher vertebrates and vascular plants (Koonin et al., 2006). 

Every ecosystem on Earth is full of viruses and virus is the most abundant type of 

biological entity. Viruses are transmitted by various means that includes aerosols, 

mechanically or by certain vector and some specific viruses have the ability to 

replicate inside their host and their vector. A comprehensive definition of virus was 

produced by Luria in 1978 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., 1978). This definition was refined by Hull (2002) 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” (Hull, 2002). Some important human viral diseases include 

influenza, hepatitis, smallpox, polio, acquired immunodeficiency syndrome (AIDS), 

measles and severe acute respiratory syndrome (SARS). Viruses are also a major 

causative agent for reduction in quality and quantity of crops around the globe. 

On the basis of nature and organization of genome, six major groups of viruses 

are defined; single-stranded DNA (ssDNA), double-stranded DNA (dsDNA), double-

stranded RNA (dsRNA), reverse-transcribing viruses, positive sense single-stranded 

RNA (ssRNA+) and negative sense single-stranded RNA (ssRNA-) viruses. The 9
th

 

report of The International Committee on Taxonomy of Viruses (ICTV) recognises 6 
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orders, 87 families, 19 subfamilies, 349 genera and ~2284 species of viruses (King et 

al., 2011) 

1.2 Plant viruses 

Like all other viruses plant viruses are obligate intracellular parasites that use 

the molecular machinery of their respective hosts to replicate. Tobacco mosaic virus 

(TMV) was the first virus discovered. The discovery is accredited to Martinus 

Beijerinck.; in 1898 he observed that plant sap from tobacco plants showing "mosaic 

disease" remained infectious even after passing through a porcelain filter that retained 

bacteria. The infectious filtrate was the named "Contagium vivum fluidum" by 

Beijernick which later led to the term "virus". Wendell Stanley first performed the 

purification (crystallization) of TMV, and published his results in 1935, though he did 

not conclude that RNA is the infectious material (Stanley, 1935). For this discovery he 

won the Nobel prize in 1946 in the field of Chemistry. In the 1950s it was proven that 

the RNA of TMV was responsible for infection (Fraenkel-Conrat and Williams, 

1955). Of the known viruses, plant viruses encompass 20 families, 90 genera and 

~800 species (King et al., 2011).  Most of the plant viruses have single-stranded RNA 

genomes, while some viruses have single-stranded DNA (geminiviruses and 

nanoviruses) or double-stranded DNA (caulimoviruses) genomes. 

1.3 Geminiviruses 

The earliest known written record of geminivirus came from a poem written in 

Japanese by Empress Koken in 752 AD, describing the autumnal appearance of a 

plant. The poem was translated by T. Inouye as follows - 

In this village 

It looks like as if frosting continuously 

For, the plant I saw 

In the field of summer 

The colour of the leaves were yellowing 

The plant described in the poem is believed to be Eupatorium makinoi, with 

yellowing symptoms (Hull, 2002). It took almost 1100 years from Empress Koken’s 

observation until the birth of plant virology. The leaf yellowing symptoms exhibited 

by Eupatorium are now believed to have been caused by a geminivirus (Saunders et 

al., 2003). Geminiviruses are a major constraint to agricultural productivity in tropical 

http://en.wikipedia.org/wiki/Self-replication
http://en.wikipedia.org/wiki/Martinus_Beijerinck
http://en.wikipedia.org/wiki/Martinus_Beijerinck
http://en.wikipedia.org/wiki/Martinus_Beijerinck
http://en.wikipedia.org/wiki/Wendell_Stanley
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and sub-tropical regions of the world. In the last decades of twentieth century, 

numerous new diseases have come to lime light which are now known to have 

geminiviral aetiology (Briddon and Stanley, 2008). The name geminivirus was 

derived from the Zodiac sign Gemini, symbolized by twins as these viruses have a 

characteristic twinned icosahedral morphology (Harrison et al., 1977) and this has 

remained the unique feature of this virus family. Geminiviruses came to lime light 

after the discovery of maize streak and beet curly top diseases (Bock et al., 1974; 

Mumford, 1974). Initially the genetic material of the viruses associated with maize 

streak and cassava mosaic disease was erroneously identified as RNA (Bock et al., 

1977). Only later was the other unifying character of these viruses, single-stranded 

DNA, identified and the “geminivirus” name coined (Harrison et al., 1977). 

 Thin section electron microscopy of infected leaves showed that geminiviruses 

localized in nuclei of infected host cells. First evidence of twinned morphology was 

revealed by Hatta and Francki (1979), when Chloris striate mosaic virus (CSMV) 

particles were shown to have a 1.7 nm electron-dense cleft clearly dividing the 

particle into two halves under electron microscope. ssDNA was contained in geminate 

particles and buoyant density of CSMV in caesium chloride gradient indicated that 

19% DNA was enclosed in a particle (Hatta and Francki, 1979). Subsequently, three 

dimensional image reconstruction and cryo-electron microscopy of the Maize streak 

virus (MSV) used to refine this structure (Zhang et al., 2001). The particle, of 

dimension 22 x 38 nm is associated with MSV consist of two coupled, incomplete T = 

1 icosahedra and total of 110 CP subunits organized as 22 pentamers in protein capsid 

(Figure 1.1). Subsequently a similar structure of African cassava mosaic (ACMV) 

with slightly less pronounced vertices of icosahedra was observed (Böttcher et al., 

2004). An innovative research unveiled the structure of geminiviruses, results showed 

that twinned geminate particles also associated with cassava latent virus (now known 

as ACMV), MSV and Bean golden mosaic virus (currently referred as Bean golden 

yellow mosaic virus [BGYMV]), this particle comprised of circular ssDNA genome 

that can induce infection upon introduction into plants through mechanical means 

(Goodman, 1977). 
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Figure 1.1 (A)Three-dimensional reconstruction of a geminate particle from 

cryoelectron microscopy data (reproduced from (Sherpherd et al., 2009)).(B) Image 

reconstruction of MSV for capsid structure of geminiviruses consisting of 22 sub-

units (reproduced from (Zhang et al., 2001)). (C) Non-enveloped MSV particle 

showing ssDNA (reproduced from http://viralzone.expasy.org). 
 

Evidence for the divided genomes of some geminiviruses came from the studies of 

BGYMV and Tomato golden mosaic virus (TGMV) (Bisaro et al., 1982). Shortly 

afterwards ACMV was completely sequenced that revealed the bipartite genomic 

nature of ACMV (Stanley, 1983; Stanley and Gay, 1983). Soon after the ACMV 

sequencing, monopartite nature of many geminiviruses was characterized, these 

viruses includes Beet curly top virus (BCTV), MSV and Tomato pseudo curly top 

virus (TPCTV) (Briddon et al., 1996; Grimsley et al., 1987; Howell, 1984; Stanley et 

al., 1986), This outcome led to present day recognition of four genera (Mastrevirus, 
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Begomovirus, Curtovirus and Topocuvirus) on the basis of  insect vector, genome 

organization, and host range, in the family Geminiviridae by the ICTV  (Stanley et al., 

2005). 

 Geminiviruses are characterized by having either two or one small, circular 

ssDNA components of approximately 2600-3000nt encapsidated in twinned 

icosahedral particles (Zhang et al., 2001). Replication of these viruses accomplished 

through dsDNA intermediates in infected host cells. Geminiviruses recruit majority of 

proteins involved in their replication from their host while encodes only few proteins 

that are involved in replication and movement (Hanley-Bowdoin et al., 1999). In 1979 

the geminivirus group was established and later on upgraded to the family 

Geminiviridae in 1995 (Murphy et al., 1995). Geminiviruses are widely distributed 

plant viruses around the globe that infect everything from herbs, shrubs, monocots 

(such as wheat, sugarcane and maize), to dicots (such as cassava and tomato) 

(Hanley-Bowdoin et al., 1999). To date approximately ~400 geminiviruses have been 

recognized and of these more than 300 species belong to the genus Begomovirus. 

More than 1000 sequences of complete viruses have been deposited in the databases. 

This number increases daily, reflecting the immense diversity, economic importance, 

wide geographic distribution and host adaptation of these viruses (Brown et al., 2011). 

Geminiviruses have been exploited for studying basic metabolic processes in 

plants and for the production of valuable products in plants. Virus induced gene 

silencing (VIGS) is a homology dependent mechanism of silencing gene expression. 

Using this technique expression of target genes can be regulated by specifically 

degrading the target mRNA. Several viruses, such as TGMV (Peele et al., 2001), 

Cabbage leaf curl virus (CabLCuV) (Muangsan et al., 2004; Turnage et al., 2002), 

ACMV (Fofana et al., 2004), Tomato yellow leaf curl China betasatellite 

(TYLCCNB; Tao and Zhou, 2004) and Cotton leaf curl Multan betasatellite 

(CLCuMB; (Kharazmi et al., 2012), have been used as silencing vectors in plants. 

Basic plant processes can be studied by hyper expressing or down regulating the 

genes through geminivirus based vectors. Practically geminivirus based vectors have 

been used successfully to get higher expression level of foreign proteins in the plant 

cells for example, GUS gene cloned in LSL vector was being expressed under the 

replication machinery of Bean yellow dwarf virus (BeYDV), it yields 40 folds higher 

expression of GUS gene as compared to control LSL vector. Enhanced expression of 

GUS was evident for high copy replication of the LSL vector (Mor et al., 2003). 
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Similar expression system has been established in tobacco, Arabidopsis thaliana and 

other dicots plants based on BeYDV to replicate and express foreign proteins at 

higher level. RNA virus based expression systems have restriction of host ranges 

while geminivirus based systems have fewer host restrictions. The genome of BeYDV 

is DNA that renders it suitable for the incorporation of the large reading frames 

(Hefferon and Fan, 2004). 

1.4 Classification of geminiviruses 

Viruses of the family Geminiviridae have been classified into four genera, 

Mastrevirus, Topocuvirus, Curtovirus and Begomovirus, on the basis of host range, 

genome organization and type of insect vector.  

1.4.1 Mastrevirus 

 The viruses belong to genus Mastrevirus have monopartite genomes and infect 

either mono- or dicotyledonous plants and are transmitted in a persistent, circulative 

non-propogative manner by leafhoppers (Brown et al., 2011). Mastreviruses have 

only been identified in the Old World (OW) (Boulton, 2002). The name of the genus 

is derived from the name of the type member, Maize streak virus. Two well-studied 

examples of mastreviruses that infect monocots are MSV and Wheat dwarf virus 

(WDV), while BeYDV and Tobacco yellow dwarf virus (TbYDV) are examples of 

dicot infecting mastreviruses.  

Typically the genomes of mastreviruses range from 2.6-2.8 kb, and from the 

genome four conserved proteins are translated (Wright et al., 1997). The proteins 

associated with viral replication, the replication-associated protein (Rep; translated 

from a spliced complementary-sense transcript) and Rep A (translated from an 

unspliced transcript), are required early in the infection cycle (Figure 1.2). The CP and 

MP are required late in the infection cycle and are essential for encapsidation and 

viral movement both inter- and intracellularly and are translated from virion- sense 

ORFs. Although Rep alone is sufficient enough for replication in host cells, Rep A is 

considered to perform additional functions like modulation of cell cycle regulation 

and other developmental pathways (Sherpherd et al., 2009). Separation of the virion- 

and complementary-sense genes by a large intergenic region (LIR) and small 

intergenic region (SIR) is a characteristic feature of the mastrevirus genome (Yazdi et 

al., 2008),LIR and SIR are situated on opposite sides of genome, both are non-coding 
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and contain regulatory elements. Another distinctive feature of mastreviruses is the 

presence of a short (80 nucleotide) DNA primer, with few ribonucleotides at its 5' end, 

encapsidated within the virion (Donson et al., 1984; Hayes et al., 1988; Palmer and 

Rybicki, 1998).   

 

 

 

Figure 1.2 Cicadulina mbila, the leafhopper vector of Maize streak virus and genome 

organization of mastreviruses, Arrows show the positions, and orientations of genes. 

Two genes are encoded on the virion–sense strand; CP and MP. The complementary-

sense strand encodes the replication-associated protein (Rep) (translated from a 

spliced mRNA product of the Rep A and Rep B ORFs). The position of the intron 

removed by splicing is indicated. The Rep A protein is translated from an unspliced 

messenger RNA. A characteristic feature of the mastrevirus genome is the presence of 

two non-coding intergenic regions, the large intergenic region (LIR), which contains a 

hairpin structure with the nonanucleotide sequence (TAATATTAC) forming part of 

the loop, and small intergenic region (SIR).  

1.4.2 Curtovirus 

 Viruses of this genus have extremely wide host range and present in both the 

OW and New World (NW), have monopartite genomes, are transmitted by the 

leafhopper Circulifer tenellus in persistent, circulative, non-propogative manner, and 

infect only dicotyledonous plants. More than 300 plant species including crops, 

ornamentals and weeds from ~44 families are infected by curtoviruses. Genome of 

viruses comprise of ~3000 nt (Hur et al., 2007). In the genus curtovirus, Beet curly 

top virus (BCTV) is the most well characterised example. Seven ORFs are transcribed 

in a bidirectional manner with ORFs separated by a non-coding intergenic region (IR) 
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of ~450 nt. that contains the origin of viral DNA replication (Baliji et al., 2004; 

Briddon et al., 1998). In the complementary sense four ORFs are encoded, largest 

ORF is replication associated protein (Rep/C1) involved in replication (C1), a 

replication enhancer protein (REn, ORF C3), and ORF C2 and C4 have role in viral 

pathogenicity. The complementary-sense gene products are required early in infection. 

Three ORFs are situated on the virion-sense strand designated as V1, V2 and V3. 

These products of these highly conserved ORFs are required late in infection and 

encode the CP, V2 (involved in regulation of relative level of ss/ds DNA) and V3 (a 

protein involved in movement; Figure 1.3) (Briddon et al., 1998; Stanley, 2008). The 

IR of curtoviruses is highly divergent in different species and contains species specific 

cis-acting elements involved in control of gene expression and viral replication. 

 

 

 

Figure 1.3 Circulifer tenellus, the leafhopper vector of curtoviruses. The genomes of 

curtoviruses encode seven genes; genes encoding the CP, a ss/dsDNA regulator (V2) 

and a putative movement protein (V3) in the virion-sense and the replication-

associated protein (Rep), C2, an enhancer of replication (REn) and a product involved 

in symptom development (C4) in the complementary-sense. The position of the 

predicted hairpin structure, with the nonanucleotide sequence (TAATATTAC) forming 

part of the loop, is shown at position zero in the non-coding, intergenic region. 

1.4.3 Topocuvirus 

 The most recently established genus of the family Geminiviridae is 

Topocuvirus. This genus contains only a single species, Tomato pseudo curly top virus 

(TPCTV) isolated from Florida (Briddon et al., 1996), that infects dicotyledonous 

plants. TPCTV is transmitted by the treehopper Micrutalis malleifera, has been 
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identified only in the NW only and has a monopartite genome. The virus encodes six 

ORFs; two in the virion–sense (CP and V2) and four (Rep, C2, C3 and C4) in the 

complementary-sense (Figure 1.4). Although the functions of these genes have not 

been investigated so far, their similarity to genes of other dicot infecting viruses 

suggests that they are functionally similar. The genome of TPCTV has features 

characteristic of both begomoviruses and mastreviruses, suggesting that the virus 

evolved by recombination (Briddon et al., 1996). 

 

 

Figure 1.4 Tomato pseudo-curly top virus transmitted by Micrutalis malleifera. The 

genome of this virus encodes two ORFs (CP, V2) on the virion-sense strand and four 

ORFs (Rep, C2, C3 and C4) on the complementary-sense strand and contains a 

putative hairpin structure in the intergenic region encompassing a nonanucleotide 

sequence (TAATATTAC). 

1.4.4 Begomovirus  

 The most numerous, economically the most important and geographically the 

most wide-spread are the viruses of the genus Begomovirus of the family 

Geminiviridae. The name of the genus is derived from one of the earliest 

characterized geminiviruses Bean golden yellow mosaic virus (BGYMV), previously 

known as Bean golden mosaic virus (BGMV). The genus contains approximately 300 

species (Brown et al., 2011). Begomoviruses are exclusively transmitted by the 

whitefly B. tabaci and infect dicotyledonous plants in both the NW and OW. 

Generally the begomoviruses may be categorized into two groups, bipartite 

and monopartite, depending upon the number of components making-up their 

genomes. However a third group is now recognised, these begomoviruses associate 

with ssDNA satellites known as betasatellite and, alphasatellite. 
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Figure 1.5 The photograph (center) shows Bemisia tabaci, the vector of all 

begomoviruses. The genomes of bipartite begomoviruses are comprised of two 

components known as DNA A and DNA B. Genes encoding products involved in 

replication (Rep), replication enhancer (REn), transcriptional activation (TrAP), 

pathogenesis and suppression of RNA silencing (AC4), encapsidation (CP), and 

pathogenicity/movement (AV2) are encoded by DNA A, while genes essential for 

local and systemic movement (movement protein [MP] and nuclear shuttle protein 

[NSP]) are encoded on DNA B. The genome of monopartite begomoviruses is 

homologous to the DNA A of the bipartite begomoviruses. Monopartite 

begomoviruses are usually associated with satellites molecules designated as 

alphasatellites and betasatellites. Alphasatellites encode their own Rep and therefore 

are capable of autonomous replication. Betasatellites depend on their helper virus for 

encapsidation, movement and replication, and encode a single protein known as βC1. 

 

1.4.4.1 Monopartite and bipartite begomoviruses 

 The genomes of bipartite begomoviruses are comprised of two components 

designated as DNA A and DNA B, whereas the genomes of monopartite 

begomoviruses are homologous to the DNA A component of bipartite begomoviruses 

(Rojas et al., 2005a). Each component is a circular and single-stranded DNA ranging 

from 2.6-2.8 kb in length, and transcribed in a bidirectional fashion. Usually six genes 
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are present in all OW begomoviruses (Figure 1.5). Four genes are encoded by 

monopartite begomovirus and the DNA A of OW bipartite begomoviruses on the 

complementary-strand and two genes on the virion-sense strand. Importantly, one of 

the genes (AV2) is lacking on New World begomoviruses. The DNA B encodes two 

genes. The functions of genes are described in section 1.6.  

Except for a short sequence of ~200 nts in intergenic region (IR), that is 

known as the common region (CR), the DNA A and DNA B of bipartite 

begomoviruses share no significant sequence homology (Hanley-Bowdoin et al., 

1999). The IR/CR contains the nonanucleotide (TAATATT/AC) sequence where 

virion-sense DNA replication is initiated, and this is conserved among almost all 

members of family Geminiviridae (Harrison and Robinson, 2002). In the majority of 

bipartite viruses the CR of the two components show high levels of sequence identity. 

However there are few exceptions where the CR varies substantially between the two 

components. For example, in Cotton leaf crumple virus (CLCrV) and in Tomato leaf 

curl Gujrat virus (ToLCGV), difference of CR in DNA A and DNA B is 37% and 

40%, respectively (Chakraborty et al., 2003; Idris and Brown, 2004). 

 Begomoviruses can broadly be divided into two groups, those originating from 

NW and those originating from the OW (Padidam et al., 1999; Paximadis et al., 

1999). Begomoviruses present in both worlds differ from each other in many respects, 

like all NW begomoviruses are bipartite, while in OW majority of begomoviruses are 

monopartite and most of these viruses are associated with satellite molecules and few 

of them is bipartite. All NW begomovirus lack the AV2 gene whereas, with the 

exception of two viruses, OW begomoviruses encode (A)V2 (Rybicki, 1994; Stanley 

et al., 2005). The NW begomoviruses have a conserved amino acid sequence motif in 

the CP (PWRLMAGT) which is absent in OW begomoviruses (Harrison et al., 2002). 

In OW begomoviruses, two iterons (repeated elements in CR/IR that are recognized 

by the Rep protein) are present adjacent to 5’ AC1-TATA box; one is located in 

upstream region of TATA box, while other iteron in complementary downstream 

region of the Rep gene. The majority of NW begomoviruses lack the downstream 

iteron (Argüello-Astorga et al., 1994b).  

1.4.4.2 Begomoviruses associated with satellites 

 True satellites are either nucleic acids or viruses that entirely depend on their 

associated virus for their replication, movement, encapsidation, transmission and 
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share little or no sequence homology to the helper virus and are not essential for its 

proliferation (Briddon and Stanley, 2008). Though satellite molecules are 

characterized very early in 1969 and first discovered RNA-sat was associated with a 

nepovirus (Tobacco ringspot virus) (Schneider, 1969). The first begomovirus satellite 

identified was ToLCV-sat. This satellite was found associated with Tomato leaf curl 

virus (ToLCV) from tomato plants (Dry et al., 1997). This small circular satellite 

(~680 nt) encodes no protein and shared no sequence homology to the helper virus 

with the exception of the ubiquitous nonanucleotide (TAATATT/AC) sequence and a 

putative Rep binding motif. No role in infection could be ascribed to ToLCV-sat 

although the satellite relies on ToLCV for its replication, encapsidation and movement 

in and between plants; hence it has all the hallmarks of a true satellite.  

The first betasatellite identified was associated with the monopartite 

begomovirus Ageratum yellow vein virus (AYVV) isolated from Ageratum 

conyzoides. The virus was shown to infect N. benthamiana (Tan et al., 1995) but 

asymptomatic infection resulted upon re-introduction of the cloned genome into A. 

conyzoides (Saunders and Stanley, 1999), suggesting that some pathogenicity factor 

was missing that is required by AYVV. Later a novel ssDNA component, about half 

the size of helper virus (AYVV), was isolated from the same material and when co-

inoculated with the helper virus induced full yellow vein symptoms in A. conyzoides 

(Saunders et al., 2000). The component was named DNA β (recently these satellites 

have been renamed betasatellites) (Briddon and Stanley, 2008). Within very short 

period of time, a homologue of the Ageratum betasatellite (now known as Ageratum 

yellow vein betasatellite) was isolated from cotton leaf curl disease (CLCuD) infected 

cotton showing that CLCuD is also caused by a complex consisting of a monopartite 

begomovirus and a betasatellite (Briddon et al., 2001). Since then, hundreds of such 

complexes have been characterized in wide varieties of plant species growing in Asia 

and Africa (Amin et al., 2002; Briddon et al., 2003b; Bull et al., 2004; Jiang and 

Zhou, 2005; Jose and Usha, 2003; Mansoor et al., 2001; Were et al., 2005; Xiong et 

al., 2005).  

Some recent studies showed that the betasatellite associated with Tobacco 

curly shoot virus (TbCSV) is not necessary for symptom induction but it may increase 

the severity of the symptoms induced by helper virus. Thus TbCSV may represent an 

evolutionary intermediate between true monopartite and betasatellite requiring 

monopartite begomoviruses (Li et al., 2005). Two types of satellite molecules have 



Introduction and review of literature 
 

13 

 

been discovered so far, alphasatellite and betasatellite. 

1.4.4.2.1 Betasatellites 

Satellites are common among viruses and have role in disease symptoms with 

their cognate helper viruses; betasatellite is among the satellites that exacerbate 

symptoms. Betasatellite are approximately half the length (~1350 nt) and share very 

least sequence to their cognate viruses. Betasatellites up-regulate the replication of 

associated helper begomoviruses also alter the symptoms induction in host plants 

(Briddon et al., 2001; Saunders et al., 2001). 

 Since the first discovery of betasatellites in 2000, more than 260 complete 

sequences of betasatellite have been submitted in the gene bank and this number is 

increasing with every coming day (Briddon and Stanley, 2008). All the betasatellites 

are isolated from the OW so far. Betasatellites encode a protein that is essential for 

pathogenesis, has role in increasing helper DNA titre and suppress host plant 

defences. Comparison of all known betasatellites showed that these have highly 

conserved structure consisting of an region of sequence rich in adenine rich (A- rich), 

a single gene (known as βC1) in the complementary-sense, responsible for symptom 

induction and a sequence highly conserved between all betasatellites of ~100 nt 

referred to as the satellite conserved region (SCR; Figure 1.5). Betasatellites share no 

significant sequence homology to their respective helper begomoviruses with the 

exception for the presence of a nonanucleotide sequence (TAA/GTATTAC) in the 

stem loop structure that for geminivirus forms part of origin of replication (Briddon 

and Stanley, 2008).  

  βC1 is the only protein encoded by betasatellites. The protein accumulates 

primarily in the nucleus and has the capacity to suppress RNA silencing and bind to 

both ssDNA and dsDNA in a sequence and size independent manner (Cui et al., 

2005). βC1 localized at the periphery of cells, as a GFP-βC1 fusion, and possesses 

both nuclear import and export signals (Kumar et al., 2006). The βC1 protein interact 

with itself and forms large soluble granular bodies in vivo and in vitro, and this self-

interaction is required for symptom induction in host plants (Cheng et al., 2010). 

Sequence analysis of βC1 revealed that it has an leucine and isoleucine rich region 

towards the C-terminal end that may be responsible for nuclear shuttling and 

peripheral localization activity. A deletion study showed that amino acid sequences 

spanning two C-terminal α-helices are important in multimerization (Cheng et al., 
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2010; Kumar et al., 2006). 

 For Tomato leaf curl New Delhi virus (ToLCNDV) a bipartite begomovirus, a 

betasatellite has been shown to complement DNA B functions, allowing DNA A to 

cause infection in the absence of DNA B, suggesting that betasatellites encode 

movement functions (Saeed et al., 2008; Saeed et al., 2007). The βC1 of the CLCuD-

associated betasatellite, when expressed from PVX vector, induced typical disease 

symptoms consisting of leaf curling, enations, vein thickening and vein darkening in 

N. tabacum and N. benthamiana plants (Kon et al., 2007; Qazi et al., 2007). Similarly, 

PVX-mediated expression of the CLCuMB encoded βC1 in N. benthamiana plants 

regulated the miRNA involved in developmental processes. The level of miR164, 

miR165/166, miR169 and miR170 was reduced while significant increase in the 

accumulation of miR159 and miR160 was observed in infected plants (Amin et al., 

2011c). It is well established fact that βC1 is a pathogenicity determinant, however 

recent studies showed that adenine rich (A-rich) region in the promoter sequences of 

βC1 also has pivotal role/influence on symptom induction, that may be due to 

temporal and spatial regulation of βC1 by promoter (Ding et al., 2009). Betasatellite-

encoded βC1 is a suppressor of posttranscriptional gene silencing (PTGS) and is thus 

involved in overcoming RNA mediated host defences (Kon et al., 2007). 

  βC1 interacts with a variety of host factors. Two factors, ASYMMETRIC 

LEAVES 1(AS1) and ASYMMETRIC LEAVES 2 (AS2) are involved in the 

regulation of leaf development. Both factors interact with each other and form the 

complex to regulate the leaf development. βC1 has the ability to partially complement 

an as2 mutation. Transgenic plants expressing βC1 phenocopy the AS2 expression at 

morphological as well as molecular level. βC1 by directly interacting with AS1, 

changes the AS1 dependent gene expression, but not AS2, and thus regulates the 

expression of jasmonic acid responsive genes (Yang et al., 2008). Constitutive 

expression of the Chilli leaf curl betasatellite (ChLCuB) βC1 protein in N. tabacum, 

differentially regulated eight genes that have roles in plant development, ATP 

synthesis in plant growth, cell protection, processes related to defence and replication, 

and detoxification (Andleeb et al., 2010). 

1.4.4.2.2 Diversity and geographic distribution of betasatellites 

In just over a decade since they were first identified, more than 260 complete 

sequences of betasatellite have been submitted in databases showing the ease with 
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which they can be isolated and their agricultural importance (Briddon and Mansoor, 

2008). These satellites have been identified only in the OW, which is where 

monopartite begomoviruses occur (Figure 1.6). However, a class of satellites, derived 

from betasatellites and typified by the first ssDNA satellite identified (the ToLCV-sat; 

(Dry et al., 1997)) have been identified in the NW. However, although the precise 

origins of these ToLCV-sat-like molecules are unclear, they likely were introduced 

into the NW in Sweet potato (Fiallo-Olivé et al., 2012).   

Briddon et al., (2003) investigated the diversity of betasatellites which 

indicated that the major centre of diversity lies in southern China and the Indian 

subcontinent (south Asia) or in South East Asia; possibly indicating the centre of 

origin of betasatellites (Briddon et al., 2003a) (Figure 1.6). 

Figure 1.6 Geographical diversity and distribution of betasatellites. The map shows 

the distribution of betasatellites and the number of species identified in each country. 

A similar study based on a greater number of sequences by Nawaz-ul-Rehman and 

Fauquet (Nawaz-ul-Rehman and Fauquet, 2009) put the centre of diversity and 

possible centre of origin in South East Asia. The betasatellites may be broadly divided 

into two groups based on phylogeny. The first consists of satellites isolated from 

plants of the family Malvaceae (such as cotton, okra, hibiscus and hollyhock) whilst 

the second consists of betasatellites isolated from other (non-malvaceous) plants (such 

as Ageratum, zinnia, chillies, tomato, honeysuckle etc.).  

1.4.4.2.3 Alphasatellites 

 Many monopartite begomoviruses associated with betasatellites are also 
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associated with a further circular ssDNA molecule, collectively known as 

alphasatellites (previously called DNA 1). These are not true satellites, since satellites 

are defined as relying on their helper viruses for replication and are thus best defined 

as “satellite-like” because these are self replicating molecules. However, for their 

transmission, encapsidation and movement alphasatellites are dependent on a helper 

virus. Alphasatellites are closely related to the Rep-encoding components of 

nanoviruses (Mansoor et al., 1999). The hairpin-loop structure of alphasatellites 

resembles those of the nanoviruses with the nonanucleotide sequence TAGTATTAC. 

Therefore it is likely that alphasatellites have been captured by begomoviruses during 

a mixed infection (Mansoor et al., 2003c).  

Alphasatellites are identified almost exclusively in plants infected with 

monopartite begomovirus-betasatellite complexes. Nevertheless, experimentally 

alphasatellites have been shown to be capable of being maintained in planta by a 

bipartite begomoviruses and even a curtovirus but not by a mastrevirus. Alphasatellite 

can be transmitted between plants by a leafhopper in the presence of a leafhopper-

transmitted curtovirus (Saunders et al., 2002a). Recently a phylogenetically distinct 

group of alphasatellites have been shown to occur in the NW (specifically South 

America) maintained in plants by bipartite begomoviruses (Paprotka et al., 2010; 

Romay et al., 2010).   

The selective advantage of the presence of alphasatellites in begomovirus 

infections remains unclear, since they are not essential for infectivity. It has been 

proposed that alphasatellites may reduce the impact of virus infection, thus ensuring 

the survival of the host plant and onward transmission of the complex, by competing 

for cellular resources (Mansoor et al., 1999; Saunders and Stanley, 1999). Some 

evidence for this hypothesis has been forthcoming (Idris et al., 2011). Recently it has 

been shown that Rep proteins encoded by at least some alphasatellites have PTGS 

suppressor activity (Nawaz-ul-Rehman et al., 2010), suggesting that alphasatellites 

may contribute to overcoming host defence. However, not all alphasatellites encode 

Rep proteins with suppressor activity (Q. Abbas, unpublished results). 

1.5 Insect transmission of geminiviruses  

 Phytopathogenic viruses have adopted various means for transmission from 

infected to healthy plants. Mechanical transmission is achieved, vertically through 

seed and by insect vectors. About 80% of the plant viruses are transmitted by insect 
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vectors (the remaining vectors are fungi and nematodes). Interaction between plant 

viruses and vectors is highly specific (Hohn, 2007). Transmission has been classified 

into three types depending upon the length of time the virus is in contact with the 

insect; non persistent, semi persistent, and persistent. Another parallel classification 

system divides viruses into those that are stylet-borne (nonpersistent), foregut-borne 

(semi persistent), and circulative transmission (persistent). Most plant viruses are 

transmitted by vectors in a noncirculative manner.  

Geminiviruses are transmitted by a circulative (non-replicative) mechanism 

(Harrison, 1985). Virus is taken-up by the insect from infected plants during feeding 

and passes from the gut lumen, across the gut wall into the haemocoel of the insect. 

Then circulates in insect tissues in the hemolymph and at the salivary gland passes 

into the saliva (Briddon et al., 1990; Hohn, 2007). Interestingly begomovirus 

transmission requires a third partner which is an endosymbiotic bacterium which 

produces a GroEL protein that interacts with viral capsid and protects and stabilizes 

virions in the hemolymph (Banerjee et al., 2004). Association and binding to GroEL 

of endosymbiont is a common adaptation in luteoviruses and geminiviruses. It is 

therefore tempting to suggest that shuttling of geminiviruses from the digestive 

system into the haemocoel and from the haemocoel into the salivary glands is receptor 

mediated, as is the case for luteoviruses (Gray and Gildow, 2003; van den Heuvel et 

al., 1994).  

The whitefly B. tabaci (Gennadius) is the only known vector of 

begomoviruses. B. tabaci has a high diversity and is destructive, invasive pest with a 

large host range, consisting of more than 600 species in 74 plants families (Wang et 

al., 2010). B. tabaci is a species complex that includes approximately 12 genetic 

groups that are morphologically indistinguishable (Boykin et al., 2007). B. tabaci 

causes most problems by being the vector of viruses of the families Geminiviridae, 

Comoviridae, Potyviridae and the genera Closterovirus and Carlavirus (Jones, 2003).  

Phylogenetic analysis of the genetic groups within B. tabaci showed that at 

least 24 cryptic species forms the complex, and some of these have been referred as 

"biotypes" in the last 20 years (De Barro et al., 2011; Dinsdale et al., 2010). The B 

and Q biotypes of B. tabaci are the most prevalent and the most destructive for 

agriculture (Dinsdale et al., 2010; Perring, 2001).  A high fecundity and a wide host 

range are features of the B biotype while the Q biotype rapidly evolves resistance to 

insecticides (Horowitz et al., 2003; Liu et al., 2007). 
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1.6 Proteins encoded by geminiviruses 

1.6.1 Replication-associated protein (Rep)          

 The Rep is the only virus-encoded protein required for geminivirus 

replication. The protein shows homology with the rolling -circle DNA replication 

initiator proteins of prokaryotic plasmids (Laufs et al., 1995b). The catalytic domain 

of TYLCV Rep has been elucidated by three dimensional solution NMR structure 

(Campos-Olivas et al., 2002). Rep is a multifunctional protein and possesses modular 

functions (Campos-Olivas et al., 2002). The N-terminus of Rep is involved in site-

specific DNA Binding, nicking and ligation, the middle portion contains an 

oligomerization domain and the C-terminus has ATP-binding and ATPase activity 

(Orozco et al., 1997). The site-specific DNA Binding activity of the N-terminus of 

Rep has been mapped in first 116 amino acids for TYLCV Rep (Jupin et al., 1995). A 

comparison between Rep and prokaryotic rolling-circle replication (RCR) initiator 

proteins indicated that the N-terminus of Rep has three conserved motifs RCRI 

(FLTY), RCRII (HLH) and RCRIII (YxxKD/E), these are conserved motifs across all 

geminiviruses (Dasgupta et al., 2004; Vadivukarasi et al., 2007). A fourth conserved 

sequence in the N-terminus, designated as the “geminivirus Rep sequence” (GRS), 

has been identified recently; this motif is essential for replication and has conserved 

amino acid sequence across all geminivirus genera. Mutation in GRS of TGMV led to 

loss in infection in host plant and the virus lost the ability to replicate in tobacco 

protoplast (Nash  et al., 2011). The central portion of Rep has an oligomerization 

domain; this activity has mapped in between 121 to 181 residues in TGMV (Orozco et 

al., 2000). During RCR, Rep nicks the virion-strand within the nonanucleotide 

sequence (TAATATT∕AC) within the loop region of the hairpin in a sequence-specific 

manner by binding to repeat elements (known as iterons; (Argüello-Astorga et al., 

1994a) within the IR. Rep remains bound, via a conserved tyrosine residue (Argüello-

Astorga et al., 1994b), at the 5' end of the nicked DNA. During the RCR 3' end of 

nicked DNA serves as primer for the synthesis of the virion-sense strand using the 

complementary-sense strand as a template (Heyraud-Nitschke et al., 1995). Rep has 

helicase activity which is dependent on its oligomeric conformation (Choudhury et 

al., 2006). REn, by interacting with Rep, may also modulate Rep activity (Settlage et 

al., 1996), which is associated with accumulation of high levels of coat protein and 

viral DNA, which down-regulates the DNA cleavage and ligation activity of Rep in 
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vitro (Malik et al., 2005). 

 Geminiviruses are unable to enter meristems and Rep-mediated induction of 

the host cell DNA replication machinery enables geminiviruses to replicate in 

differentiated cells (Egelkrout et al., 2002; Kong et al., 2000). Rep established S-

phase by binding with retinoblastoma related protein (pRBR) involved in cell cycle 

(Collin et al., 1996; Hanley-Bowdoin et al., 2004). It has been shown experimentally 

that an 80 amino acid region of TGMV Rep protein, comprised of two predicted α-

helices, interacts with pRBR (Arguello-Astorga et al., 2004). In mature leaves, host 

transcription was activated by Rep, Rep relieved the repression of pRBR/E2F. The 

binding ability of Rep with pRBR, and to overcome E2F mediated repression of the 

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

promoter) suggestive of a model where expression of host genes through pRBR/E2F 

was modulated by Rep (Castillo et al., 2003). According to this model, E2F binds to 

PCNA promoter and recruits pRBR in mature plant cells, this binding leads to 

chromatin remodelling activities, like SW1/SNFI enzyme and histone deacetylases, 

which in turn create a repressor complex. In this way, activated host genes activated 

the replication machinery of host DNA. Geminiviruses encoded protein associated 

with replication also interact with certain host replication factors, for example with 

RFC that is a clamp loader and transfer the PCNA to the replication fork (Castillo et 

al., 2003; Luque et al., 2002). It is presumed that these interactions take place in the 

early stages of formation of a DNA replication complex on the geminivirus origin. 

The Rep protein of ACMV, upon inoculation to yeast cells, induced re-replication 

resulting in morphological changes (Kittelmann et al., 2009). Yeast cells were 

elongated up to threefold in comparison to non-induced cells and possessed enlarged 

and less compact nuclei. Rep expressing cells showed DNA contents beyond 2C, 

indicating uninterrupted replication without superseding mitosis. TGMV encoded Rep 

binds to histone H3 (a mitotic kinesin), to novel protein kinases (GRIK) and to Ubc9, 

important factor of the sumolyation pathway (Castillo et al., 2004; Kong and Hanley-

Bowdoin, 2002). 

1.6.2  Transcriptional activator protein (TrAP) 

 The transcriptional activator protein (TrAP) is a nuclear localized protein of 

~15kDa has the functions of transcriptional activation (Sunter and Bisaro, 1992), 

suppression of gene silencing (Raja et al., 2010) and suppressor of basal host defence 
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(Sunter et al., 2001). TrAP resembles other transcriptional activator proteins in 

various aspects including having a nuclear localization signal (NLS) rich in arginine, 

a zinc finger domain comprised of histidine and cysteine residues, and an acidic 

activation domain (Dong et al., 2003; van Wezel et al., 2003). In begomo- and 

curtoviruses, TrAP protein transactivates virion-sense (V2 and CP) gene expression 

by binding to specific sequence elements in promoter region of these genes, and this 

TrAP mediated promoter stimulation mechanism is of both the activation and 

derepression type (Sunter and Bisaro, 2003).  It has been confirmed that TrAP 

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

(Sunter and Bisaro, 1997). In-vitro binding assays with TYLCV TrAP showed that 

TrAP binds to both dsDNA and ssDNA but preferably binds to ssDNA in a sequence 

independent manner and might be not related to its transactivation activity (Noris et 

al., 1996b). For mastreviruses the functional homologue of TrAP is the Rep A protein 

(Collin et al., 1996). 

 Beside the major role in controlling transcription of late viral genes, TrAP is a 

pathogenicity determinant that suppresses host defence in more than one way. 

Expression of TGMV TrAP and C2 of BCTV in transgenic N. benthamiana plants 

under constitutive promoter, lead to a novel susceptible phenotype that is 

characterized by reduction in the inoculum concentration without affecting the disease 

symptoms and viral replication, and by a reduction in mean latent period (time to 

from inoculation to first symptoms) (Sunter et al., 2001). The enhanced susceptibility 

has direct correlation with the ability of TrAP/C2 to interact with and inactive SNF1 

kinase (a universal metabolic regulator that responds to change in cellular energy 

charge). However, the precise nature of SNF1 mediated defence mechanism, which 

affects the viral infectivity rather than virulence, still needs to be explored (Hao et al., 

2003). 

 The TrAP proteins of begomoviruses and C2 protein by BCTV are strong 

suppressor of RNA silencing (Baulcombe, 2004; Voinnet, 2005). TrAP has the ability 

to reverse previously established silencing and also can inhibit silencing, when 

expressed transiently from a Potato virus X (PVX) vector or under the control of a 

constitutive promoter (Trinks et al., 2005; Wang et al., 2005). TrAP of East African 

cassava mosaic Cameroon virus (EACMCV) , Indian cassava mosaic virus (ICMV) 

and Tomato yellow leaf curl China virus (TYLCCNV) is suppressor of PTGS (Van 

Wezel et al., 2002; Vanitharani et al., 2004) and TGS (Bisaro, 2006). It is presumed 
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that NLS, activation domain, zinc-binding and DNA Binding domains of TrAP are 

involved in the transcription dependent mechanism correlated with the activation of a 

host gene (WEL-1) that may acts as negative regulator of RNA silencing (Dong et al., 

2003; Trinks et al., 2005; van Wezel et al., 2003).  Transcription independent 

mechanism does not require the activation domain but depends on interaction of TrAP 

with adenosine kinase (ADK) (Wang et al., 2005; Wang et al., 2003). ADK is 

primarily mandatory for enhanced production of methyl transferase cofactor S-

adenosyl methionine and localized in cytoplasm, while its deficiency lessens cellular 

transmethylation activity (Buchmann et al., 2009). PTGS and TGS are associated with 

methylation of DNA sequence, thus in a transcription independent way, probably 

TrAP suppresses host defence by interfering with RNA-directed methylation of the 

viral genome. 

 Bimolecular fluorescence complementation (BiFC) assays revealed that 

TrAP:TrAP complexes formed in the nucleus, while TrAP:ADK complexes formed in 

the cytoplasm. The zinc finger motif (CCHC) of TrAP has role in TrAP:TrAP 

interaction, and this self interaction is essential for activation of transcription and 

nuclear localization, whereas TrAP:ADK interaction in cytoplasm is involved in 

suppression of local silencing (Yang et al., 2007). Baculovirus expression of TrAP in 

insect cells showed that phosphorylated TrAP predominantly accumulated in nucleus, 

while the non-phosphorylated form was found to be present in both the nucleus as 

well as in the cytoplasm, suggestive of a strong impact of cellular kinases on 

subcellular localization (Wang et al., 2003). 

 TrAP can counter the hypersensitive response (HR) that leads to cell death. 

The constitutive expression of the nuclear shuttle protein (NSP) of ToLCNDV induces 

a HR response in N. tabacum and L. esculentum plants. TrAP mediates the inhibition 

of cell death. A deletion mutagenesis and mutation analysis revealed that inhibition 

activity is controlled by zinc finger domain and required the NLS (Hussain et al., 

2007). 

1.6.3  Replication enhancer protein (REn) 

 The replication enhancer protein (REn) is a small protein of ~132 amino acids. 

Although this protein is not essential for replication, it facilitates the accumulation of  

viral DNA up to 50 folds and helps in efficient viral replication and symptom 

development, by interacting with Rep and recruiting host factors (Settlage et al., 
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2005; Sunter et al., 2001). REn is encoded by viruses of the genera Begomovirus, 

Topocuvirus and Curtovirus but not by mastreviruses. For mastreviruses the 

replication enhancer function is performed by the Rep A protein (Laufs et al., 1995a; 

Orozco and Hanley-Bowdoin, 1996). REn and Rep occur in equal proportions in the 

nuclei of infected plant cells, suggesting that REn acts with Rep to initiate the 

replication of viral DNA (Nagar et al., 1995).  

Experimentally it has been observed that REn protein increases Rep affinity 

for the origin of replication. REn is highly hydrophobic protein that is structurally and 

functionally conserved among all begomoviruses and most curtoviruses, and is 

involved in a number of interactions. It forms homo-oligomers and interacts with Rep, 

pRBR and PCNA (Castillo et al., 2003; Settlage et al., 2005). Analysis of the REn of 

TYLCV in yeast two-hybrid (Y2H) system showed that it has a core region that is 

involved in oligomerization Mutations in this region not only inactivates the REn, 

reduced REn oligomerization also inactivates the interaction with Rep and PCNA, 

while mutated REn interaction with pRBR was fully functional (Settlage et al., 2001). 

Hydrophobic residues in the central region REn protein were found to be involved in 

self-interaction and interactions with Rep and PCNA, whereas C and N terminal polar 

residues were shown to be important for REn-pRBR interaction. It has been proved 

experimentally that REn-REn, REn-TrAP, and REn-PCNA interactions are important 

in the replication of geminiviruses. While interaction of REn-pRBR was not found to 

be essential for viral replication it plays a vital role during infection of differentiated 

cells (Settlage et al., 2005). Recently yeast two-hybrid assays showed that REn 

encoded by ToLCV interacts with SINAC1, a member of NAC domain proteins that 

acts as transcription factor. Over expression of SINAC1 led to substantial enhanced 

viral DNA accumulation, showing that this interaction is necessary for enhancement 

of viral replication (Selth et al., 2005). 

1.6.4 [A]C4  

 AC4 (AL4 or C4) is a small ORF that lies entirely within the Rep coding 

sequence but in a different reading frame and is not well conserved among 

geminiviruses (Hanley-Bowdoin et al., 1999). Mutational analysis of BCTV encoded 

C4 showed that this protein is a symptom determinant. Stanley and Latham (1992) 

mutated the C4 by introducing stop codon at two different locations without affecting 

Rep coding sequence. When N. benthamiana plants were challenged with C4 mutant, 
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inoculated plants exhibited stunted growth, vein yellowing and downward leaf rolling 

comparable to wild type BCTV. However, although the titre of the virus was 

unchanged the characteristic vein swelling was absent. Infections of the C4 mutant in 

Beta vulgaris were asymptomatic. These results suggested that C4 is not only 

symptom determinant but also has role in virus pathogenicity. Transgenic N. 

benthamiana plants expressing the BCTV C4 protein produced ectopic cell division 

resulting in virus like symptoms (Latham et al., 1997). The C4 of Beet severe curly 

top virus (BSCTV) induces a RING finger protein (RKP) (a homolog of KPC1, a 

human cell cycle regulator). A. thaliana plants bearing mutation in RKP showed less 

susceptibility to BSCTV. These findings confirmed the role of C4 protein in symptom 

development (Lai et al., 2008). Similarly, agro-inoculation of ToLCV bearing 

mutation in C4 ORF led to reduce symptoms, although viral DNA titre was 

comparable to wild type virus infections, these results again show  the involvement of 

C4 in pathogenesis and symptom development but not in replication or in spread  

(Rigden et al., 1994).  

For bipartite begomoviruses no role could be attributed to the C4 protein, as 

mutation in C4 ORFs of ACMV and TGMV produced symptoms comparable to wild 

type symptoms (Etessami et al., 1989). However for some bipartite begomoviruses, 

such as ACMV and Sri Lanka cassava mosaic virus (SLCMV), AC4 acts as 

suppressor of PTGS (Vanitharani et al., 2004).  

The C4 protein of TYLCV and BCTV (in common with the MP of bipartite 

begomoviruses) localized at the cell periphery, possibly due to an N-terminal 

myristoylation motif, so might be involved in or mediate movement within phloem 

tissue (Rojas et al., 2001). The C4 of BCTV interacts with two unique members of 

shaggy-related protein kinase family; AtSKη andAtSKξ. AtSKη was able to 

phosphorylate BCTV C4 and plays a pivotal role in developmental processes. BCTV 

C4 also interact with a putative leucine rich repeat receptor like kinase (LRR-RLK) 

thereby compromising host defence (Fontes et al., 2004). Bhendi yellow vein mosaic 

virus (BYVMV) C4 has strong role in pathogenesis (symptom development) by 

suppressing the PTGS. Constitutive expression of C4 in transgenic plants elicited 

virus-like symptoms in the absence of viral infection, indicating that C4 protein have 

role in developmental processes by interfering with miRNA pathways. Thus, it may 

be speculated that silencing suppressor function of C4 protein is linked to modified 

activity of DICER in plants. Suppressor function of C4 may be due to negative 
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regulation of transcription of a host genes involved in the PTGS pathway in the 

cytoplasm, or due to up regulation of transcription of a host PTGS inhibitor (Gopal et 

al., 2007). 

1.6.5 [A]V2 

 The AV2 gene is absent in begomoviruses native to the NW. However, two 

OW begomoviruses, Corchorus yellow vein virus (CoYVV)(Ha et al., 2006) and 

Corchorus golden mosaic virus (CoGMV) (Ha et al., 2008) that lack this gene have 

been identified. The AV2/V2 protein is about 112 amino acids long and has role in 

accumulation of viral DNA and pathogenesis in plants (Padidam et al., 1996). The V2 

protein of TYLCV and Tomato leaf curl Java virus (TLCJV) localized around the cell 

periphery, nucleus and co-localized with the endoplasmic reticulum (ER), this pattern 

of localization is very similar to MP of bipartite begomoviruses, known to mediate 

cell-to-cell movement (Chowda-Reddy et al., 2008; Rojas et al., 2001). Nuclear 

export signals (NES) in N-terminal sequences of V2 are responsible for V2 movement 

function (Sharma et al., 2010). The pathogenicity of AV2 is dependent on a conserved 

protein kinase C (PKC) motif involved in phosphorylation and essential for the 

elicitation of cell death (Chowda-Reddy et al., 2008). Mutagenesis of East African 

cassava mosaic virus(EACMV) and East African cassava mosaic Kenya virus 

(EACMKV) has revealed that AV2 has no role in symptomatic infection in cassava, 

however attenuated symptoms were observed (Bull et al., 2007).  

For mastreviruses the V2 protein is known as the movement protein because of 

its active involvement in viral movement. Mutation in V2 of MSV led to low level of 

replication (although all the replicative forms were detected), or led to lost of 

infection (Boulton et al., 1989). Liu et al., (2001) proved that MSV V2 does not bind 

with viral DNA, rather it interacts with the CP and the CP-MP complexes diverts the 

CP-DNA complexes from the nucleus to the cell periphery and facilitates cell to cell 

movement of the virus (Liu et al., 2001a). 

 The functional diversity of V2 protein lies in its capacity to interact with 

different host factors, TYLCV encoded V2 has role in suppression of RNA silencing. 

V2 interacts with SISGS3, which is involved in the RNA silencing pathway (Glick et 

al., 2007). PVX-mediated expression of V2 gene of different monopartite 

begomoviruses led to development of leaf curling phenotype followed by a local and 

systemic HR in N. benthamiana and N. tabacum, that finally lead to plant death 
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(Mubin et al., 2010; Sharma and Ikegami, 2010). 

1.6.6  Coat protein (CP) 

 The CP of geminiviruses is multifunctional. It is involved in encapsidation, 

insect transmission, intra- and intercellular movement and accumulation of viral 

ssDNA. The function provided by CP of prime importance is to form a shell around 

the ssDNA genome. A study of the virion structure of MSV showed this to consist of 

110 coat protein subunits organized as 22 pentameric capsomers forming the unique 

geminate particle (Figure 1.1; (Zhang et al., 2001)).  

The CP is dispensable for systemic infection and movement of bipartite 

begomoviruses however it enhances the efficiency of systemic movement of the virus. 

In-contrast, CP is essential for the infectivity of monopartite geminiviruses (Rojas et 

al., 2001). Mutation in CP ORF was linked to reduced levels of viral DNA in infected 

plant cells but remained unaffected in protoplast, suggestive of impaired movement 

function (Boulton et al., 1991). Localization of CP protein in secondary 

plasmodesmata with onset of viral infection confirmed its involvement in movement 

of monopartite geminiviruses (Dickinson et al., 1996). The CP encoded by TYLCV 

localized around the nucleus and nucleolus thus facilitated the import and export of 

viral DNA, acting as a nuclear shuttle (Rojas et al., 2001). CP mutation in BCTV 

could be complemented by a second (Rep) mutant (Briddon et al., 1989). A conserved 

proline-cysteine-lysine (PCK) motif was identified in the CP of MSV at amino acid 

180-182, and was found to be conserved in the majority mastreviruses infecting 

cereals crops. Investigations showed that substitution of lysine (K) with valine (V) 

abolished systemic infection, although the mutant replicated at the site of inoculation 

(Liu et al., 2001b). The CP of MYMV has two NLS at the N-terminus implicating it 

in the transport of viral DNA into the plant cell nucleus. In-vitro pull down assay 

showed that MYMV CP interacts with importin α (a nuclear import factor) suggesting 

that the CP is imported into the nucleus through an importin α-dependent pathway 

(Guerra-Peraza et al., 2005). NLS and nuclear export signal (NES) has also been 

mapped for the CP of TLCJV (Sharma and Ikegami, 2009).  

 The CP is the determinant of transmission and vector specificity. Insect vector 

specificity changed from whitefly to leafhopper with replacement of ACMV CP with 

the CP of BCTV (Briddon et al., 1990). For the sake of safe transmission from 

infected plant to healthy plant by insect vector, there is an interaction of virion with a 
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GroEL (a 63 kDa protein produced by endosymbiotic bacteria) that protects the virion 

from degradation inside insect vector. It was observed that the GroEL protein interacts 

with CP sequences of TYLCV in the insect hemolymph, ensuring the safe movement 

and maintenance of virus (Morin et al., 2000).  

1.6.7  Nuclear shuttle protein (NSP)  

 NSP is a multifunctional protein, whose synthesis is regulated by TrAP at the 

transcriptional level (Sunter and Bisaro, 1991). Replication of geminiviruses takes 

place in the nucleus, to accomplish this they have to move from cell-to-cell and from 

the cytoplasm to the nucleus. NSP assists in the nucleocytoplasmic trafficking of viral 

DNA. DNA B of bipartite begomoviruses encodes two proteins, the MP and the 

NSP)(Figure 1.5). Both are involved in intercellular and intracellular movement, host 

range determination, symptom development and virus transmission (ensuring the 

presence of the virus at the site of insect feeding) by the insect vector. Mutation in 

either of these genes led to loss in viral infectivity but had no effect on replication and 

encapsidation (Brough et al., 1988; Etessami et al., 1988).  

NSP has strong, sequence independent affinity to bind with ssDNA and 

localizes to the periphery of the nucleus (Hehnle et al., 2004). NSP is very basic 

protein and contains two NLS. Mutation in either of the NLSs abolished viral 

infectivity. The C-terminal of NSP is involved in interaction with MP (Sanderfoot and 

Lazarowitz, 1996). NSP interact with various host factors to accomplish the task of 

viral movement, including an acetyl transferase from A. thaliana, a receptor-like 

protein kinase from tomato and soybean, NSP-interacting kinase (NIK), NSP 

interacting GTPase (NIG) and a proline-rich extensin-like receptor protein kinase 

(PERK). Segregation of ssDNA from dsDNA for movement and encapsidation may 

required the acetylation, while phosphorylation of NSP by kinase may be helpful in 

masking the protein from triggering a host resistance response during viral DNA 

movement, and interaction with NIG enhances the viral proteins translocation from 

the nucleus to the cytoplasm thus redirects viral DNA to the cell surface to interact 

with the viral MP (Carvalho et al., 2008; Florentino et al., 2006; Mariano et al., 2004; 

McGarry et al., 2003; Santos et al., 2010). In beans, NSP acts as an avirulence factor 

(Garrido-Ramirez et al., 2000) whereas for ToLCNDV NSP acts as a pathogenicity 

determinant (Hussain et al., 2005). 
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1.6.8 Movement protein (MP)   

 MP binds to DNA in form and size specific manner by interacting and 

cooperating with NSP (Rojas et al., 1998). MP mediates the movement of dsDNA and 

localized at the level of plasmodesmata (Noueiry et al., 1994). Two models of 

bipartite begomovirus movement have been proposed; the “relay race model” and the 

“couple skating model”. According to relay race model, NSP first binds to dsDNA and 

transfers it from the nucleus to the cytoplasm where the MP takes over for 

plasmodesmatal crossing. According to couple skating model, NSP binds to viral 

ssDNA in the nucleus and transfers this to the cytoplasm In the cytoplasm MP 

interacts with the DNA-NSP complex to facilitate intracellular movement. Both 

proteins are required for intracellular movement of BDMV, mutation in either of these 

two inhibited the cell-to-cell movement of viral DNA (Sudarshana et al., 1998). An 

electron microscopic study has revealed that redirection of AbMV NSP to the plasma 

membrane in fission yeast was promoted by MP (Frischmuth et al., 2007). Transgenic 

expression of the MP of Mungbean yellow mosaic India virus in N. benthamiana 

showed this to localise around epidermal cells (Radhakrishnan et al., 2008), while the 

MP of AbMV localized at plasma membrane and plasmodesmata and this protein 

promotes redirection of NSP to plasma membrane in fission yeast (Kleinow et al., 

2009).  

Two domains of MP are important for intracellular movement, an anchor 

domain and a pilot domain. The anchor domain was essential for localisation at the 

cell periphery. This domain consists of a putative amphiphilic helix that has a role in 

anchoring the protein on membrane leaflet (Zhang et al., 2002). Transport of viral 

DNA from cell to cell was mediated by enhancing the size exclusion limit (SEL) of 

plasmodesmata by MP of BDMV in injected cells (Noueiry et al., 1994). Both MP 

and plasmodesmata impose a limit on viral genome size for intracellular movement 

(Gilbertson et al., 2003). 

 The involvement of begomovirus MP in symptom development has been 

reported. Constitutive expression of MP of Squash leaf curl virus (SqLCV) in N. 

benthamiana and MP of Tomato mottle virus (ToMoV) in N. tabacum induced virus-

like symptoms indicating a role in pathogenicity (Duan et al., 1997a). Pascal et 

al.,(1993) carried out the similar study by transgenically expressing the both NSP and 

MP of SqLCV in plants. Results showed that expression of just MP is enough to 

produce typical symptoms of SqLCV (leaf curling and mosaic). These results directly 
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revealed the role of MP in bipartite geminiviruses as symptom determinant (Pascal et 

al., 1993).  

1.7 DNA replication of geminiviruses  

 Geminivirus DNA replication takes place exclusively in the nuclei of host 

cells (Davies et al., 1987). After inoculation of geminivirus into host plant by an 

insect vector, the geminivirus genome migrates to nucleus for replication. As yet it is 

unclear whether this occurs at intact virions or as a DNA-CP complex. Geminiviruses 

have similarities to mammalian DNA tumor viruses; both rely on host for replication 

machinery and have ability to replicate in differentiated host’s cells (Hanley-Bowdoin 

et al., 2004). Many host factors are involved in geminivirus replication. Viral DNA 

accumulation is inhibited by amphidicolin (Nagar et al., 2002), an inhibitor of DNA 

polymerases α and δ. Replication of geminivirus follows a rolling-circle mechanism 

(Laufs et al., 1995a) and also a recombination dependent replication mechanism 

(Alberter et al., 2005; Jeske et al., 2001). The geminiviruses replicate through dsDNA 

intermediates in the nucleus of infected cells using plant host machinery for DNA 

replication (Bass et al., 2000; Hanley-Bowdoin et al., 1999). 

 Geminiviruses infect differentiated plant cells in which DNA replication is not 

active. The Rep protein reprograms the mature plant cells to create conditions 

permissive for viral DNA replication. For this Rep protein interacts with host factors 

to reprogram the cell machinery. Virion-strand DNA synthesis is started from a nick 

within the nonanucleotide sequence and multifunctional Rep is obligatory for the 

accurate initiation (by nicking the nonanucleotide sequence – TAATATT↓AC) and 

termination of this process (Saunders et al., 1992). It is responsible for starting RCR 

and resolving unit length viral ssDNA molecules resulting from RCR. RCR occurs in 

three distinct stages; in the first stage, viral ssDNA, also known as the virion-sense 

strand, is converted into a covalently closed circular (ccc) dsDNA. A host DNA 

primase enzyme synthesizes an RNA primer on the ssDNA genome (for mastreviruses 

this primer is actually encapsidated; see section 1.4.1) and then host DNA 

polymerases convert ssDNA into dsDNA by initiating complementary-sense strand 

synthesis (Gutierrez, 1999; Saunders et al., 1992). This ccc dsDNA serves as the 

template for replication and transcription. Secondly amplification of the ssDNA 

genome occurs by an RCR mechanism (Figure 1.7). 
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Figure 1.7 Rolling-circle DNA replication mechanism of geminiviruses. In the first 

step initiation of complementary strand is started by a host derived RNA primer. Then 

ssDNA is converted into dsDNA that dsDNA becomes a transcriptionally active 

minichromosome. In the third step Rep protein binds to iterons and produces a nick in 

the origin of replication (ori) which initiates rolling-circle replication. Virion sense 

strand is synthesizes that is released as a circular ssDNA unit by Rep. Finally ssDNA 

can either be packaged by coat protein for transmission by insect, be move cell-to-cell 

or again be recruited into the replication cycle. Figure was reproduced from (Briddon 

and Stanley, 2008). 

 

 In third stage ssDNA genome is encapsidated into viral particles, moved from cell to 

cell and long distance from one part of the plant to the other part with help of viral 

movement proteins or acts as a template for complementary-strand synthesis and 

further RCR. Analogous RCR mechanisms are used by bacteriophages, prokaryotic 

ssDNA replicons and in some eubacterial plasmids (Bisaro, 1996; Noris et al., 1996a; 

Stenger et al., 1991; Timmermans et al., 1994).  

Multiple cis elements in the intergenic region of geminiviruses are known to 

constitute the origin of replication (Orozco et al., 1998) and Rep binds to iterons 

(repeated elements in IR) sequences that are involved in the initiation of replication. 

Rep binding to the iterons occurs prior to the introduction of a nick in the virion-sense 

strand (Laufs et al., 1995b; Orozco and Hanley-Bowdoin, 1996). Rep covalently 

binds to viral ssDNA at the exposed 5′-terminus (Laufs et al., 1995b) and, by 

recruiting host factors and using the complementary-sense strand as a template, 

elongation of the 3′-terminus is started (Luque et al., 2002; Nagar et al., 1995; Selth et 
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al., 2005). The Rep binds to iterons with high affinity and in a sequence specific 

manner. This is the reason for the incompatibility between Rep and the origin of 

replication of distinct begomoviruses. Synthesis of virion-sense DNA starts with a 

nick in the plus strand within the nonanucleotide TAATATT↓AC (arrow indicates 

nicking site). The Rep protein accomplishes this function (Laufs et al., 1995b) and 

binds to the 5' terminus of the cleaved strand via a conserved tyrosine residue. The 3' 

terminus of the nicked DNA is used as a primer for DNA synthesis and daughter 

virion sense strand is synthesized by displacing the original virion-sense strand. DNA 

polymerase synthesizes the virion strand (as a unit length) around the complementary 

DNA template. Synthesized virion strand is cut and ligated to form a circular ssDNA. 

The joining activity of Rep that acts as a terminase was worked out by Laufs et al., 

(1995). This close-circular ssDNA has two fates; either it is encapsidated into virions 

or serves as template for replication. Tyrosine-103 is involved to initiate the cleavage 

activity and this tyrosine residue serves as physical link between the Rep and its DNA 

origin (Laufs et al., 1995b). 

 Geminivirus transcribe in a bidirectional fashion. There is thus the possibility 

of collisions arising between replication and transcription complexes (Brewer, 1988). 

Later on, integrated use of electron microscopy and 2-D gel electrophoresis confirmed 

that RCR model is adopted by very few viral DNA intermediates and AbMV uses 

RCR. The majority of geminiviruses used another mechanism of replication, a 

recombination-dependent replication (RDR) mechanism (Jeske et al., 2001). The 

detailed mechanism of RDR is not well understood. During replication by RCR 

through dsDNA intermediates, double strand breaks or damages occur which leads to 

repair of damage or break, basis of recombination dependent replication (Kreuzer, 

2000). This RDR model is based on the presence of certain replication intermediates, 

more compatible with an RDR mode analogous to that of bacteriophage T4. Abutilon 

mosaic virus (AbMV), ACMV, BCTV, TGMV, and TYLCV have been shown 

experimentally to use RDR (Jeske et al., 2001; Preiss and Jeske, 2003). During 

natural infections, both RCR and RDR intermediates forms were detected, whereas in 

leaf discs inoculated with AbMV using Agrobacterium-mediated inoculation DNA 

forms compatible with an RDR mechanism but not the RCR intermediates were 

detected. Both RDR and RCR replication mechanism have been shown to occur in a 

number of distinct geminiviruses (Preiss and Jeske, 2003). 
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1.8 Strategies for engineering resistance to geminiviruses 

 The selection of resistant varieties through conventional breeding is the only 

means of countering geminiviruses at this time. However, there are few sources of 

resistance against geminiviruses in the available germplasm of many crops. The 

narrow genetic base of cultivated varieties, the extensive use of insecticides, leading 

to a build-up of insecticide resistant vectors, and monoculture are favouring the rapid 

evolution and spread of viruses (Seal et al., 2006a; Seal et al., 2006b). So there is a 

need to devise alternative control strategies against these ever evolving pathogens. 

Genetic engineering could be an effective technique that has few of the drawbacks of 

conventional breeding. Researchers have extensively used genetic engineering 

approaches based on pathogen-derived resistance (PDR) to develop resistance in 

plants against geminiviruses. In PDR, a portion of the viral genome is transformed 

into plants to develop resistance. The first successful example of PDR came by the 

expression of the TMV CP in tobacco plants. Transgenic plant expressing CP showed 

significant resistance by limiting the spread of TMV infection (Abel et al., 1986). This 

event opened the avenue to protect the crop species against viruses. Currently it is 

thought that PDR works by two basic molecular mechanisms, either protein-based or 

nucleic acid-based. 

1.8.1  Resistance by the production of proteins 

 A type of resistance based on expression of viral gene in transgenic plants is 

referred as protein-based resistance (reviewed by (Shepherd et al., 2009; 

Vanderschuren et al., 2007). Both viral and non viral proteins can be exploited to 

produce resistance against viruses. Among the proteins encoded by geminiviruses the 

Rep could produce broader resistance because of its involvement in viral replication. 

N-terminally truncated Rep (T-Rep) has shown to repress the viral replication in N. 

benthamiana protoplasts (Brunetti et al., 2001; Hong and Stanley, 1995), while in 

transgenic tomato plants T-Rep produced high degree of resistance against 

homologous virus by repressing the viral Rep promoter (Hong and Stanley, 1995; 

Noris et al., 1996a), and forms dysfunctional complexes with the Rep of the 

heterologous viruses (Lucioli et al., 2003). Similarly, expression of N-terminal region 

of ToLCNDV Rep in N. benthamiana plants and protoplasts reduced the DNA 

accumulation of ToLCNDV by up to 70%, while against the heterologous viruses 

ACMV, Pepper huasteco yellow vein virus (PHYVV) and Potato yellow mosaic virus 
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(PYMV) a 20-50% decline in DNA accumulation was noted (Chatterji et al., 2001). 

Under field condition, tomato plants expressing Rep gene with IR of TYLCV 

produced noticeable resistance (Yang et al., 2004) however in this case the actual 

cause of resistance was found to be the formation of dsRNA hairpin from inverted 

repeats of the IR that triggered PTGS; expression of Rep was found to have no role in 

the resistance. Expression of MYMV Rep (both full length and truncated) inhibited 

the viral replication in transgenic tobacco plants (Shivaprasad et al., 2006). 

Expression of MP of various viruses (TGMV and ToMoV) in transgenic plants not 

only hampered the systemic movement of homologous viruses but also showed 

prominent resistance against heterologous viruses (Duan et al., 1997b; von Arnim and 

Stanley, 1992). Resistance observed in plants upon expression of non functional MP 

may possibly involve the competition to interact with NSP or oligomerization 

(Frischmuth et al., 2004).  

By inducing cell death viral spread can be arrested to the inoculation site. 

Expression of dianthin (a ribosome-inactivating protein) under the control of the 

ACMV DNA A virion-strand promoter, greatly reduced the susceptibility of 

transgenic plants against ACMV infection (Haley et al., 1992; Hong et al., 1997). 

TrAP either from homologous or heterologous viruses (TGMV, ACMV and SqLCV) 

have the ability to activate expression of virion-strand promoter of TGMV (Sunter et 

al., 1993), this strategy could be utilized to confer resistance against broad spectrum 

geminiviruses.  

In a similar approach barnase and barstar proteins have been used to develop 

resistance to geminiviruses. Barnase is an extracellular protein (110-residue) found in 

Bacillus amyloliquefaciens, it has ribonuclease activity and its lethal functions within 

the cell are countered by barstar, a 90-residue polypeptide. Barnase/barstar idea could 

be employed, to accomplish this barnase and barstar genes of B. amyloliquefaciens 

were cloned under the control of both virion and complementary-sense promoters 

from ACMV (Zhang and Simon, 2003). Both barnase and barstar expressed at same 

level when there was no geminivirus infection, thus no active barnase was available. 

However during the infection, enhanced expression of barnase (due to TrAP) led to 

increased RNase activity and localised cell death that resulted in arrest of virus 

spread.  

Artificial zinc finger protein (AZPs) has the ability to bind with dsDNA. AZPs 

designed against Rep (sequences involved in replication) of TGMV and BSCTV have 
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been used successfully (Sera and Uranga, 2002). A. thaliana plants expressing six 

finger AZP with NLS under Cestrum yellow leaf curling virus promoter resulted in 

reduce or no replication of BSCTV (Sera, 2005). This approach could potentially be 

utilized to develop stable resistance against geminiviruses because to overcome the 

AZP effect virus has to mutate both the origin of replication and Rep sequence 

simultaneously. 

1.8.2 DNA interference 

 In addition to genomic components, often subgenomic DNAs occur naturally 

in geminivirus-infected plants (Frischmuth and Stanley, 1993). Because of their 

ability to delay and attenuate infection symptoms they behave as defective interfering 

(DI) DNAs (Stanley et al., 1990). Plants infected with ACMV contained defective 

DNA B approximately double in quantity but almost half in length of the genomic 

DNA (Stanley and Townsend, 1985) and their concentrations were negatively 

correlated with the ACMV multiplication in N. benthamiana. Transformation of plants 

with ACMV DNA B subgenomic showed reduced symptoms of ACMV but failed to 

produce resistance against heterologous viruses like BCTV and TGMV (Stanley et al., 

1990). N. benthamiana plants expressing partial repeats of heterogeneous subgenomic 

DNAs of BCTV (800 to 1800nt) failed to show resistance to infection but showed 

ameliorated symptoms when challenged with BCTV (Frischmuth and Stanley, 1992; 

Stenger et al., 1990). The resistance mediated by BCTV DI DNA was linked to its 

size and ameliorated symptoms were presumed to be due to mobilization of 

subgenomic DNA by the virus from the host genome which competes for Rep thereby 

reducing the levels of viral DNA (Frischmuth and Stanley, 1994; Stenger, 1994). 

Because the subgenomic DNA also competes for viral movement proteins, fewer cells 

may receive viral DNA leading to lower viral DNA levels in plants and concomitantly 

less severe symptoms. 

1.8.3 RNA interference  

 RNA interference (RNAi) is homology/sequence specific phenomena that 

specifically degrades mRNA and is triggered by self-complementary RNA transcripts 

that form a double-stranded RNA (dsRNA). The RNAi phenomenon was first 

discovered in plants and was termed “co-suppression” (Napoli et al., 1990). RNAi 

plays a significant role in controlling developmental processes also has a vital 
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function in protection against pathogens. The process occurs in two steps. In the first 

step dsRNA (the trigger) is cleaved into short interfering RNAs (siRNAs) of 

approximately 21 to 25 nt (Voinnet, 2001; Wilkins et al., 2005). In the second step, 

these siRNAs are incorporated into a ribonuclease complex known as the RNA-

induced silencing complex (RISC) and serve as the guide for homology based 

recognition and subsequent cleavage of mRNA or translational repression (Bernstein 

et al., 2001; Haasnoot et al., 2007; Hammond et al., 2000).  

 miRNAs are another class of noncoding RNAs of 21-24 nt, are processed by 

dicers from ssRNA precursors that form hairpin precursors (and thus have regions hat 

are double-stranded. Thus far more than 200 miRNA genes have been identified from 

plants and animals. miRNAs are processed from mRNA that are transcribed from 

DNA but not translated into protein (Bartel, 2004a; Lau et al., 2001; Lee and Lucas, 

2001; Llave et al., 2002; Matthew W. R et al., 2002 ). The MIR genes (loci that 

encode miRNA) occur in clusters and may even be transcribed polycistronically, 

processed sequentially into pre-miRNA and miRNA (Lee et al., 2002). miRNAs are 

conserved phyla. The expression patterns of some miRNA are highly tissue specific 

and vary during development. C. elegans was the first eukaryote from which miRNAs 

were isolated. miRNAs play a pivotal role in developmental process by down 

regulating the translation of genes involved in development (Lee et al., 1993; Olsen 

and Ambros, 1999; Reinhart et al., 2000; Wightman et al., 1993).  

miRNAs share several common features with siRNAs; (a) both originate from 

double stranded precursor, (b) share same size of approximately 21-25 base pairs, (c) 

both are processed by the action of Dicer or Dicer-like enzymes (DCL) (Hutvagner et 

al., 2004), (d) both are incorporated into RISC target homologous sequences and (e) 

both perform interference by directing PTGS (Bartel, 2004a). Beside the similarities, 

they differ in their origin, as miRNAs originate from endogenous genes, while 

siRNAs are produced from long dsRNA precursors. miRNAs are produced from 

endogenous genes in two steps. At first a primary-miRNA (pri-miRNA) is transcribed, 

which is processed by the RNase III enzyme (Drosha; (Lee et al., 2003)) in the 

nucleus yielding stem-loop structure (pre-miRNA) of ~70 nt. These pre-miRNAs are 

transported to the cytoplasm where they are further processed by the RNase Dicer, 

giving rise to the mature miRNA. Both pri- and pre-miRNA are characterized by a 

hairpin structure (Bartel, 2004b; Nelson and Citovsky, 2005; Tijsterman and Plasterk, 

2004). The mature miRNA is recruited by RISC, in this complex miRNA strand binds 
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to the 3’ un-translated regions (UTRs) of complementary target mRNAs, leading to 

degradation of mRNA degradation thus repressing the translation of target gene 

(Cullen, 2009; Denli and Hannon, 2003; Gregory et al., 2005; Siomi and Siomi, 2009). 

1.8.3.1 Transcriptional gene silencing (TGS) 

 The mechanism by which RNAi leads to inhibition of transcription is known 

as transcriptional gene silencing (TGS) (Chandler and Vaucheret, 2001; Matzke, 

2002). Typically TGS is allied with DNA methylation of the promoter sequences, and 

changes in DNaseI hypersensitivity, indicative of altered chromatin structure 

(Chandler and Vaucheret, 2001). TGS is mediated and induced by RNA signals which 

come from various sources including surrounding heterochromatin, endogenous 

repetitive sequences, transgene genomic sequences, aberrant promoter transcripts, 

invasive viruses, transgene and transposon sequences and in some cases from ssRNA 

precursors produced by host plant RDR (Fagard and Vaucheret, 2000). 

 In the TGS pathway, cytosine residues of the target transgene or endogenous 

sequences are methylated and histone modifications are repressed; these epigenetic 

changes lead to gene silencing and ensure genome stability (Daxinger et al., 2009)). 

TGS is established by RNA-directed DNA methylation (RdDM). Three DNA-

dependent RNA polymerases: Pol II (Zhang et al., 2009), Pol IV and Pol V (He et al., 

2009) are involved in the RdDM pathway. TGS in plants was discovered when two 

different transgenes with identical promoters were introduced into tobacco. The first 

transgene was often silenced in the presence of the second transgene (Matzke et al., 

1989). The molecular mechanism of TGS may involve DNA-DNA interaction 

(Paszkowski, 2001) or can be triggered by dsRNA (Mette et al., 1999; Sijen and 

Kooter, 2000). Generally TGS is considered to be associated with integration of 

multiple copies of transgene and DNA-DNA interaction was thought to be the cause 

for triggering TGS. Even a single copy of a transgene can be targeted by TGS 

depending upon the presence of cis factors adjacent to the position of integration that 

include the presence of adjacent heterochromatin, endogenous repetitive sequences or 

even local inconsistency in GC content of the transgene and integrated region (Matzke 

and Matzke, 1998). Additional components Pol IVb, histone deacetylase HDA6, DNA 

methyltransferases (MET1, CMT3 and DRM1⁄ 2), histone methyltransferases KYP 

(SUVH4) and chromatin-remodelling factor DRD1 play a crucial role in TGS (Frizzi 

and Huang, 2010). 
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1.8.3.2 Post transcriptional gene silencing (PTGS) 

 Post transcriptional gene silencing (PTGS), also known as quelling in fungi 

and RNA interference in animals (Fire et al., 1998), was initially discovered in 

Petunia when researchers tried to over express a gene encoding chalcon synthetase to 

alter flower colour, which result in as loss of expression of both the transgenes and 

homologous endogenous genes. Now it is known to be a widespread phenomenon in 

many organisms and to serve as a natural defence response (Napoli et al., 1990; 

Voinnet, 2001). PTGS functions by degrading mRNA in sequence-specific manner 

and is triggered by dsRNA. dsRNA is cleaved into 21–25 nt small RNA (sRNA) 

molecules by dicer-like enzymes. Small RNAs directly cleave or translational 

repression target RNAs (Xie et al., 2004). In plants, PTGS can be accomplished by 

introducing stable transgenes expressing hairpin RNA molecules or dsRNA. 

Expression of the transgene in both sense and anti-sense orientations together 

enhances the efficiency of PTGS. This can be achieved by producing dsRNA from 

inverted-repeat (IR) transgenes separated by an intron (Waterhouse et al., 1998). Two 

classes of sRNA are produced, termed as short interfering RNAs (siRNAs). Those of 

21 nt serve as a guide for cleavage of mRNA, whereas long siRNAs of 24 nt are 

involved in chromatin modification (Hamilton et al., 2002).  

1.9 Economic importance of geminiviruses 

 The family Geminiviridae encompasses many economically important viruses 

that cause severe crops losses in tropical, subtropical and, increasing temperate 

regions of the world. These viruses infect important vegetable and field crops 

including beans, cassava, cotton, cucurbits, maize, wheat, pepper, chilli and tomato. 

African cassava mosaic disease of cassava caused by a bipartite begomovirus 

complex is present at pandemic levels in the African continent causing losses 

estimated at 15-24% (Legg and Fauquet, 2004). In India 90% losses were reported 

due to cassava mosaic disease complex (Patil et al., 2004). Cotton leaf curl disease 

(CLCuD) caused by a complex of monopartite, betasatellite-associated 

begomoviruses that was estimated to have caused a loss of US $5 billion for cotton in 

Pakistan between 1992-97 (Briddon and Markham, 2001b). Maize streak disease 

(MSD), caused by a mastrevirus, is a major devastating disease of corn production in 

Africa (Palmer and Rybicki, 1998). In early 1900s production of sugar beet was 

severely affected in the western United States of America due to beet curly top disease 
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(Soto et al., 2005; Stenger and McMahon, 1997). Tomato yellow leaf curl disease 

caused by monopartite begomoviruses is a constraint to tomato production in many 

regions of the world (Salati et al., 2002). A severe short fall in bean production 

occurred due to bean golden mosaic disease in the Americas (Brown and Bird, 1992). 

In South Africa BeYDV has reduced the production of dry beans (Phaseolus vulgaris)  

by up to 90% (Rybicki and Pietersen, 1999). New geminiviruses are continuously 

emerging through recombination and pseudo-recombination among strains and/or 

species in various crops. The first documented example of field recombination among 

begomoviruses was the association of East African cassava mosaic virus-Uganda 

(EACMV-[UG]) with a devastating pandemic of cassava mosaic (Legg, 1999; Zhou et 

al., 1997). Although continuous and concerted efforts have been employed to control 

geminiviruses and their vectors, geminiviruses diseases are spreading, becoming 

frequent and new viruses are emerging in regions that lacked them before (Seal et al., 

2006a; Seal et al., 2006b). 

1.10 Cotton-infecting begomoviruses 

 The " Compendium of cotton diseases" of the American Phytopathological 

Society describes over 20 viral diseases of cotton (Kirkpatrick and Rothrock, 2001). 

The major viral diseases of cotton include two geminiviruses (Brown and Nelson, 

1984; Mansoor et al., 1993; Nadeem et al., 1997), and Tobacco streak virus (family 

Bromoviridae; (Nelson et al., 1998)). In the South-western USA, Central and South 

America leaf crumpling was the major symptom, while leaf curl has been reported 

from Africa and Asia.  

In 1950’s cotton leaf crumple disease was recorded first time southwest desert 

(Brown and Bird, 1992). Later on it was confirmed that this whitefly transmitted 

disease is caused by a bipartite geminivirus, CLCrV (Idris and Brown, 2004)  

Although CLCrV is widely prevalent in NW the disease is not limiting to cotton 

production in most years (Brown and Nelson, 1984). In the OW cotton production is 

under increasing threat from B. tabaci transmitted diseases caused by geminiviruses 

(Brown, 1998; Brown and Bird, 1992). The causative agent of cotton leaf curl disease 

from Sudan has also been characterized. The disease caused severe yield losses in 

1960‘s and is observed sporadically in Sudan. The disease is caused by a monopartite 

begomovirus Cotton leaf curl Gezira virus (CLCuGeV) associated with the 

betasatellite Cotton leaf curl Gezira betasatellite (CLCuGB) (Idris et al., 2005; Idris 
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and Brown, 2001). Other countries reporting CLCuD are Malawi, Cameroon, India, 

Mali and South Africa. 

 The major constraint to cotton production in Pakistan and north-western India 

is CLCuD that is caused by begomoviruses. CLCuD was first observed in Pakistan in 

1967 (Hussain, 1975) but became prominent in 1973 when its presence was observed 

on a few cotton varieties, including 149-F and B-557. The disease occurred only late 

in the season on the upper portion of the plant. This type of phenotype persisted until 

1986. But in 1987, the incidence was up to 80% in certain fields (Hussain and 

Mahmood, 1988b). In 1988, the affected area increased to 150 acres in Multan 

district, after that it increased every year. It affected 500 acres in 1989 and 2000 acres 

in 1990. CLCuD incidence increased significantly and caused losses from 22.3% to 

68.5% in the affected fields in some areas of Punjab province (Hussain and 

Mahmood, 1988a). However, in 1991 there was an outburst and this epidemic spread 

over an area of 35000 acres in Multan, Khanewal and Vehari Districts. In 1992, the 

disease spread to more than 0.12 million acres. In 1993, the disease affected the entire 

cotton belt of the Punjab and damaged the crop on 2.2 million acres causing a 

decrease in production and significant monetary loss to the country. The disease was 

also reported from D.G. Khan District and Sindh, during 1996-97. Before the major 

losses due to CLCuD in year 1991-1992, 12.8 million cotton bales were produced in 

Pakistan (Economic Survey of Pakistan, 2001). In next couple of years production fell 

to 9.05 (1992-1993) and 8.04 (1993-94). In the Indian subcontinent CLCuD was 

caused by at least seven distinct begomovirus species; Cotton leaf curl Multan virus 

(CLCuMuV), Cotton leaf curl Alabad virus (CLCuAV), Cotton leaf curl Kokhran 

virus (CLCuKoV), Cotton leaf curl Rajasthan virus (CLCuRV), Papaya leaf curl 

virus (PaLCuV), Tomato leaf curl Bangalore virus (ToLCBV), and Cotton leaf curl 

Burewala virus (CLCuBuV). In Africa Cotton leaf curl Gezira virus (CLCuGeV) is 

associated with CLCuD (Mansoor et al., 2008) although this virus has recently also 

been identified in southern Pakistan (Tahir et al., 2011). 

1.11  Aims of the study 

 Betasatellites require their helper begomoviruses for maintenance in plants 

(Briddon et al., 2001; Saunders et al., 2000). It is presumed that helper virus-encoded 

Rep is required for the trans-replication of betasatellites, although the mechanism of 

interaction remains unclear since betasatellites do not encode the iterons of their 



Introduction and review of literature 
 

39 

 

helper begomoviruses (Briddon et al., 2001; Saunders et al., 2000; Saunders et al., 

2008). The study described here was conducted to investigate the requirement for 

other helper-begomovirus-encoded gene products in the maintenance of betasatellites 

in plants. This was achieved by introducing specific mutations into 4 genes and 

examining the effects on infectivity, symptoms and the ability of the mutated virus to 

maintain a betasatellite in N. benthamiana. Four begomovirus genes previously shown 

to be involved in symptoms and virus movement for monopartite begomoviruses were 

selected for mutagenesis and mutations were introduced into two monopartite 

begomoviruses with distinct host ranges, CLCuKoV (a Malvaceae-adapted virus) and 

PedLCV (earlier known as Tomato leaf curl Pakistan virus; a virus with a wide host 

range that includes many Solanaceae). Additionally, mutations were introduced into 

the DNA A component of ToLCNDV (a bipartite begomovirus which has previously 

been shown to capable of interacting with a betasatellite and inducing symptoms in 

plants in the absence of the DNA B (Saeed et al., 2007). 

 Additionally, the study aimed to investigate the hypothesis that begomovirus 

movement in plants is countered by an RNAi-based resistance. For this suppressors 

encoded by heterologous RNA viruses were transiently expressed at the site of 

inoculation of plants with ToLCNDV to examine their effects on the infectivity of the 

virus. 
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Chapter 2 

Materials and methods 

2.1 Virus and betasatellite clones 

 Clones of three begomoviruses were used in the study; - Cotton leaf curl 

Kokhran virus (CLCuKoV; AJ 496286;  (Mansoor et al., 2003b) with its cognate 

betasatellite  Cotton leaf curl Multan betasatellite (CLCuMB; AJ298903; (Briddon et 

al., 2001), Pedilanthus leaf curl virus (PedLCV; AM712436;  (Ilyas et al., 2010) with 

its associated betasatellite Tobacco leaf curl betasatellite (TbLCB; FM955608; (Ilyas, 

2010a) and Tomato leaf curl New Delhi virus (ToLCNDV; DNA A [U15015]; DNA 

B [U15017]); (Padidam et al., 1995). 

2.2 PCR-mediated site-directed mutagenesis 

 A polymerase chain reaction (PCR)-based method was used to mutagenize 

virus clones. Specific abutting primers were designed that introduced stop codons in 

selected genes of the target sequence. In some cases an extra nucleotide was included 

to introduce a frame-shift. In addition to the introduction of a stop codon in some 

primers a few nucleotides were deleted to introduce a frame shift. The primers used 

for mutagenesis are listed in Table 2.1. PCR reactions were carried out as described in 

Section 2.4.  

2.3  Production of expression constructs 

 Selected virus genes were PCR-amplified with specific oligonucleotide 

primers with introduced restriction endonuclease sites for cloning in the Potato virus 

X (PVX) vector pGR106 (Chapman et al., 1992) or for expression from the 

Cauliflower mosaic virus (CaMV) 35S promoter in the vector pJIT163 (Guerineau 

and Mullineaux, 1993). pGR106 is a binary vector and was directly transformed into 

Agrobacterium tumefaciens strain GV 3101 or LBA 4404 (section 2.7.2) for 

inoculation to plants (section 2.13). The expression cassette of pJIT163 constructs 

were transferred to the binary vector pGreen0029 (Hellens et al., 2000) by digestion 

with SacI and XhoI. Constructs were then transformed into A. tumefaciens strain GV 

3101 or LBA 4404 (section 2.7.2) for inoculation to plants (section 2.13). 
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2.4 PCR amplification of DNA 

 For amplification of DNA, a total volume of 50μL was prepared in a sterile thin 

walled tube. PCR reactions consisted of 5μL (50-100 ng) of template DNA, 5μL 10X 

Taq polymerase buffer (Fermentas), 5μL (2 mM) dNTPs, 1μL (0.5μM) of each primer, 

3μL (15mM) of MgCl2 and 1μL (1.25 units) of Taq DNA polymerase (Fermentas). In a 

thermocycler (Eppendorf; Model, Master cycler gradient/Bio Rad; Model, My cyclerTM 

Thermal cycler) tubes were preheated at 94˚C for 5 minutes followed by 35 to 40 

cycles of denaturation at 94˚C for 1 min, annealing at 50˚C for 2 min and elongation 

at 72˚C for 3 min. Finally tubes were incubated for 10 min at 72˚C. For diagnostic 

PCR, 25μL PCR reactions were used instead of 50μL.  

2.5  Preparation of competent cells  

2.5.1  Preparation of heat shock competent Escherichia coli cells  

 Competent E. coli were prepared by the method described by (Cohen et al., 

1972). Using a sterile wire loop, a single colony from freshly grown plate of E. coli 

(Top 10) was transferred into a 50mL flask containing 20mL LB medium. The flask 

was incubated at 37˚C overnight with vigorous shaking at 220rpm (Pamico 

technologies Pakistan, Model GLSC-OSI-HC-196-10). The next morning 3mL of the 

culture was transferred aseptically into a flask containing 300mL Lauria bertani (LB)  

media (1% tryptone, 0.5% yeast extract and 1% NaCl)and incubated in shaker at 220 

rpm at 37˚C until an OD at 600 nm (OD600) of 0.5-1 was attained. The flask was 

placed on ice for 30 minutes and then 50mL of bacterial culture was transferred 

aseptically to pre-chilled sterile propylene tubes and centrifuged (Eppendorf, 5810R) 

at 3220×g for 8-10 minutes at 4˚C to pellet the cells. The supernatant was discarded 

and the cell pellet was resuspended in 20mL of 0.1M MgCl2 and centrifuged again. 

The cell pellet was resuspended in 20mL of 0.1M CaCl2, incubated on ice for 30 

minutes and then centrifuged as above. Finally the cell pellet was resuspended in 3-

4mL of 0.1M CaCl2. Filter sterilized cold glycerol (200µL per 1mL of CaCl2) was 

added. Cells were stored in aliquots of 100μL at -70˚C. All the steps were performed 

under aseptic conditions. 
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Table 2.1 Oligonucleotide primers used in the study. 

Primer Sequence (5’ – 3’) Comments
$
 

 

PedLCV F  

PedLCV R 

GATAGGACTTGACGTCGGAGCTTGAC  

CATGTCATTGTCCGTTAGTGCTTTG  
Det Pe 

mV2TLCPVF 

mV2TLCPVR 

CTCGAGTAATTAGGGATTTG 

CTCGAGTATCTGGGGAATACGTATTTTC 
*Mut V2 Pe 

mCPTLCPkF 

mCPTLCPkR 

CTCGAGGAACTGGGCTGACCCATAG 

CTCGAGAAAGGACTGGACCTTACATG 
*Mut CP Pe 

mTrAPTLCPkF 

mTrAPTLCPkR 

CTCGAGCTATGAAGTATGAACAC      

CTCGAGGCCACAACCATGGATTCAC         
*Mut C2 Pe 

mC4TLCPKF 

mC4TLCPKR 

CTCGAGATAGGACTTCACGTCGGAG 

CTCGAGAAGGACGGAGACACCCTC  
Mut C4 Pe 

PLC V2PVXF  

PLC V2PVXR 

GTCGACATGTGGGATCCGTTATT 

CCCGGGCTAGGAACATCTGGACTTCTG 
Amp V2 of Pe 

PLC CPPVXF  

PLC CPPVXR 

GTCGACATTATGTCGAAGCGACCAG 

CCCGGGATTTATTAATTTGTCACGGAATC 
Amp CP of Pe 

PedC2pvx/35sF 

PedC2pvx/35sR 

GGTCGACAGAATGCGACCTTC 

CCCGGGTCTTAAAGACCCTTAAG 
Amp C2 of Pe 

PedC4pvx/35sF 

PedC4pvx/35sR 

GGTCGACATGAAAATGGGGAACC 

TTCCCGGGTTACTCTAAGAGCCTC 
Amp C4 of Pe 

ToLND mV2F 

ToLND mV2R 

CTCGAGACACAGTCGGCTAGGATC 

CTCGAGAATAGTTCTTTTATATCTC 
Mut V2 TA 

ToLNDmCPF 

ToLNDmCPR 

ATCGATTAGGGTAGCGATTCTaGTGTG 

ATCGATCGCGATGTGTGAGTCCAGTTC 
^Mut CP TA 

mC2TOLNDF 

mC2TOLNDR 

CTCGAGATGTACTACGAACAACCAC 

CTCGAG CAACTGACATGATCACG 
Mut C2 TA 

mC4ToLNF  

mC4ToLNR 

CTCGAGTTGGATCAGAACATGGATATGC 

CTCGAGGGGAAATTCCAGTGCAAAAATAAC 
Mut C4 TA 

ToLNV2pvx/35s F  

ToLNV2pvx/35s R  

GGTCGACAAACATGTGGGATCC 

CCCGGGCTTCTATACATTCTGTAC 
Amp V2 of TA 

PadCPPVXF 

PadCPPVXR 

GCAAATCGATATGGCGAAGCGACCAG 

GGTCGACTATTAATTTGTGGCCGAATC 
Amp CP of TA 

ToLNC2pvx/35 F 

ToLNC2pvx/35 R 

CAAGTCGACATGCAGTCTTCATC 

ATCCCGGGACTTAAGGACCTGG 
Amp C2 of TA 

ToLNC4pvx/35F 

ToLNC4pvx/35R 

CGTCGACAAGATGGGTCTCCGC 

CCCGGGTCTAGAACGTCTCCATC 
Amp C4 of TA 

CLCKV mV2F 

CLCKV mV2R 

GGGATCCACTGTAAAATtGAGTTCCCCGA 

GGATCCCACATTTTTCAAACGCATACTTAG 
Mut V2 Ko 

CLCKV mCPF 

CLCKV mCPR 

GGTACCGTAGTTTGAGTCaCAGACATGATATT

CAG 

CGGTACCTTACATGGACCTTCACATCCTCTAG    

Mut CP Ko 
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$
 Abbreviations used are (Amp)- amplification, CLCuKoV (Ko), CLCuMB (Cβ), 

mutagenesis (Mut), detection (Det), PedLCV (Pe), TbLCB (TB), ToLCNDV (TA).  

 

* Unique mutant where nucleotides were deleted to introduce the frameshift. 
 

^Nucleotides were underline that was changed to introduce stop codon, while 

nucleotide written in lower case showed the addition of extra nucleotide to induce a 

frame shift. 

 

 

 

 

 

 

 

CLCKV mC2F 

CLCKV mC2R 

GAGCTCAACTCTCCGACGTCTGGTCCCCTTC 

GAGCTCCCTTGAGGGTGTTCGTACTTCATAG

C 

Mut C2 Ko 

CLCKV mC4F 

CLCKV mC4R 

GGAGCTCGATTTAGCTCCCTGTATGTTCGG 

CGAGCTCCGACGTGAAATCCTACATCGAG 
Mut C4 Ko 

CLCKV2 35sF 

CLCKV2 35sR 

CLCKCPPVXR 

 GTCGACAAGTATGCGTTTGAAAAATGTGG 

GGATCCACCTTCACATCCTCTAGGAAC 

ATCGATAATTCAATATCTATTAATTTGTCACG 

Amp V2 of Ko 

CLCK CP 35sF 

CLCK CP 35sR 

CLCK CP PVXR 

GGTCGACGAATTATGTCGAAGCGACCAG 

GGATCCAATTCAATATCTATTAATTTGTCACG 

ATCGATAATTCAATATCTATTAATTTGTCACG 

Amp CP of Ko 

CLCK C2 35sF 

CLCK C2 35sR 

CLCK C2 PVXR 

GGTCGACAGAATGCAATCTTCATCAC 

GGATCCTAAAGACCCTTAAGAAACG 

CATCGATCCTAAAGACCCTTAAGAAAC 

Amp C2 of Ko 

CLCK C4 35sF 

CLCK C4 35sR 

CLCK C4 PVXR 

GGTCGACGCTTCACGAAGATGGGACT 

GGATCCTTAGGAGCTAGTTCCTTAATG 

GATCGATAGGAGCTAGTTCCTTAATG 

Amp C4 of Ko 

BETA GFP F 

BETA GFP R 

GATAAGCTTATGAGTAAAGGAGAAG 

GGCCCGGGTTATTTGTATAGTTCATC 

To clone GFP in  

betasatellite PTR 

MIBETAF  

MIBETAR  

CTTGAATTCCCCTATATTAGACTCCTTG  

GGGAATTCAAGCAAGAAGACATGGTG 
Det TB 

BetaC1F 

BetaC1R 

ATAAATCGATATGACAACGAGCGGAACAAA 

TGTTCCCGGGTTAAACGGTGAACTTTTATT 
Det Cβ 
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2.5.2  Preparation of electro competent A. tumefaciens cells  

 A single colony from freshly grown plate of A. tumefaciens (strain GV3101 or 

LBA 4404) was inoculated into 20mL liquid LB medium (1% tryptone, 0.5% yeast 

extract and 1% NaCl), containing 25μg/mL rifampicin, in a sterile flask. The flask 

was incubated in a shaker at 160 rpm/28˚C for two days. 5mL of the culture was 

transferred into 300mL of LB medium with 25μg/mL rifampicin in a 1L flask and 

incubated at 28˚C/160 rpm, until an OD600 of 0.5-1 of cells was obtained. The flask 

was placed on ice for 30 minutes. The culture was poured aseptically into sterile, ice 

cold 50mL propylene tubes and centrifuged at 3220×g for 8-10 minutes at 4˚C. After 

decanting the supernatant the cell pellet was resuspended in 40mL of cold sterile 

distilled water (SDW) and centrifuged as above for 10 minutes. The washing with 

SDW was repeated by resuspending the cells in 20mL cold SDW and finally cells 

were washed in 10mL cold SDW containing filter sterilized cold 10% [v/v] glycerol 

and centrifuged. Finally the cells were resuspended in 2-3mL of filter sterilized cold 

10% [v/v] glycerol and 100μL aliquots of competent cells were stored in 1.5mL 

microfuge tubes at –70˚C. All steps were carried out in sterile laminar air flow. 

2.6 Cloning of PCR products  

 PCR amplified DNA was cloned using an InsTAclone PCR Cloning Kit 

(Fermentas). In brief, in a total volume of 20μL containing 100 to 540ng of PCR 

product (dependent upon the length of DNA fragment), 1μL (100 ng) vector 

(pTZ57R/T), 2μL 10X ligation buffer, 1μL (5 units) T4 DNA Ligase and sterile 

distilled water (SDW), to make up the volume, was prepared in a 1.5mL sterile 

microfuge tube and incubated at 16˚C overnight. The following day the ligation 

mixture was transformed into competent E. coli cells by the heat-shock method 

(section 2.7.2). Transformed cells were incubated at 37˚C for one hour in a shaking 

incubator and then spread on solid LB medium plates containing 100μg/mL 

ampicillin, 20μL X-Gal (50mg/mL) and 100μL IPTG (24mg/mL) and incubated at 

37˚C for 16 hours. Using sterile toothpicks, white colonies were transferred to sterile 

test tubes containing 5mL of liquid LB media and grown at 37˚C in a shaker 

overnight. Plasmids were then isolated from E. coli cultures and screened for desired 

inserts by restriction analysis. For cloning in the PVX vector (pGR106) or pJIT163, 

the PCR product cloned in pTZ57R/T was digested at specific restriction sites 

introduced in the primers and ligated into the desired vector.  
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2.7 Transformation of competent cells  

2.7.1 Transformation of heat-shock competent E. coli cells  

 Competent E. coli cells were transformed according to previously described 

methods (Sambrook et al., 1989). Competent cells were taken out of the -70˚C freezer 

and immediately placed on ice to thaw. Then the ligation mixture (2μL) was added to 

the competent cells (100μL) and after gentle mixing was incubated on ice for half an 

hour.  The cells were then given a heat shock by incubating at 42˚C in a heating block 

for 2 minutes. After incubating on ice for 2 minutes 1mL of liquid LB media was 

added and cells were allowed to grow at 37˚C for 1 hour. Finally the cells were 

pelleted, most of the supernatant was discarded, and cells were resuspended in 

remaining medium and spread on solid LB media petri plates (containing suitable 

antibiotics) and kept inverted at 37˚C for 16 hours in an incubator.  

2.7.2  Transformation of electro-competent Agrobacterium tumefaciens cells  

 An aliquot of electro-competent A. tumefaciens cells was taken out of the -

70˚C freezer and thawed on ice. The required recombinant binary vector (~100 ng) 

was mixed with the cells and transferred to a pre-chilled electroporation cuvette. The 

electroporation was performed at 1.44 kV by using an electroporator (ECM 600, BTX 

Harvards, USA). After the electric shock 1mL of liquid LB medium was added to the 

transformed cells and allowed to grow at 28˚C for 2 hours. Finally cells were spread 

LB agar petri plates containing rifampicin (25μg/mL), kanamycin (50μg/mL) and 

tetracycline (10μg/mL), after wrapping the plates in aluminium foil, and were 

incubated at 28˚C for 48 hours.  

2.8  Plasmid isolation (Miniprep) 

 Plasmids were isolated by the alkaline lysis method from E. coli cells as 

described (Birnboim and Doly, 1979). A single colony was transferred to a sterile 

glass test tube containing 5mL liquid LB medium containing suitable antibiotics using 

a sterile toothpick. The tubes were incubated at 37˚C with vigorous shaking. The 

following day 1mL of culture in a 1.5mL microfuge tube was centrifuged. The 

bacterial pellet was resuspended in 100μL of re-suspension solution (25mM Tris-Cl 

[pH 8.0], 50mM glucose and 10mM EDTA [pH 8.0]) by vigorous mixing using a 

vortex mixer. To the cell suspension was added 150μL of alkaline lysis solution (0.2N 

NaOH and 1% w/v SDS) and the tubes were incubated at room temperature after 
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gently inverting the tubes 4-6 times,. After this 200μL of neutralization solution ([3M 

potassium acetate [pH 5.5], glacial acetic acid 11.5 %) was added to the lysed cells, 

mixed thoroughly then tubes were centrifuged at maximum speed for 10 min in a 

microfuge. The supernatant was transferred into a clean microfuge tube and 2.5 

volumes of absolute ethanol was added and mixed well. The tube was placed at -70˚C 

for one hour to precipitate DNA. DNA was pelleted by centrifuging at maximum 

speed for 15 minutes. After removal of the supernatant, the pellet was washed with 

70% ethanol, air dried and dissolved in SDW and stored at -20˚C. 

2.9 Restriction analysis 

 Purified plasmids and PCR products were digested using restriction enzymes 

in their respective buffers as recommended by the supplier (Fermentas). A total 

volume of 20μL (containing 1-2μg DNA, 10 units restriction enzyme, buffer and 

SDW) was used to digest the plasmid for cloning and sub-cloning, while to screen the 

plasmid for presence of clone, volume of digestion mixture was reduced to 10μL (500 

ng/ μL DNA, 04 units restriction enzyme, buffer and SDW). Reaction mixtures were 

kept at the optimum temperature (usually 37˚C) for 1-2 hours. Sizes of DNA 

fragments of digested product were determined on ethidium bromide stained agarose 

gels by comparison to an appropriate co-electrophoresed DNA marker. 

2.10 Storage of bacterial cultures 

 For the long term preservation of bacterial cultures, glycerol stocks were 

prepared. Filter sterilized glycerol and a cell culture were mixed in 1:3 ratio in 1.5mL 

microfuge tube and stored at -70˚C. Bacterial cultures were recovered from glycerol 

stocks by using sterile wire loop. A small amount of the culture was streaked on solid 

LB culture plates containing suitable antibiotics and incubated at a suitable 

temperature for 24 to 48 hours.  

2.11 DNA analysis techniques 

2.11.1  Quantification of DNA 

 The concentration of DNA samples isolated from plants and of purified 

plasmids was measured by using a spectrophotometer (Smartspec Plus, Bio-Rad). All 

samples were diluted 50 fold in SDW and the absorbance was measured at 260nm 

(OD260 of 1 = 50μg/mL). 
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2.11.2  Agarose gel electrophoresis 

DNA was analysed by electrophoresis in 1% (w/v) agarose gels in 0.5X TAE 

(20mM Tris-acetate and 0.5mM EDTA [pH 8.0]) buffer. The agarose was dissolved in 

the buffer by heated for 2 minutes in microwave oven. After cooling the clear solution 

to 55
o
C, ethidium bromide (EtBr; 0.5μg/mL) was added and poured into the casting 

tray with a suitable comb. The gel was allowed to solidify at room temperature. The 

comb was removed carefully after placing the gel tray in the gel tank and submerging 

in 0.5X TAE buffer. Loading dye (Fermentas) was mixed with the DNA samples and 

loaded into the wells. DNA was resolved on the gel by applying 100 volts for 

approximately 30-60 minutes. Ethidium stained DNA fragments were viewed under 

UV illumination and photographed using an Eagle Eye still video system (Stratagene). 

2.12  Purification of DNA  

2.12.1  Gel extraction and PCR product purification  

 Restriction endonuclease digested or PCR amplified DNA was resolved on 

0.8% (w/v) agarose gels stained with EtBr (as described in Section 2.11.2). The 

required DNA fragment was excised in a block of agarose using a sterile surgical 

blade on a UV transilluminator. The DNA was extracted from the gel slice using a 

PCR Clean-Up System kit (Promega) as recommended by the manufacturer. The gel 

slice was transferred to a 1.5mL microfuge tube and 10μL of Membrane Binding 

Solution was added to per 10 mg of gel slice, mixed well using a vortex mixer and 

incubated at 60-65˚C to completely dissolve the gel slice. For PCR product 

purification, an equal volume of Membrane Binding Solution was mixed with the 

PCR reaction mixture. The resulting solution was transferred into a spin column in a 

collection tube and centrifuged for 1 minute at 13,000 rpm in a microfuge. The flow 

through was discarded and 700μL Membrane Wash Solution was added to the column 

and centrifuged. The wash was repeated with 500μL Membrane Wash Solution. After 

removal of the wash solution the empty column was centrifuged for 2 minutes with lid 

removed and the collection tube was discarded. The column was placed in a fresh 

microcentrifuge tube and 50μL SDW was added. After incubating at room 

temperature for 2 minutes the column was centrifuged for 1 minute to collect the 

DNA solution. Purified DNA was quantify and stored at -20˚C. 
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2.12.2 Phenol-chloroform extraction of DNA  

 Protein and other impurities were removed from DNA solutions by 

phenol:chloroform extraction. A DNA solution was diluted to 200μL by adding SDW, 

an equal volume of phenol:chloroform (1:1)  was added, mixed well until solution 

turned milky and then centrifuged at 13,000 rpm in a microfuge for 5 minutes. The 

upper aqueous phase was transferred to new tube without disturbing the interface 

between the two phases. To improve the yield 200μL SDW was added to the non-

aqueous phase, mixed well, centrifuged and the upper aqueous phase added to the 

previous extract. 1/10 volume of 3M sodium acetate (pH 5.4) and 2.5 volumes chilled 

absolute ethanol was mixed with the supernatant and placed at -20˚C for 30 minutes. 

Precipitated DNA was pelleted by centrifuging the microfuge tubes at 13,000 rpm in a 

microfuge. The DNA pellet was washed with 70% ethanol, air dried to remove 

residual ethanol, dissolved in SDW and stored at -20˚C.  

2.13 Plant growth conditions  

 N. benthamiana plants were grown in small plastic pots containing clay and 

compost in equal proportions. Plants were kept in a glass house at a constant 24˚C 

with 65% humidity and supplementary light periods of 8 hours followed by 16 hours 

dark period. All plants were watered on daily basis supplemented with Hoagland 

solution (1.5mM Ca(NO3)2.4H2O, 0.75mM MgSO4.7H2O,  1.25mM KNO3, 0.5mM 

KH2PO4, micronutrients [15μM MnCl2.4H2O, 50μM H3BO3, 0.5μM Na2MoO4.2H2O, 

2.0M ZnSO4.7H2O, 1.5μM CuSO4.5H2O] and Fe-EDTA [30μM FeSO4.7H2O, 30μM 

EDTA.2Na, 1mM KOH] once a week.  

2.14 DNA extraction from N. benthamiana plants 

 From N. benthamiana tissues DNA was isolated by the CTAB method 

described by (Doyle and Doyle, 1990). Leaf tissue (100 to 200mg) was ground in a 

pre-cooled pestle and mortar in liquid nitrogen. The fine leaf powder was transferred 

to a sterile 1.5mL microfuge tube and 700μL of pre-warmed CTAB buffer (20mM 

EDTA, 100mM Tris-HCl [pH 8.0], 1.4M NaCl, 2% (w/v) CTAB) containing 0.2% 

(v/v) β-mercaptethanol was added and mixed well. The tube was incubated for half an 

hour at 65˚C with occasional mixing. After cooling on ice an equal volume (700μL) 

of chloroform-isoamyl alcohol (24:1) was added, mixed well and centrifuged at 

10,000 rpm in a microfuge for 10 minutes. The upper aqueous phase containing DNA 
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was transferred into a new tube and 0.6 volume isopropanol was added to precipitate 

the DNA. The tubes were kept at room temperature until DNA threads became visible 

and then were centrifuged at maximum speed for 10-15 minutes in a microfuge. The 

resulting pellet was washed with 70% ethanol, dissolved in SDW and stored at -20˚C. 

2.15 Southern hybridization 

 Southern hybridization (Southern, 1975)was performed as described by 

(Sambrook et al., 1989). Approximately 10μg of genomic DNA isolated from plants 

was loaded in each well of a 1.5% agarose gel pre-stained with EtBr. DNA was 

resolved at low voltage (60 volts) to avoid smearing of DNA in 0.5X TAE buffer and 

photographed under UV illuminator. After electrophoresis the gel was rinsed with 

distilled water, equilibrated in depurination solution (0.25N HCl) for 20 minutes with 

gentle agitating and then equilibrated in denaturation solution (1.5MNaCl, 0.5M 

NaOH) with gentle agitation for half an hour. The gel was then equilibrated in 

neutralization solution (1M Tris [pH=7.4], 1.5M NaCl) for 30 minutes with gentle 

agitation. After washing with SDW the gel was placed in the transfer apparatus shown 

in Figure 2.1 containing 5XSSC solution. Care was taken not to introduce air bubbles 

between the gel and the elements of the apparatus. The assembly was left overnight 

for complete transfer of DNA out of the gel onto the nylon membrane (Hybond, 

Amersham Life Sciences). After this the nylon membrane was removed from the 

apparatus, washed in 5X SSC and the DNA on the membrane was fixed by UV 

illumination (CL-1000 Ultraviolet Crosslinker-UVP, Upland, CA, USA) at 

120mJ/cm
2
. If the blot was not to be used immediately for hybridisation, it was air 

dried and stored at room temperature in a plastic bag. 

 For hybridization the blot was placed in a hybridization bottle and treated with 

pre-hybridization solution (10mL 20X SSC, 5 mL 50X Denhardt’s [ficoll 1% (w/v), 

polyvinyl pyrrolidon [(PVP,MW 40,000; 1% (w/v)], bovine serum albumin [(BSA 

1% (w/v)], 5mL 10% SDS, 10μL salmon sperm DNA (500 ng) and 30mL SDW to 

make a final volume of 50mL) at 50˚C for 3 hours in a hybridization oven (Midi-dual 

14, Hybaid). Then the denatured (by heating to 90˚C for 5 minutes) Dig-labelled 

probe was added to hybridization bottle and incubated at 50˚C for 16 hours. After this 

the hybridisation solution was removed (and retained for further use)and the blot was 

washed with 2X SSC, 0.1% (w/v) SDS at 50˚C for 15minutes, then with 1X 

SSC,0.1% (w/v)SDS at 52˚C for another 15 minutes and finally with 0.1X SSC, 0.1% 
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(w/v) SDS at 52˚C for 15 minutes. After this the blot was treated with blocking 

solution (Blocking reagent 10%, 1X Maleic acid) at 28-30˚C for 30 minutes. Then the 

anti-digoxigenin antibody (75mU/mL) diluted in blocking solution was added and 

incubated at 28-30˚C for 30 minutes. To remove unbound antibody the blot was 

washed two times with washing solution (50mL of 1X Maleic acid, 150µL Tween-20) 

 

 

 

Figure 2.1 Southern assembly to transfer DNA from agarose gel to nylon membrane.  

 

for 15 minutes at 28-30˚C followed by Detection buffer (0.1M Tris-HCl, 0.1M NaCl, 

pH=9.5) for 3-5 minutes at room temperature. The blot was then removed from the 

hybridisation bottle and equilibrated in chemiluminescence substrate of alkaline 

phosphatase (CDP-Star [Disodium 2-chloro-5-[4-methoxyspiro {1,2-dioxetane-3,2 (5-

chloro)- tricyclo decan}-4-yl] phenyl phosphate]) provided in the kit (DIG high prime 

DNA labelling and detection starter kit, Roche, Germany). The working concentration 

of CDP-Star was prepared by adding 10µL CDP-Star in 3mL detection buffer. Finally 

the blot was wrapped in cling film and exposed to X-ray film (Super RX, Fuji film) in 

a dark room. After 5-10 minutes of exposure the image was viewed on X-ray film by 

developing (150g of developer dissolved in 1L dH2O) and putting it in a fixer (120g 

fixer dissolved in 1L dH2O). 
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2.15.1 Synthesis of DIG-labelled probes 

 DNA fragments were labelled with digoxigenin (DIG) using a PCR DIG probe 

synthesis kit (Roche, Germany). Labelling reactions of 50µL consisted of 5µL of 10X 

PCR buffer with MgCl2, 5µL PCR DIG Probe synthesis mix (200µM dATP, dCTP, 

dGTP, 130µM dTTP and 70µM DIG-dUTP), 1µL (0.5µM) of each primer, 1µL 

enzyme mix provided with the kit, 5µL template DNA (1-50ng for genomic DNA and 

10-100pg for plasmid DNA) and SDW water to make up the volume. Reagents were 

mixed and centrifuged briefly. Reaction mixtures were incubated in a thermocycler 

(Eppendorf master cycler) and reaction profile was set according to the length of 

DNA fragment. The use of probes in Southern blot hybridisation is described in 

Section 2.15.  

2.16 Sequencing and sequence analysis  

Plasmid clones for sequencing were purified using a plasmid purification kit 

(Gene-JET Plasmid Miniprep Kit, Fermentas) and sequenced by the dideoxy chain-

termination method (Sanger et al., 1977)with the universal primers (M13F [-20] and 

M13R [-20]) at Macrogen (South Korea). The primer walking technique was 

exploited to extend the sequence by designing specific primers based on the previous 

sequencing results.  

The Lasergene package of sequence analysis software (DNA Star Inc., 

Madison, WI, USA) was used to analyze the sequence data.    

 

2.17 Photography and computer graphics  

Plants were photographed with a high resolution compact digital camera (DSC 

W50, Sony). All photographs were edited either in Microsoft picture manager or in 

Adobe Photoshop CS. To draw or edit the viral circular maps, graphic design and 

composite figures,pDRAW32 and Corel DRAW 12 softwares were used. 
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Chapter 3 

Analysis of the effects of the mutation of begomovirus virion-sense 

genes on infectivity, symptoms and the maintenance of betasatellites 

3.1 Introduction 

The genomes of monopartite, and DNA A components of bipartite 

begomoviruses, encode six genes that are transcribed in a bi-directional manner from 

an intergenic, non-coding region (IR) (Hanley-Bowdoin et al., 1999). Two genes are 

encoded on virion-sense strand of the genome of monopartite begomoviruses and the 

DNA A components of bipartite begomoviruses (Figure1.5). The first gene in the 

virion sense is designated as AV2 in bipartite and V2 in monopartite begomoviruses 

(Chapter 1, section 1.6.5) (Brown et al., 2011). The AV1/V1 gene encodes the CP of 

~24 kDa in size and is a structural protein (Chapter 1, section 1.6.6) (Azzam et al., 

1994; Briddon et al., 1990; Rojas et al., 2001). For encapsidation and movement 

(inter and intra plant), betasatellites utilized the CP of their helper begomovirus 

(Tabein et al., 2012), however, no investigation have been made into the requirements 

of the V2 gene for interaction with satellites.  

The study presented here was design to investigate the functions of virion-

sense genes CP and V2, and their requirement for the maintenance of betasatellites by 

mutation. Three distinct begomoviruses were chosen as distinct model systems to 

investigate the effects of mutation of virion-sense genes on the maintenance of 

betasatellites. PedLCV was isolated from Pedilanthus tithymaloides (Red bird 

flower), an ornamental shrub (Tahir et al., 2009).  PedLCV is a monopartite 

begomovirus associated with Tobacco leaf curl betasatellite (TbLCB). CLCuKoV is 

cotton infecting monopartite begomovirus and is associated with Cotton leaf curl 

Multan betasatellite (CLCuMB) (Mansoor et al., 2003b). ToLCNDV is a bipartite 

begomovirus and this virus is a major constraint in tomato production in south and 

south-east Asia (Padidam et al., 1995). ToLCNDV has been reported from vast range 

of plants, including tomato, chilli, okra, cotton, bottle gourd, bitter gourd, cucumber 

and in muskmelon (Akhter et al., 2009; Haider et al., 2006; Hussain et al., 2004; Ito et 

al., 2008; Mizutani et al., 2011; Tahir and Haider, 2005). Both components of 

ToLCNDV are highly adaptable and can readily associate with components of other 

begomoviruses, including CLCuMB (Chakraborty et al., 2003; Saeed, 2010; Saeed et 
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al., 2007; Shafiq et al., 2011; Sivalingam and Varma, 2012). CLCuMB has been 

shown to be capable of replacing the DNA B components of ToLCNDV and cause 

systemic symptomatic infection (Saeed et al., 2007). This ability was utilized in the 

present study to investigate the requirement for maintenance of CLCuMB. 

3.2 Materials and Methods  

3.2.1 Site-directed mutagenesis and production of constructs for 

Agrobacterium-mediated inoculation. 

 To mutate the virion-sense genes (V2 and CP) of the three begomoviruses, 

specific back-to-back primers were designed that introduced a unique restriction site, 

a frame shift (addition/deletion of a nucleotide) and a stop codon (Table 3.1). The 

primers used are listed in Table 2.1 which also details the specific sequence changes 

introduced in each case. For both genes the mutation was introduced in the non-

overlapping section of the gene. PCR-reactions to produce the mutated components 

were conducted using clones of PedLCV (Ilyas et al., 2010), CLCuKoV (Mansoor et 

al., 2003b) and the DNA A component of ToLCNDV (Padidam et al., 1995). The 

template used in PCR reactions consisted of the full length inserts of the clones 

(released using restriction enzymes BamHI, HindIII and EcoRV, respectively) that 

had been circularised (religated). Resulting full-length PCR products were cloned in 

pTZ57R/T (INSTA cloning kit, Fermentas Inc., USA). All clones were sequenced to 

ensure that the desired mutation was present and that no additional (unwanted) 

mutations had been introduced during the mutation reactions.  

A dimeric construct for Agrobacterium-mediated inoculation of the V2 mutant 

of PedLCV (Pe
ΔV2

) was produced by releasing the full-length insert by digestion with 

XhoI, circularisation by ligation, digestion with BamHI and cloning in the binary 

vector pGreen0029(Hellens et al., 2000). This clone was digested with XhoI, CIAP 

treated to prevent self-ligation and the full-length XhoI insert of the pTZ57R/T clone 

inserted to yield a full dimer of the component. A dimeric construct of the CP mutant 

of PedLCV (Pe
ΔCP

) was produced using the same strategy as for the V2 mutant. Full 

length PCR amplified product bearing mutation in CP was digested with MluI, 

circularized, digested with XbaI and cloned in the binary vector pGreen0029. This 

clone was digested with MluI, CIAP treated to prevent self-ligation and the full-length 

MluI insert of the pTZ57R/T clone inserted to yield a full dimer of the component.  

 A partial direct repeat construct of the V2 gene mutant of CLCuKoV (Ko
ΔV2

) 
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was produced by restriction digestion with BamHI and NotI, releasing fragment of 

~250 bp that was cloned into pGreen0029. Then full-length BamHI insert of the 

pTZ57R/T clone was ligated into the unique BamHI restriction site of the pGreen0029 

clone containing the partial clone. A partial direct repeat construct of the CP mutant of 

CLCuKoV (Ko
ΔV2

) was produced essentially as described for the V2 mutant but using 

a ~650 bp KpnI-NotI fragment. 

A partial direct repeat construct of the AV2 gene mutant of the DNA A 

component of ToLCNDV (TA
ΔV2

) was produced essentially as described for the V2 

mutant of CLCuKoV but using a ~900bp XhoI and PstI fragment. A full dimer of the 

CP mutant of ToLCNDV (TA
ΔCP

) was produced essentially as for the V2 mutant of 

PedLCV but using a unique BamHI restriction site to reclone the pTZ57R/T insert in 

pGreen0029. 

The production of constructs for Agrobacterium-mediated inoculation of 

PedLCV (Pe; (Ilyas, 2010a)), CLCuKoV (Ko; (Mansoor et al., 2003b)), the DNA A 

(TA) and DNA B (TB) components of ToLCNDV (Padidam et al., 1995), TbLCB 

(Tβ: (Ilyas, 2010a)), CLCuMA (Cα: (Mansoor et al., 1999; Shahid, 2009)) and 

CLCuMB (Cβ: (Saeed et al., 2005)) have been reported previously. 

3.2.2 Production of constructs for expression of virus genes 

 For each of the three viruses the CP and (A)V2 genes were cloned in the 

expression vector pJIT163 (Guerineau and Mullineaux, 1993) and the PVX vector 

(pGR106;(Chapman et al., 1992)). The genes were amplified from the relevant full-

length virus clones by PCR using the primers indicated in Table 2.1 at SmaI and SalI 

restriction sites both for pJIT163 and for pGR106.The expression cassette of pJit163 

constructs were transferred to pGreen0029 at SacI and XhoI restriction sites. All 

binary vector constructs (mutants produced in the study) were transformed into A. 

tumefaciens (strains GV3101 or LBA4404) by electroporation (Section 2.7.2) and 

then infiltrated into N. benthamiana plants as described in section 3.2.3. 
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Table 3.1Strategy to design infectious clone with cloning sites, partial repeat size, 

coordinates of changed nucleotide and introduced mutation invirion-sense genes of 

each subjected virus 
 

Virus/virus 

component 
Mutant 

ORF 

position 

Changed 

nucleotides 

(coordinates) 

 

Introduced 

Restriction 

site 

Stop 

codon/no. 

of 

nucleotides 

deleted or 

added% 

Partial 

repeat 

strategy 

Partial 

repeat 

size 

(bp) 

PedLCV 

Pe
ΔV2

 
149-

505 
261-263 XhoI TAA/+1 

RSP* - XhoI 

FLCS
£
 - 

BamHI 

dimer
$
 

Pe
ΔCP

 
309-

1079 
560-562 XhoI TAA/+1 

RSP - XhoI 

FLCS - 

BamHI 

dimer
$
 

ToLCNDV 

DNA A 

TA
ΔV2

 
132-

438 

147-149 & 

152 
XhoI TAA/-1 

RSP - XhoI 

PRCS
#
 - 

XhoI &PstI 

FLCS - XhoI 

~900 

TA
ΔCP

 
292-

1062 

517-519, 

528 
MluI TAG/-1 

RSP - MluI 

FLCS - XbaI 

&MluI 

dimer
$
 

CLCuKoV 

Ko
ΔV2

 
127-

465 
241-243 BamHI 

TAA in 

Forward 

primers/ +1 

 

RSP - 

BamHI 

PRCS - 

BamHI 

&NotI 

FLCS - 

BamHI 

~ 250 

Ko
ΔCP

 
287-

1057 
530-532 KpnI TAA/ +1 

RSP  - KpnI 

PRCS - 

KpnI &NotI 

FLCS - 

KpnI 

~ 650 

 
 

$
Complete direct (head to tail) repeat of the genome/genomic component. 

*RSP - restriction site introduced by the mutagenic primers 
#
PRCS - Partial repeat cloning site 

£
FLCS - Full length component cloning site 

%
Single nucleotides were added or deleted so as to introduce a frame-shift.  
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3.2.3 Agrobacterium-mediated inoculation of N. benthamiana plants 

 Agrobacterium inocula were prepared by inoculating a single bacterial colony 

from a freshly streaked plate into 50mL liquid LB medium supplemented with the 

necessary antibiotics. The flask was incubated at 28˚C in a shaker for 48 hours. The 

culture was centrifuged in 50mL polypropylene tubes at 3220×gfor 5 minutes. The 

cell pellet was resuspended in 10mM MgCl2 containing acetosyringone (final 

concentration 100μM) and diluted to an OD at 600nm of 0.5-0.8. Cells were 

incubated at room temperature for 3 hours and then infiltrated with the help of sterile 

syringe into the underside of N. benthamiana leaves. Infiltrated plants were 

maintained in a growth room at 24˚C with supplementary lighting to give a 16 hour 

photoperiod and were monitored daily for the appearance of symptoms indicative of 

virus infection. At 25-30 days post-inoculation (dpi) the plants were photographed 

and leaf samples were harvested to isolate DNA for PCR and Southern blot analysis. 

For each mutant virus a small number of plants were selected, the mutated 

gene amplified and the fragment sequenced to confirm maintenance of the mutation. 

For all plants infected with mutant viruses, DNA was extracted and restriction 

digestion with the restriction enzyme for which a site was introduced with the 

mutagenic primers to ensure the presence of the mutant virus.  

3.3 Results 

3.3.1 Analysis of the effects of mutation of the V2 gene of PedLCV on the 

infectivity of, and symptoms induced by, the virus and the ability to maintain 

TbLCB. 

 PedLCV was highly infectious to N. benthamiana by Agrobacterium-mediated 

inoculation (Table 3.2). Infected plants showed upward leaf curling and thickening of 

veins on the underside of leaves developing subsequent to inoculation at 12 dpi. 

Subsequently the severity of leaf curling and vein thickening increased and plants 

showed a pronounced stunting, in comparison to non-inoculated plants (Figure 3.1). 

Southern blot analysis of total DNA extracted from PedLCV infected N. benthamiana 

plants showed the typical replicative forms of the virus; sub-genomic, linear, single-

stranded, super-coiled and open circular forms (Figure 3.2). 

Inoculation of N. benthamiana plants with PedLCV and TbLCB (Tβ) also 

resulted in all plants becoming infected (symptomatic; Table 3.2). However, in this 

case the latent period was shorter (10 days) and the symptoms were somewhat more 
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severe, with the outer edges of leaves developing after inoculation being rolled 

upwards but the leaves showing a downward cupping with swollen veins (Figure 3.1). 

Additionally, plants infected with both virus and betasatellite showed a pronounced 

chlorosis (yellowing) which was not evident for plants infected with only the virus. 

Southern blot analysis showed the presence of both the virus and the betasatellite 

(Figure 3.2 and 3.3). The levels of viral DNA detected in plants in the presence of the 

betasatellite were slightly higher than those in plants infected with only the virus.  

N. benthamiana plants inoculated with the V2 mutant of PedLCV (Pe
ΔV2) 

did 

not develop symptoms (Figure 3.1) and no viral DNA was detected by Southern 

blotting (Figure 3.2). However, PCR-mediated diagnostics showed one plant (out of 

16 inoculated) to contain virus DNA, indicating that virus DNA levels in this plant 

were low; below the detection threshold of Southern blotting. 

For N. benthamiana plants inoculated with Pe
ΔV2

 and Tβ, a small number of 

plants (3 out of 16 plants inoculated) developed very mild upwardly curled edges on 

the leaves developing subsequent to inoculation, while the remaining plants were 

comparable to non-inoculated plants (Figure 3.1). Again, Southern blot hybridisation 

did not detect either the virus or the betasatellite (Figure 3.2 and 3.3). However, using 

PCR-mediated diagnostics, viral DNA could be detected in the 3 symptomatic plants 

but not in the remaining (asymptomatic) plants. Similarly betasatellite was amplified 

only from symptomatic plants.  

Co-inoculation of Pe
ΔV2

with a construct for the expression of the PedLCV V2 

gene under the control of the 35S promoter (35S-V2
Pe

) to N. benthamiana did not lead 

to infection and no virus could be detected by either Southern blotting or PCR (Table 

3.2, Figure 3.1). Inoculation of plants with Pe
ΔV2

, 35S-V2
Pe

 and Tβ similarly did not 

lead to symptomatic plants (Figure 3.1), although virus and betasatellite were detected 

in 3 out 6 plants inoculated (Table 3.2). Although the DNAs could be detected by 

PCR, they were not detected by Southern blotting, suggesting that DNA levels were 

very low. 

Interestingly, inoculation of Pe
ΔV2

 with a PVX vector expressing the V2 gene 

of PedLCV (V2
Pe

-PVX) led to more plants showing the presence of the begomovirus 

(3 out of 6 inoculated) than inoculation with  Pe
ΔV2

 only (1 out of 16) by PCR (Table 

3.2). However, again the virus was not detected by Southern blotting (Figure 3.2). 

Rather than the symptoms typical of PedLCV, all inoculated plants showed the 
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symptoms typical of PVX infection, vein yellowing, although just 1 plant contain the 

viral DNA. Inoculation of plants with only V2
Pe

-PVX induced vein yellowing 

symptoms comparable to plants inoculated with PVX only. 

 Inoculation of N. benthamiana with Pe
ΔV2

, Tβ and V2
Pe

-PVX also led to more 

plants ultimately showing the presence of the virus and betasatellite (7 out of 9 

inoculated) than plants inoculated with only Pe
ΔV2

 and Tβ (3 out of 16) (Table 3.2). 

Betasatellite not only added the movement function but also induced mild edge 

curling of systemic leaves. Southern blotting could not detect either the virus or the 

betasatellite. Interestingly the inclusion of Tβ appeared to reduce the latent period for 

PVX-like symptoms appearing from 10 days (for Pe
ΔV2

 and Tβ inoculated plants) to 8 

days. 
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Table 3.2 Infectivity of, and symptoms induced by PedLCV harbouring a mutation of 

the V2 gene (Pe
ΔV2

) in N. benthamiana in the presence and absence of TbLCB. 
 

Inoculum* 

Infectivity  

Smptoms
@ 

Latent 

period 

(days) 

PCR diagnostics  

(plants infected/ inoculated) 

Southern 

blot 

analysis 

Expt. I Expt. II Expt. III 
Pe Tβ 

Pe Tβ Pe Tβ Pe Tβ 

Pe 3/3 -- 3/3 -- 3/3 -- (+) -- 
ULC and 

EF 
12 

Pe and  Tβ 3/3 3/3 3/3 3/3 3/3 3/3 (+) (+) 
DLC, VT  

and ST 
10 

Pe
ΔV2

 0/6 -- 0/5 -- 1/5 -- (-) -- NS -- 

Pe
ΔV2

 and 

Tβ 
1/6 1/6 1/5 1/5 1/5 0/5 (-) (-) VMLC -- 

Pe
ΔV2 

and  

35S-V2
Pe

 
0/3 -- 0/3 -- 0/3 -- (-) -- NS -- 

Pe
ΔV2

, 35S-

V2
Pe

 and  

Tβ 

1/3 1/3 1/3 1/3 0/3 0/3 (-) (-) NS -- 

Pe
ΔV2

, V2
Pe

-

PVX 
2/3 -- 1/3 -- 0/3 -- (-) -- VY 10 

Pe
ΔV2

, V2
Pe

-

PVX and  

Tβ 

3/3 3/3 2/3 2/3 2/3 1/3 (-) (-) 
VY and 

VMLC 
8 

V2
Pe

-PVX
£
 -- -- -- -- -- -- -- -- VY 8 

PVX
£
 -- -- -- -- -- -- -- -- VY 8 

 

* Viruses, mutants and betasatellites are denoted as Pe - Pedilanthus leaf curl virus, 

Tβ - Tobacco leaf curl betasatellite, Pe
ΔV2

 - Pedilanthus leaf curl virus with the V2 

gene mutated.  
 

@
 Symptoms are denoted as upward leaf curling (ULC), downward leaf curling 

(DLC), vein yellowing (VY), very mild leaf curling (VMLC), stunting (ST),  no 

symptoms (NS), early flowering (EF), vein thickening (VT). 

 
£ 

In each experiment 3 plants were inoculated with Agrobacterium harbouring V2
Pe

-

PVX and PVX as a control. 

 



Analysis of virion-sense genes 
 

60 

 

 

 

 

 

 

 

 

 
 

 

Figure 3.1 Effects of the mutation of the V2 gene of PedLCV on the infectivity and 

symptoms induced by the virus in N. benthamiana plants. The N. benthamiana plants 

shown were either not inoculated (healthy; A) or inoculated with PedLCV (B), 

PedLCV and TbLCB (C), PedLCV
ΔV2

 (D), PedLCV
ΔV2

 and TbLCB (E-G), 

PedLCV
ΔV2

, TbLCB and 35S-V2
Pe

 (H), PedLCV
ΔV2

, TbLCB and V2
Pe

-PVX (I). 

Photographs were taken at 25dpi. 
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Figure 3.2 Southern blot detection of PedLCV in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a mock-inoculated plant (M), 

a non-inoculated plant (H) and plants inoculated with PedLCV (lane 1), PedLCV and 

TbLCB (2)  PedLCV
ΔV2

 (3-5) PedLCV
ΔV2

 and TbLCB (6-8), PedLCV
ΔV2 

and 35S-

V2
TA

 (9-10), PedLCV
ΔV2

, TbLCB and 35S-V2
TA 

(11-12), PedLCV
ΔV2 

and V2
TA

 –PVX 

(13-14), PedLCV
ΔV2

, TbLCB and V2
TA

 –PVX (15-16). Viral DNA forms are indicated 

as sub genomic (sg), single-stranded (ss), super-coiled (sc), linear (lin) and open-

circular (oc). Samples were extracted at 30 dpi and approximately equal amounts of 

DNA (10µg) were loaded in each case. 
 

 

 

 
 

Figure 3.3 Southern blot detection of TbLCB in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a non-inoculated plant (H) 

and, PedLCV and TbLCB (1), PedLCV
 ΔV2 

and TbLCB (2-4), PedLCV
ΔV2

, TbLCB 

and 35S-V2
TA

 (5-6), PedLCV
ΔV2

, TbLCB and V2
 TA

-PVX (7-9). Samples were 

extracted at 30 dpi and approximately equal amounts of DNA (10µg) were loaded in 

each case. 
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3.3.2 Analysis of the effects of mutation of the CP gene of PedLCV on the 

infectivity of, and symptoms induced by, the virus and the ability to maintain 

TbLCB. 

 The CP mutant of PedLCV (Pe
ΔCP

) failed to induce a symptomatic infection of 

N. benthamiana plants (Figure 3.4). No viral DNA could be detected by Southern 

blotting (Figure 3.5) or by PCR, indicating that mutation of the CP gene abolishes the 

ability of the virus to systemically infect plants. 

Co-inoculation of N. benthamiana plants with Pe
ΔCP

 and Tβ did not induce 

symptoms and plants grew normally and were similar to non inoculated plants. PCR-

mediated diagnostics showed the presence of viral and betasatellite DNA in only 1 

inoculated plant, out of 15 inoculated plants (Table 3.3). Again, no viral or 

betasatellite DNA could be detected by Southern blotting, indicating that both virus 

and betasatellite DNA titres were below the threshold levels for detection by Southern 

blotting (Figure 3.5 and 3.6).  

Co-inoculation of Pe
ΔCP 

with a construct for the expression of the PedLCV CP 

gene under the control of the 35S promoter (35S-CP
Pe

) to N. benthamiana 

successfully complemented the mutation and led to asymptomatic infection that could 

only be detected by PCR (in 4 out of 15 plants) but not by Southern blotting (Table 

3.3; Figure 3.4). Similarly inoculation of plants with Pe
ΔCP

, 35S-CP
Pe

 and Tβ induce 

asymptomatic infection (Figure 3.4), although ultimately a higher percentage of plants 

were infected (6 out of 15 plants) than in inoculations without the betasatellite (4 out 

of 15; Table 3.3). Although the DNAs could be detected by PCR, they were not 

detected by Southern blotting, indicating that DNA levels were very low. 

Inoculation of Pe
ΔCP

 with a PVX vector expressing the CP gene of PedLCV 

(CP
Pe

-PVX) led to asymptomatic infection (4 out of 15 plants inoculated). However, 

the virus was only detected by PCR but not by Southern blotting (Figure 3.5). These 

plants showed the symptoms typical of PVX infection, vein yellowing, rather than the 

symptoms typical of PedLCV and these symptoms were comparable to CP
Pe

-PVX 

inoculated plants.  

Interestingly, inoculation of N. benthamiana with Pe
ΔCP

, Tβ and CP
Pe

-PVX 

induced symptoms typical of a PVX infection (vein yellowing) and PedLCV (mild 

leaf curl) (Figure 3.4). PCR-mediated diagnostics revealed the presence of the virus 

and betasatellite in most plants (10 out of 15 inoculated), significantly more than for 
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plants inoculated with only Pe
ΔCP

 and Tβ (1 out of 15; Table 3.3). Again, Southern 

blotting could not detect either the virus or the betasatellite. Interestingly, the 

inclusion of Tβ appeared to reduce the latent period for PVX-like symptoms 

appearing from 10 days (for Pe
ΔCP

 and CP
Pe

-PVX inoculated plants) to 8 days. 
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Table 3.3 Infectivity of, and symptoms induced by, PedLCV harbouring a mutation of 

the CP gene (Pe
ΔCP

) in N. benthamiana in the presence and absence of TbLCB. 

 

Inoculum* 

Infectivity 

Symptoms
@ 

Latent 

period 

(days) 

PCR diagnostics 

( Plants infected/ inoculated) 

Southern 

blot 

analysis 

Expt.I Expt.II Expt.III 
 

Pe 

 

Tβ 
Pe Tβ Pe Tβ Pe Tβ 

Pe 3/3 -- 5/5 -- 5/5 -- (+) -- ULC and VT 12 

Pe  and  

Tβ 
3/3 3/3 5/5 5/5 5/5 5/5 (+) (+) 

DLC,VT 

and ST 
10 

Pe
ΔCP 

0/5 -- 0/5 -- 0/5 -- (-) -- NS -- 

Pe
ΔCP

 and 

Tβ 
0/5 0/5 0/5 0/5 1/5 1/5 (-) (-) NS -- 

Pe
ΔCP

 and 

35S-CP
Pe 2/5 -- 1/5 -- 1/5 -- (-) -- NS -- 

Pe
ΔCP

 , 

35S-CP
Pe

 

and  Tβ 

2/5 2/5 2/5 1/5 2/5 1/5 (-) (-) NS -- 

Pe
ΔCP 

and 

CP
Pe

-PVX 
2/5 -- 1/5 -- 1/5 -- (-) -- VY 10 

Pe
ΔCP

 , 

CP
Pe

-PVX 

and  Tβ 

4/5 3/5 4/5 1/5 2/5 2/5 (-) (-) 
VY and 

VMLC 
8 

CP
Pe

-

PVX
£
 

-- -- -- -- -- -- -- -- VY 8 

PVX
£
 -- -- -- -- -- -- -- -- VY 8 

 

* Viruses, mutants and betasatellites are denoted as Pe - Pedilanthus leaf curl virus, 

Tβ - Tobacco leaf curl betasatellite, Pe
ΔCP

 - Pedilanthus leaf curl virus with the CP 

gene mutated.  

 
@

 Symptoms are denoted as upward leaf curling (ULC), - downward leaf curling 

(DLC), vein yellowing (VY), very mild leaf curling (VMLC), stunting (ST), no 

symptoms (NS), vein thickening (VT). 

 
£ 

In all experiment 3 plants were inoculated with Agrobacterium harbouring CP
Pe

-

PVX and PVX as a control. 
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Figure 3.4 Effects of the mutation of the CP gene of PedLCV on the infectivity and 

symptoms induced by the virus in N. benthamiana plants. The N. benthamiana plants 

shown were either not inoculated (healthy; A) or inoculated with PedLCV (B), 

PedLCV and TbLCB (C), PedLCV
ΔCP

 (D), PedLCV
ΔCP

 and TbLCB (E), comparison 

of PedLCV/TbLCB with PedLCV
ΔCP

/TbLCB (F-G), PedLCV
ΔCP

, TbLCB and 35S-

CP
Pe

 (H), PedLCV
ΔCP

, TbLCB and CP
Pe

-PVX (I). Photographs were taken at 25dpi. 
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Figure 3.5 Southern blot detection of PedLCV in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a mock-inoculated plant (M), 

a non-inoculated plant (H) and plants inoculated with PedLCV (lane 1), PedLCV and 

TbLCB (2), PedLCV
ΔCP

 (3 and 4), PedLCV
ΔCP

and TbLCB (5 and 6), PedLCV
ΔCP

and 

TbLCB (7 and 8), PedLCV
ΔCP 

and 35S-CP
Pe

 (9 and 10), PedLCV
ΔCP

, TbLCB 

and 35S-CP
Pe

 (11 and 12),  PedLCV
ΔCP 

and CP
Pe

-PVX (13 and 14) and  PedLCV
ΔCP 

, 

TbLCB and CP
Pe

-PVX (15 and 16). Viral DNA forms are indicated as sub genomic 

(sg), single-stranded (ss), super-coiled (sc), linear (lin) and open-circular (oc). 

Samples were extracted at 30 dpi and approximately equal amount of DNA (10µg) 

were loaded in each case. 

 

 
 

Figure 3.6 Southern blot detection of TbLCB in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a non-inoculated plants (H) 

and plants inoculated with PedLCV and TbLCB (lane 1), PedLCV
ΔCP 

and TbLCB 

(lane 2 and 3), DNA isolated from inoculated leaves of PedLCV
ΔCP 

and TbLCB (4 and 

5), PedLCV
ΔCP

, TbLCB and 35S-CP
Pe 

(6 and 7), and PedLCV
ΔCP

, TbLCB and CP
Pe

-

PVX (8 and 9). Samples were extracted at 30 dpi and approximately equal amounts of 

DNA (10µg) were loaded in each case. 
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3.3.3 Analysis of the effects of mutation of the V2 gene of CLCuKoV on the 

infectivity of, and symptoms exhibited by, the virus and the ability to maintain 

CLCuMB. 

 CLCuKoV is infectious to N. benthamiana plants by Agrobacterium-mediated 

inoculation (Table 3.4). Inoculated plants exhibited leaf rolling and vein darkening of 

leaves developing subsequent to inoculation at 12 dpi. Subsequently symptoms 

became more severe with leaf rolling, leaf shortening and plants showed a 

pronounced stunting of growth, in comparison to non-inoculated plants (Figure 3.7). 

Southern blot analysis of total DNA extracted from infected N. benthamiana plants 

showed the typical replicative forms of the virus; sub-genomic, single-stranded, 

super-coiled, linear and open circular forms (Figure 3.8). 

More severe symptoms, with the of outer edges of leaves developing after 

inoculation being rolled upwards but with the leaves showing a downward cupping 

with swollen veins, were exhibited by all N. benthamiana plants when CLCuKoV 

(Ko) was co-inoculated with CLCuMB (Cβ) (Table 3.4). However, presence of the 

betasatellite reduced the latent period (10 days), in comparison to plants inoculated 

with only Ko, and the symptoms were somewhat more severe (Figure 3.7). Moreover, 

plants infected with both virus and betasatellite showed a pronounced chlorosis 

(yellowing) and early flowering which was not evident for plants infected with only 

the virus. Both the viral and betasatellite DNA were detected by Southern blotting in 

Ko/Cβ infected plants (Figure 3.8 and 3.9). Although the titre of viral DNA in plants 

inoculated with Ko and Ko/Cβ was almost same, however there was slightly higher 

titre of sub-genomic and open circular forms of virus detected in plants in the 

presence of the betasatellite in comparison to plants infected with only the virus.  

No symptoms were induced in N. benthamiana plants inoculated with the V2 

mutant of CLCuKoV (Ko
ΔV2

) (Figure 3.7). However, PCR-mediated diagnostics from 

newly emerged leaves developing subsequent to inoculation showed that 7 plants (out 

of 15 inoculated) contained viral DNA, in Southern blotting highly reduced level of 

viral DNA was detected due to hampered replication linked with mutation in V2 gene 

(Figure 3.8). Co-inoculation of N. benthamiana plants with Ko
ΔV2

 and Cβ also did not 

lead to symptoms and no difference could be observed from non inoculated plants. 

However, PCR-mediated diagnostics revealed that all inoculated plants (15 out of 15 

inoculated plants) harboured both virus and betasatellite DNA in leaves developing 
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subsequent to inoculation. Southern blot was able to detect the virus but not the 

betasatellite. However, the level of viral DNA in plants inoculated with Ko
ΔV2 

was 

very low in comparison to plants inoculated with Ko, whether the betasatellite was co-

inoculated with it or not (Figure 3.8).  

Co-inoculation of Ko
ΔV2 

with a construct for the expression of the CLCuKoV 

V2 gene under the control of the 35S promoter (35S-V2
Ko

) to N. benthamiana led to 

asymptomatic infection and viral DNA was detected in 7 plants (out of 15 plants) by 

PCR but not by Southern blotting (Table 3.4; Figure 3.8). Inoculation of plants with 

Ko
ΔV2

, 35S-V2
Ko

 and Cβ similarly did not lead to symptomatic plants (Figure 3.7), 

although virus was detected in 8 out of 15 plants also detected by Southern blot. 

However PCR mediated diagnostics revealed that betasatellite was maintained only in 

4 out of 15 plants (Table 3.4), but could not be detected by Southern blotting, 

suggesting that the DNA level was below the detection threshold. 
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Table 3.4 Infectivity of, and symptoms induced by CLCuKoV harbouring a mutation 

of the V2 gene (Ko
ΔV2

) in N. benthamiana in the presence and absence of CLCuMB. 

 

Inoculum
*
 

Infectivity 

Symptoms
@ 

Latent  

period 

(days) 

PCR diagnostics  

(infected plants/ inoculated) 
Southern 

 blot  

analysis 
Expt. I Expt. II Expt. III 

Ko Cβ Ko Cβ Ko Cβ Ko Cβ 

Ko 5/5 -- 5/5 -- 5/5 -- (+) -- 
LR and 

VD 
12 

Ko and Cβ 5/5 5/5 5/5 5/5 5/5 5/5 (+) (+) 
LR,VD and 

ST 
10 

Ko
ΔV2

 3/5 -- 2/5 -- 2/5 -- (+) -- NS -- 

Ko
ΔV2

 and   

Cβ   
5/5 5/5 5/5 5/5 5/5 5/5 (+) (-) NS -- 

Ko
ΔV2

 and 

35S-V2
Ko

 
2/5 -- 3/5 -- 2/5 -- (-) -- NS -- 

Ko
ΔV2

, 

35S-V2
Ko

  

and   Cβ 

3/5 1/5 2/5 1/5 3/5 2/5 (+) (-) NS -- 

Mock
£
 -- -- -- -- -- -- (-) -- NS -- 

 

 

* Viruses, mutants and betasatellites are denoted as Ko – Cotton leaf curl Kokhran 

virus, Cβ – Cotton leaf curl Multan betasatellite, Ko
ΔV2

 -  Cotton leaf curl Kokhran 

virus with the V2 gene mutated.  

 
@

 Symptoms are denoted as leaf rolling (LR), vein darkening (VD), stunting (ST), no 

symptoms (NS). 

 
£ 

In all experiment 3 plants were inoculated with mock as a control. 
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Figure 3.7 Effects of the mutation of the V2 gene of CLCuKoV on the infectivity and 

symptoms induced by the virus in N. benthamiana plants. The N. benthamiana plants 

shown were either not inoculated (healthy; A) or inoculated with CLCuKoV (B), 

CLCuKoV and CLCuMB (C), CLCuKoV
ΔV2

 (D), CLCuKoV
ΔV2

 and CLCuMB (E), 

and CLCuKoV
ΔV2

 and 35S-V2
Ko 

(F). Photographs were taken at 25dpi. 
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Figure 3.8 Southern blot detection of CLCuKoV in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a mock-inoculated plant (M), 

a non-inoculated plant (H) and CLCuKoV plasmid (lane 1), CLCuKoV (2), 

CLCuKoV and CLCuMB (3), CLCuKoV
ΔV2

 (4-5), CLCuKoV
ΔV2 

and CLCuMB (6-7), 

CLCuKoV
ΔV2

 and 35S-V2
Ko

 (8) and CLCuKoV
ΔV2

, CLCuMB and 35S-V2
Ko

 (9). 

Viral DNA forms are indicated as single-stranded (ss), super-coiled (sc) and open-

circular (oc). Samples were extracted at 30 dpi and approximately equal amounts of 

DNA (10µg) were loaded in each case. 
 

 
 

Figure 3.9 Southern blot detection of CLCuMB in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a non-inoculated plants (H) 

and mock-inoculated plants (M), CLCuKoV and CLCuMB (Lane 1), CLCuKoV
ΔV2 

and CLCuMB ( 2-3), and CLCuKoV
ΔV2

, CLCuMB and 35S-V2
Ko

 (4). Approximately 

equal amounts of DNA (10µg) were loaded in each case. 
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3.3.4 Analysis of the effects of mutation of the CP gene of CLCuKoV on the 

infectivity of, and symptoms induced by, the virus and the ability to maintain 

CLCuMB. 

 N. benthamiana plants inoculated with the CP mutant of CLCuKoV (Ko
ΔCP

) 

did not develop symptoms (Figure 3.10). Viral DNA could not be detected by either 

PCR or Southern blotting (Figure 3.11) indicating that the mutation abolished the 

ability of the virus to infect N. benthamiana. 

Co-inoculation of N. benthamiana plants with Ko
ΔCP

 and Cβ also did not led 

to symptomatic infection. By PCR-mediated diagnostics neither viral nor betasatellite 

DNA could be amplified from DNA samples extracted from leaves developing 

subsequent to inoculation (Table 3.5). Similarly, in Southern blotting viral and 

betasatellite could not be detected from extracted DNA (Figure 3.11 and 3.12).  

The CLCuKoV CP gene was expressed under the control of the CaMV 35S 

promoter (35S-CP
Ko

) to investigate the possibility of complementing the mutation. 

Co-inoculation of Ko
ΔCP 

with 35S-CP
Ko

 to N. benthamiana did not lead to 

symptomatic infection. However, a very low level of infection could be detected by 

PCR (4 out of 15 inoculated plants) but not by Southern blotting (Table 3.5; Figure 

3.11). Similarly, when betasatellite was added to this combination (Ko
ΔCP

, 35S-CP
Ko

 

and Cβ), inoculated plants failed to show symptoms s (Figure 3.10). However, slightly 

more plants were infected (5 out of 15 plants) in comparison to plants inoculated with 

Ko
ΔCP

, 35S-CP
Ko

 (Table 3.5). Although the DNAs could be detected by PCR, they 

were not detected by Southern blotting, suggesting that DNA levels were below the 

detection threshold. 
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Table 3.5 Infectivity of, and symptoms induced by, CLCuKoV harbouring a mutation 

of the CP gene (Ko
ΔCP

) in N. benthamiana in the presence and absence of CLCuMB. 

 

Inoculum* 

Infectivity 

Symptoms
@

 

Latent 

period 

(days) 

PCR diagnostics 

(Plants infected / inoculated) 

Southern 

blot 

analysis 

Expt.I Expt.II Expt.III  

Ko 

 

Cβ 
Ko Cβ Ko Cβ Ko Cβ 

Ko 3/3 -- 3/3 -- 3/3 -- (+) -- 
LR and 

VD 
12 

Ko and Cβ 5/5 5/5 5/5 5/5 5/5 5/5 (+) (+) 
LR, VD 

and ST 
10 

Ko
ΔCP

 0/5 -- 0/5 -- 0/5 -- (-) -- NS -- 

Ko
ΔCP 

 and 

Cβ 
0/5 0/5 0/5 0/5 0/5 0/5 (-) (-) NS -- 

Ko
ΔCP

 and 

35S-CP
Ko

 
1/5 -- 1/5 -- 2/5 -- (-) (-) NS -- 

Ko
ΔCP

 , 

35S-CP
Ko

 

and Cβ 

2/5 0/5 1/5 1/5 2/5 1/5 (-) (-) NS -- 

Mock
£
 -- -- -- -- -- -- (-) -- NS -- 

 

* Viruses, mutants and betasatellites are denoted as Ko – Cotton leaf curl Kokhran 

virus, Cβ – Cotton leaf curl Multan  betasatellite, Ko
ΔCP

 -  Cotton leaf curl Kokhran 

virus with the CP gene mutated.  
 

@
 Symptoms are denoted as leaf rolling (LR), vein darkening (VD), stunting (ST) or 

no symptoms (NS).
 

 
£ 

In all experiment 3 plants were inoculated with mock as a control. 
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Figure 3.10 Effects of the mutation of the CP gene of CLCuKoV on the infectivity 

and symptoms induced by the virus in N. benthamiana plants. The N. benthamiana 

plants shown were either not inoculated (healthy; A) or inoculated with CLCuKoV 

(B), CLCuKoV and CLCuMB (C), CLCuKoV
ΔCP

 (D), CLCuKoV
ΔCP

 and CLCuMB 

(E), and CLCuKoV
ΔCP 

and 35S-CP
Ko 

(F). Photographs were taken at 25dpi 
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Figure 3.11 Southern blot detection of CLCuKoV in N. benthamiana plants. The 

DNA extracts run on the gel were extracted from the leaves of a mock-inoculated 

plant (M), a non-inoculated plant (H) and CLCuKoV plasmid (lane 1), CLCuKoV (2), 

CLCuKoV and CLCuMB (3), CLCuKoV
ΔCP

 (4), CLCuKoV
ΔCP

 and CLCuMB (5-6), 

and CLCuKoV
ΔCP

, CLCuMB and 35S-CP
Ko

 (7). Viral DNA forms are indicated as 

single-stranded (ss), super-coiled (sc) and open-circular (oc). Samples were extracted 

at 30 dpi and approximately equal amounts of DNA (10µg) were loaded in each case. 
 

 
 

 

Figure 3.12 Southern blot detection of CLCuMB in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a non-inoculated plants (H) 

and mock-inoculated plants (M),CLCuMB plasmid as positive control (1), CLCuKoV 

and CLCuMB (2), CLCuKoV
ΔV2 

and CLCuMB (3-4), and CLCuKoV
ΔV2

, CLCuMB 

and 35S-V2
Ko

 (5). Samples were extracted at 30 dpi and approximately equal amounts 

of DNA (10µg) were loaded in each case. 
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3.3.5 Analysis of the effects of mutation of the AV2 gene of ToLCNDV on the 

infectivity of, and symptoms induced by, the virus and the ability to maintain 

CLCuMB. 

 ToLCNDV is a bipartite (with components known as DNA A [TA] and DNA B 

[TB]) begomovirus that is highly infectious to N. benthamiana by Agrobacterium-

mediated inoculation (Table 3.6). N. benthamiana plants infected with ToLCNDV 

exhibited upward leaf curling and vein thickening of leaves developing subsequent to 

inoculation at 12 dpi. Subsequently the severity of leaf curling and vein thickening 

increased and plants showed a pronounced stunting and deformed stems and petioles, 

in comparison to non-inoculated plants (Figure 3.13). ToLCNDV DNA A was 

detected in nucleic acids extracts of infected N. benthamiana plants by both PCR and 

Southern blotting (Figure 3.14). 

N. benthamiana plants inoculated with TA, in the absence of TB, did not 

become symptomatic. However, in 3 plants (out of 20 plants inoculated) the 

component could be detected in leaves developing subsequent to inoculation by PCR 

diagnostics but not by Southern blot hybridisation (Table 3.6; Figure 3.14).  

Co-inoculation of N. benthamiana plants with TA and CLCuMB (Cβ) did not 

lead to symptoms in plants (Figure 3.13). Southern blot analysis of DNA extracted 

from TA/Cβ inoculated plants did not detect either the virus or the betasatellite 

component (Figure 3.14 and 3.15). However, PCR-mediated diagnostics revealed that 

8 plants (out of 15 inoculated) contained viral DNA, while the betasatellite was 

detected only in 4 plants, indicating that both virus and betasatellite DNA levels were 

very low.      

Inoculation of N. benthamiana plants with both components of ToLCNDV 

(TA and TB) and Cβ was as efficient in inducing symptomatic infection as inoculation 

of both components without the betasatellite (all inoculated plants developing 

symptoms; Table 3.6). However, in this case inclusion of the betasatellite reduced the 

latent period to 10 days (compared to 12 days in the absence of the betasatellite), two 

types of plants with different latent period was observed, later on PCR-mediated 

diagnostics revealed that plants with short latent period (10 days) contained 

betasatellite and vice versa. PCR-mediated diagnostics revealed that betasatellite was 

being hooked up by virus and could be amplified from 7 plants out of 11 inoculated 

plants (Table 3.6). However, by Southern blotting the betasatellite was detected, 
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showing that the betasatellite DNA level was below the detection threshold, while 

there was no significant difference in the levels of virus detected in plants in the 

presence of the betasatellite in comparison to plants infected with only the virus 

(Figure 3.14 and 3.15). 

N. benthamiana plants inoculated with the DNA A of ToLCNDV bearing a 

mutation in V2 gene (TA
ΔV2

) behaved in the same manner as plants inoculated with 

TA, failing to develop symptoms (Figure 3.13) and no viral DNA was detected in 

upper leaves by Southern blotting (Figure 3.14). However, PCR-mediated diagnostics 

showed one plant (out of 15 inoculated) to contain virus DNA in upper leaves, 

indicating that virus DNA levels in this plant were below the detection threshold of 

Southern blotting. 

For N. benthamiana plants inoculated with TA
ΔV2

 and TB, all inoculated plants 

developed symptoms of leaf curling and vein swelling on the leaves developing 

subsequent to inoculation (Figure 3.13). Although symptoms were indistinguishable 

from wild type (TA and TB) inoculated plants there was a longer latent period (13-14 

days; Table 3.6). Southern blotting detected the virus at levels equivalent to plants 

infected with TA and TB (Figure 3.14 and 3.15).  

Plants inoculated with TA
ΔV2

, TB and Cβ developed symptoms at 13 dpi that 

could not be distinguished from plants inoculated without the betasatellite. PCR-

mediated diagnostics showed that the betasatellite was not maintained efficiently (1 

out of 15 plants) in comparison to plants inoculated with TA, TB and Cβ (7 out of 11 

plants; Table 3.6). Again only viral DNA could be detected by Southern blotting not 

the betasatellite from total DNA extracted from leaves developing subsequent to 

inoculation (Figure 3.14 and 3.15).    

Co-inoculation of TA
ΔV2

 with a construct for the expression of the V2 gene 

under the control of the 35S promoter (35S-V2
TA

) to N. benthamiana did not lead to 

infection and no virus could be detected by either Southern blotting or PCR (Table 

3.6; Figure 3.13). Inoculation of plants with TA
ΔV2

, 35S-V2
 TA

 and Cβ similarly did 

not lead to symptomatic plants (Figure 3.13), although virus was detected in 2 out of 

15 inoculated plants. However, the betasatellite was maintained only in one inoculated 

plants (Table 3.6). Although the virus was detected by PCR, it was not detected by 

Southern blotting; suggesting that viral DNA levels in infected plants was very low. 

Inoculation of TA
ΔV2

 with a PVX vector expressing the AV2 gene of 
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ToLCNDV with or without Cβ led to plants displaying only the symptoms typical of 

PVX infection (vein yellowing; Table 3.6). In these plants neither the virus, nor the 

betasatellite were detected, either by Southern blotting or PCR (Figure 3.2). Plants 

inoculated with V2
TA

-PVX as a control exhibited vein yellowing symptoms that could 

not be distinguished from PVX inoculated plants 
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Table 3.6 Infectivity of, and symptoms induced by, ToLCNDV harbouring a mutation 

of the AV2 gene (TA
ΔV2

) in N. benthamiana in the presence and absence of CLCuMB. 

 

Inoculum
*
 

 

Infectivity 

 

Symptoms
@

 

Latent 

period 

(days) 

PCR diagnostics 

( plants infected/ inoculated) 

Southern 

blot 

analysis 

Expt.I Expt.II Expt.III  

TA 

 

Cβ 
TA Cβ TA Cβ TA Cβ 

TA 1/6 -- 1/7 -- 1/7 -- (-) -- NS -- 

TA and Cβ 2/5 1/5 3/5 2/5 3/5 1/5 (-) (-) NS -- 

TA andTB 3/3 -- 3/3 -- 3/3 -- (+) -- 
ULC, VT 

and ST 
12 

TA, TB 

andCβ 
5/5 3/5 3/3 2/3 3/3 2/3 (+) (-) 

ULC, VT 

and ST 
10 

TA
ΔV2

 0/5 -- 0/5 -- 1/5 -- (-) -- NS -- 

TA
ΔV2

and Cβ
 

1/5 1/5 2/5 1/5 1/5 1/5 (-) (-) NS -- 

TA
ΔV2

and TB 5/5 -- 5/5 -- 5/5 -- (+) -- 
ULC, VT 

and ST 
13-14 

TA
ΔV2

, TB 

and  Cβ 
5/5 0/5 4/5 0/5 5/5 1/5 (+) (-) 

ULC, VT 

and ST 
13 

TA
ΔV2

and 

35S-V2
TA

 
0/3 -- 0/5 -- 0/5 -- (-) -- NS -- 

TA
ΔV2

, 35S-

V2
TA

  and  Cβ 
1/5 0/5 1/5 1/5 0/5 0/5 (-) (-) NS -- 

TA
ΔV2

and 

V2
TA

-PVX 
0/3 -- 0/3 -- 0/3 -- (-) -- VY -- 

TA
ΔV2

, 

V2
TA

PVX and  

Cβ 

0/3 0/3 0/3 0/3 0/3 0/3 (-) (-) VY -- 

V2
TA

-PVX
£
 -- -- -- -- -- -- -- -- VY 8 

PVX -- -- -- -- -- -- -- -- VY 8 

 

* Viruses, mutants and betasatellites are denoted as the DNA A of ToLCNDV (TA), 

DNA B of ToLCNDV (TB), ToLCNDV DNA A bearing a mutation of the V2 gene 

(TA
ΔV2)

, Cotton leaf curl Multan betasatellite (Cβ) and PVX vector harbouring the 

AV2 gene of ToLCNDV (V2
TA

–PVX).  
 

@
 Symptoms are denoted as upward leaf curling (ULC), vein thickening (VT), 

stunting (ST), vein yellowing (VY) or no symptoms (NS). 
 
£ 

In each experiment 3 plants were inoculated with Agrobacterium harbouring V2
TA

-

PVX and PVX as a control. 
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Figure 3.13 Effects of the mutation of the AV2 gene of ToLCNDV on the infectivity 

and symptoms induced by the virus in N. benthamiana plants. The N. benthamiana 

plants shown were either not inoculated (healthy; A) or inoculated with TA and TB 

(B), TA, TB and CLCuMB (C), TA
ΔV2

 and TB (D), TA
ΔV2

 TB and CLCuMB (E),  

TA
ΔV2

 and V2
TA

-PVX (F), TA
ΔV2

, V2
TA

-PVX and CLCuMB (G), TA
ΔV2

 and 35S-V2
TA

 

(H) and TA
ΔV2

,35S-V2
TA

 and CLCuMB (I). Photographs were taken at 25 dpi.  
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Figure 3.14 Southern blot detection of ToLCNDV in N. benthamiana plants. The 

DNA extracts run on the gel were extracted from the leaves of a mock-inoculated 

plant (M), TA (1), TA and TB (2), TA
ΔV2

 (3), TA
ΔV2 

and TB (4-5), TA, TB and 

CLCuMB (6), T-A
ΔV2

 and CLCuMB (7-9), TA and CLCuMB (10-12) TA
ΔV2

, TB and 

CLCuMB (13-15), TA
ΔV2 

and 35S-V2
TA

 (16), TA
ΔV2

, 35S-V2
TA

 and CLCuMB (17), 

TA
ΔV2 

and V2
TA

-PVX (18), and TA
ΔV2

, V2
TA

-PVX and CLCuMB (19). Viral DNA 

forms are indicated as single-stranded (ss), super-coiled (sc) and open-circular (oc). 

Samples were extracted at 30 dpi and approximately equal amount of DNA (10µg) 

were loaded in each case. 
 

 

 
 

Figure 3.15 Southern blot detection of CLCuMB in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a mock-inoculated plant (M), 

TA and CLCuMB (1), CLCuMB plasmid as positive control (2), TA, TB and 

CLCuMB (3-4), TA
ΔV2

 and CLCuMB (5-7), TA
ΔV2

, TB and CLCuMB (8-10), TA
ΔV2

, 

35S-V2
TA

 and CLCuMB (11-13), and TA
ΔV2

, V2
TA

-PVX and CLCuMB (14-15). 

Samples were extracted at 30 dpi and approximately equal amounts of DNA (10µg) 

were loaded in each case. 



Analysis of virion-sense genes 
 

82 

 

3.3.6 Analysis of the effects of mutation of the CP gene of ToLCNDV on 

infectivity of, and symptoms induced by, the virus and the ability to maintain 

CLCuMB. 

 N. benthamiana plants inoculated with TA having a mutation of the CP gene 

(TA
ΔCP

) did not show symptoms (Figure 3.16) and viral DNA could only be detected 

by PCR in one plant (of 15 inoculated), less than for plants inoculated with TA (3 

infected) out of 11 inoculated. However, no viral DNA was detected in this plant by 

Southern blotting.  

Co-inoculation of TA
ΔCP 

with Cβ to N. benthamiana also did not lead to 

symptoms, However, PCR-mediated diagnostics, but not Southern blotting (Figure 

3.17, Table 3.7), showed the presence of both DNA A (12 plants out of 14 inoculated) 

and the betasatellite (7 out of 15 plants) in the upper leaves. This indicates that the 

level of both viral and betasatellite DNA were low.  Overall in fewer plants (5 out of 

15) the betasatellite was maintained for DNA A with the CP intact than for DNA A 

with a mutated CP (8 out of 15).         

Inoculation of both components of ToLCNDV in association with Cβ induced 

symptoms comparable to ToLCNDV alone; however for plants infected with the virus 

and Cβ the latent period was reduced to 10 dpi. Although Southern blot analysis was 

not able to show the presence of the betasatellite, however, PCR-mediated diagnostics 

revealed that the betasatellite was present in 7 plants out of 9 inoculated plants (Table 

3.7). Southern blot analysis also showed that there was no significant difference in the 

levels of virus in plants harbouring Cβ, in comparison to plants infected with only the 

virus (Figure 3.17 and 3.18).  

N. benthamiana plants inoculated with TA
ΔCP

 and TB developed symptoms 

that were indistinguishable from those induced by the wild-type virus although the 

latent period was somewhat longer (13-14 days compared to 10 for the wild type; 

Table 3.7). Viral DNA was detected in symptomatic plants by PCR and Southern 

blotting (Figure 3.16). Additionally, Southern blot showed that the DNA levels of 

TA
ΔCP

 were similar to those in plants infected with the wild type. 

When N. benthamiana plants were challenged with TA
ΔCP

, TB and Cβ, 

inoculated plants showed symptoms at 13 dpi that could not be distinguished from 

plants inoculated without the betasatellite. PCR-mediated diagnostics showed that the 

betasatellite was poorly maintained (5 out of 15 plants) by the virus when the CP was 
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mutated in comparison to the wild type virus (8 out of 9 plants; Table 3.7). Only the 

virus could be detected by Southern blotting, not the betasatellite, from total DNA 

extracted from leaves developing subsequent to inoculation (Figure 3.17 and 3.18).    

Co-inoculation of TA
ΔCP

 with a construct for the expression of the ToLCNDV 

CP gene under the control of the 35S promoter (35S-CP
TA

) to N. benthamiana did not 

lead to symptomatic infection and no virus could be detected by either Southern 

blotting or PCR (Table 3.7, Figure 3.17). Similarly plants inoculated with TA
ΔCP

, 35S-

CP
TA

 and Cβ did not show any symptoms. However, both virus (in 8 out of 12 plants 

inoculated) and betasatellite (in 5 out of 12 plants) was detected by PCR, although 

these were not detected by Southern blotting. 

Inoculation of TA
ΔCP

 with a PVX vector expressing the CP gene of ToLCNDV 

(CP
TA

-PVX) with or without Cβ, did not induce symptoms (Table 3.7). However, 

although the virus was not detected by Southern blotting, PCR diagnostic showed the 

presence of virus and not the betasatellite, for plants additionally inoculated with the 

betasatellite (Figure 3.16). These plants showed the symptoms typical of PVX 

infection, vein yellowing. 
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Table 3.7 Infectivity of, and symptoms induced by, ToLCNDV harbouring a mutation 

of the CP gene (TA
ΔCP

) in N. benthamiana in the presence and absence of CLCuMB. 

 

Inoculum* 

Infectivity 

Symptoms
@

 

Latent 

period 

(days) 

PCR diagnostics 

(plants infected/ inoculated) 

Southern 

blot 

analysis 

Expt. I Expt. II Expt. III  

TA 

 

Cβ TA Cβ TA Cβ TA Cβ 

TA 1/3 -- 1/3 -- 1/5 -- (-) -- NS -- 

TA and Cβ 3/5 2/5 2/5 2/5 2/5 1/5 (-) (-) NS -- 

TA and TB 3/3 -- 3/3 -- 3/3 -- (+) -- 
ULC, VT 

and ST 
12 

TA, TB and 

Cβ 
3/3 3/3 3/3 2/3 3/3 2/3 (+) (-) 

ULC, VT 

and ST 
10 

TA
ΔCP

 0/5 -- 1/5 -- 0/5 -- (-) -- NS -- 

TA
ΔCP 

and 

Cβ  
 4/4 3/4 4/5 2/5 4/5 3/5 (-) (-) NS -- 

TA
ΔCP

 and 

TB 
5/5 -- 5/5 -- 4/5 -- (+) -- 

ULC, VT 

and ST 
13-14 

TA
ΔCP

 , TB 

and  Cβ  
5/5 2/5 4/5 1/5 5/5 2/5 (+) (-) 

ULC, VT 

and ST 
13 

TA
ΔCP

 and 

35S-CP
TA

 
0/3 -- 0/5 -- 0/3 -- (-) -- NS -- 

TA
ΔCP

 , 

35S-CP
TA

  

and  Cβ 

4/5 2/5 2/3 1/3 2/4 2/4 (-) (-) NS -- 

TA
ΔCP

 and  

CP
TA

-PVX 
1/3 -- 1/3 -- 0/3 -- (-) -- NS -- 

TA
ΔCP

, 

CP
TA

 -PVX 

and  Cβ 

3/3 0/3 2/3 0/3 2/3 0/3 (-) (-) VY 13 

CP
TA-

PVX
£
 -- -- -- -- -- -- -- -- VY 8 

PVX
£
 -- -- -- -- -- -- -- -- VY 8 

 

* Viruses, mutants and betasatellites are denoted as TA – DNA A of Tomato leaf curl 

New Delhi virus, TB - DNA B of Tomato leaf curl New Delhi virus, TA
ΔCP 

– DNA A 

bearing CP gene mutation of Tomato leaf curl New Delhi virus, Cβ – Cotton leaf curl 

Multan betasatellite. 
 

@
 Symptoms are denoted as upward leaf curling (ULC), vein thickening (VT), 

stunting (ST), vein yellowing (VY) or no symptoms (NS). 

 
£ 

In all experiment 3 plants were inoculated with Agrobacterium harbouring CP
TA

-

PVX and PVX as a control. 
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Figure 3.16 Effects of CP gene mutation of ToLCNDV on the infectivity and 

symptoms when inoculated to N. benthamiana plants. Healthy plant (A), TA and TB 

(B), TA, TB and CLCuMB (C), TA
ΔCP

 and TB (D), TA
ΔCP

 and CLCuMB (E), TA
ΔCP

 

and CP
TA

-PVX (F), TA
ΔCP

, CP
TA

-PVX and CLCuMB (G), TA
ΔCP

 and 35S-CP
TA

 (H), 

and TA
ΔCP

, 35S-CP
TA

 and CLCuMB (I). Photographs were taken at 25 dpi. 
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Figure 3.17 Southern blot detection of ToLCNDV DNA A in N. benthamiana plants. 

The DNA extracts run on the gel were extracted from the leaves of a mock-inoculated 

plant (M) and plants inoculated with TA (1), TA and TB (2), TA
ΔCP

 (3), TA
ΔCP 

and TB 

(4-5), TA, TB and CLCuMB (6), TA
ΔCP

 and CLCuMB (7-9), TA and CLCuMB (10-

12) TA
ΔCP

, TB and CLCuMB (13-15), TA
ΔCP 

and 35S-CP
TA

 (16), TA
ΔCP

, 35S-CP
TA

 

and CLCuMB (17), TA
ΔCP 

and CP
TA

-PVX (18), and TA
ΔCP

, CP
TA

-PVX and CLCuMB 

(19). Viral DNA forms are indicated as single-stranded (ss), super-coiled (sc), linear 

(lin) and open-circular (oc). Samples were extracted at 30 dpi and approximately 

equal amount of DNA (10µg) were loaded in each case. 
 

 

 
 

Figure 3.18 Southern blot detection of CLCuMB in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a mock-inoculated plant (M) 

and plants inoculated with TA and CLCuMB (1), TA, TB and CLCuMB (3-4), TA
ΔCP

 

and CLCuMB (5-7), TA
ΔCP

, TB and CLCuMB (8-10), TA
ΔCP

, 35S-CP
TA

 and 

CLCuMB (11-13), and TA
ΔCP

, CP
TA

-PVX and CLCuMB (14-15). Samples were 

extracted at 30 dpi. The samples in lane 2 consisted of 100ng of CLCuMB plasmid. 

Samples were extracted at 30 dpi and approximately equal amounts of DNA (10µg) 

were loaded in each case. 
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3.4 Discussion 

For bipartite begomoviruses, trans-replication of DNA B relies on DNA A 

encoded Rep. Rep binds to highly specific sequences (Rep-binding motifs) that are 

composed of short reiterated sequences called iterons. Iterons are different between 

begomoviruses and are present upstream of the highly conserved, nonanucleotide-

containing stem-loop structure. The interaction of Rep with iterons plays a key role in 

the initiation of replication of geminiviruses (Fontes et al., 1994). The nature of Rep-

DNA interaction is generally very specific for each begomovirus; specificity of 

interaction determines the trans-replication of non-cognate viral components, trans-

replication of distinct or non-cognate begomoviral DNA B is usually not possible. In 

contrast, trans-replication of betasatellites by distinct begomoviruses is more relaxed 

(Lin et al., 2003; Nawaz-ul-Rehman et al., 2009; Saunders et al., 2008; Saunders et 

al., 2002b). Betasatellites may be trans-replicated by non-cognate begomoviruses ,for 

example ToLCV, which occurs in Australia, can interact with CLCuMB, which occurs 

on the Indian subcontinent (Alberter et al., 2005). Indeed, both AYVB and CLCuMB 

can be trans-replicated by numerous non-cognate helper begomoviruses that have 

distinct Rep-binding specificities (Briddon et al., 2003a; Mansoor et al., 2003b). Two 

hypotheses have been put forward to explain the trans-replication of non-cognate 

betasatellites. The first suggests that the Rep proteins might have more relaxed origin 

recognition properties; this is the “universal Rep” hypothesis. The second suggests 

that betasatellites have “iteron” sequences that may be recognised by more than one 

Rep; this is the “universal iteron” hypothesis. Available evidence, although 

inconclusive, suggests that the “universal iteron” may be correct (Nawaz-ul-Rehman 

et al., 2009).  

The study described here was stimulated by the recent characterisation of 

CLCuBuV, and its betasatellite, that are associated with resistance breaking CLCuD 

across Pakistan and north-western India (Amrao et al., 2010b; Rajagopalan et al., 

2011; Zaffalon et al., 2012). This virus has a naturally mutated C2 gene. Although the 

C2 gene is experimentally dispensable for infection, its maintenance in all 

characterised begomoviruses, curtoviruses and the only known topocuvirus indicates 

that it is important for maintenance in the field. This raised the question as to what 

effects mutations of virus-encoded genes might have on the maintenance of a 

betasatellite. Additionally, previous studies that have investigated the effects of 
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mutation of begomovirus genes on infectivity and symptoms have used Solanaceae-

adapted viruses which are not associated with betasatellites. No such studies have 

looked at the Malvaceae-adapted viruses or viruses naturally associated with 

betasatellites. 

Although for a small number of bipartite begomoviruses the DNA A 

component is infectious to plants and induces symptoms in the absence of the DNA B 

(Rochester et al., 1990), for the majority symptomatic infection requires the DNA B 

(Hamilton et al., 1983; Stanley, 1983). However, for all viruses which have been 

investigated, the DNA A can move systemically in plants, without inducing 

symptoms, in a small number of inoculated plants in the absence of the DNA B  

(Briddon and Markham, 2001a; Evans and Jeske, 1993b; Galvao et al., 2003; 

Klinkenberg and Stanley, 1990). The results presented here show, for the first time 

that the DNA A of ToLCNDV similarly can spread in plants in the absence of the 

DNA B and without inducing symptoms. 

The V2 gene mutant of PedLCV completely lost the ability to systemically 

infect N. benthamiana plants. In the presence of TbLCB the infectivity was restored 

indicating that the betasatellite can, for the most part, complement the mutation. 

However, significantly fewer plants inoculated with PedLCV
ΔV2

and TbLCB 

ultimately maintained the betasatellite, in comparison to inoculations with the wild-

type virus, indicating that V2 plays a part in the maintenance of the satellite. 

Ultimately, infection could only be diagnosed by PCR not by Southern blotting 

suggestive of low level of viral DNA. Heterologous expression of V2 gene 

underCaMV35S promoter and in PVX failed to rescue the mutation, however it 

worked well in presence of betasatellite. The V2 mutant of CLCuKoV retained the 

ability to systemically infect N. benthamiana, albeit at a reduced efficiency (in 

comparison to the wild-type virus). However, infections did not induce symptoms and 

were associated with very low viral DNA levels. The results are consistent with earlier 

mutational analyses of monopartite begomoviruses (Rigden et al., 1993; Wartig et al., 

1997), and suggests that the V2 protein is involved in virus movement. Inoculation of 

the V2 mutants with betasatellites restored the infectivity of the viruses (inoculated 

plants became infected) but did not lead to symptoms and again virus, as well as 

betasatellite, DNA levels were very low. This indicates that, at least in part, the 

betasatellite (and thus likely the βC1 protein – the only protein encoded by 



Analysis of virion-sense genes 
 

89 

 

betasatellites), can complement the V2 mutation. The V2 and βC1 proteins have 

several features in common – both bind nucleic acids [including DNA for βC1], both 

are suppressors of PTGS, are implicated in virus movement, interact with the CP and 

they have similar cellular localisations (Cui et al., 2005; Glick et al., 2007; Kumari et 

al., 2011; Poornima Priyadarshini et al., 2011). Nevertheless, it is clear that at least 

one function of V2 cannot be complemented by βC1 and that V2 plays an important 

part in the maintenance of the betasatellite.  It is possible that, as has been shown for 

the p25 triple gene block protein of potexviruses (Bayne et al., 2005), V2 suppresses a 

host PTGS-based resistance to virus movement. 

For ToLCNDV, no difference was observed between AV2 mutant and wild 

type virus inoculated plants. In the presence of DNA B, CLCuMB was maintained 

poorly both by V2 mutant and wild type virus. However, when DNA A bearing a 

mutation in the AV2 gene was co-inoculated with CLCuMB this led to more plants 

becoming infected in comparison to DNA A bearing mutation in AV2 alone. These 

findings are consistent with previous findings that for bipartite begomoviruses 

mutation in AV2 does not affect systemic spread of the virus (Padidam et al., 1996). 

The role of AV2 in OW bipartite begomoviruses remains unclear since movement 

functions are provided by BV1 and BC1 proteins encoded by DNA B. However 

involvement of AV2 has been shown in cell-to-cell trafficking and suppression of 

gene silencing in bipartite begomoviruses (Chowda-Reddy et al., 2008; Padidam et 

al., 1996; Rothenstein et al., 2007). Here levels of viral DNA were the same for the 

AV2 mutant and the wild type virus. This contrasts with previous findings, where a 

reduced level of viral DNA was observed in N. benthamiana for AV2 mutants 

(Padidam et al., 1996; Rouhibakhsh, 2011). It is also important to note that previous 

studies, of bipartite begomoviruses, has noted that mutation of the AV2 affects CP 

expression, although the precise mechanism was not defined (Bull et al., 2007). It is 

possible that low viral titre for the AV2 mutant may be due to reduced levels of CP 

accumulation linked to reduced ssDNA levels, impaired viral movement or strong 

host defence (Saeed et al., 2008; Wartig et al., 1997). 

Begomoviruses native to the NW lack the V2 gene, leading to the suggestion 

that this may be the reason for the apparent absence of monopartite begomoviruses in 

this region. Nawaz-ul-Rehman (2009) showed that CLCuMB could be maintained by 

the NW bipartite begomovirus Cabbage leaf curl virus in the presence of the DNA B 
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but not in its absence (Nawaz-ul-Rehman et al., 2009). This contrasts with the ability 

of CLCuMB to complement the DNA B of OW begomoviruses (Saeed et al., 2007) 

and the ability of CLCuMB to complement (at least for infectivity) the V2 mutation. 

This may indicate that the differences between NW and OW begomoviruses are more 

than just the absence of a gene. Possibly the absence of the V2 gene in NW viruses 

has led the DNA A to become more reliant on DNA B functions and this may be 

reflected in the distinct, and conserved amino acid differences of, for example, the CP 

of viruses from these two regions (Ha et al., 2006). 

Mutation in the CP genes of PedLCV and CLCuKoV abolished the infectivity 

of both the viruses and co-inoculation with cognate betasatellite did not complement 

the mutation – no plants showing movement of either of the viruses or the 

betasatellites. The CP has previously been shown to be essential for the infectivity of 

all classes of monopartite geminiviruses (begomo-, curto- and mastreviruses)which 

have been investigated (Boulton et al., 1989; Briddon et al., 1989; Rigden et al., 

1993; Wartig et al., 1997). It is presumed that, as well as playing a part as a movement 

protein (a nuclear shuttle–moving viral DNA, and presumably also satellite DNA, in 

and out of the nucleus), the CP is important for protecting viral DNA during long 

distance movement in the phloem, either as virus particles (virions) or as 

nucleoprotein complexes (Briddon and Markham, 2001a). It is thus unclear whether it 

is the “nuclear shuttle”, the “virus long-distance spread”, both, or some other (as yet 

unidentified) function of the CP that the betasatellite is unable to complement.  

Saeed et al., 2007, have shown that a betasatellite can complement the 

functions of DNA B, turning the DNA A of bipartite begomovirus into a monopartite 

virus. It was this finding that led to the suggestion that betasatellites (more 

specifically the βC1) have “movement” functions. However, in this case the CP is still 

present. For all bipartite begomoviruses which have been investigated, the DNA A can 

move systemically, in the absence of DNA B, following Agrobacterium-mediated 

inoculation to N. Benthamiana (Briddon and Markham, 2001a; Evans and Jeske, 

1993a; Klinkenberg and Stanley, 1990). However, such infections are non-

symptomatic and associated with very low viral DNA levels, consisting of mostly 

ssDNA and some double-stranded DNA. Also, the independent spread of DNA A has 

been shown to require the CP (Briddon and Markham, 2001a), suggesting that viral 

long distance movement in the phloem is either as virions or nucleoprotein complexes 
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involving the CP. It is interesting to note, in the experiments conducted here, that 

transient provision of CP at the point of inoculation, led to a small number of plants in 

which the virus is detected by PCR. This suggests that CP is required to either gain 

access to the phloem, leading to virus being detectable in young developing tissue 

(but possibly not replicating), and/or that the CP is required to re-establish infection in 

the young tissue (and thus not able to spread out of initially infected cells distal to the 

inoculation site). Additionally it shows that a continual supply of CP is required to 

maintain an infection. Nevertheless, the detection of one plant in which the 

betasatellite could be detected at the top of the plant, when CP is provided transiently, 

indicates that the viral CP is important in the maintenance of betasatellites by 

begomoviruses. This would be expected since these satellites are entirely dependent 

on the helper virus for movement in plants and the virus has an absolute requirement 

for the CP for infectivity. 

A significant difference between the work reported here and that of Seed et al., 

(2007; 2010) is that infections involving ToLCNDV DNA A and CLCuMB were 

symptomatic, which was not the case here. The reason for this is unclear. It is possible 

that this is a differential host response, N. benthamiana having been used here and 

either tomato (Saeed et al., 2007) or cotton (Saeed, 2010) having been used in the 

previous studies (although it is worth noting that the cotton infections were transient). 

Alternatively it is possible that the inoculation method resulted in these differences, 

biolistic inoculation having been used previously whereas here Agrobacterium-

mediated inoculation was used. Problems in the use of Agrobacterium-mediated 

inoculation in some plant species have been noted previously (Saeed, 2008)although 

not for N. benthamiana. 

Inoculation of N. benthamiana plants with the CP mutant of ToLCNDV, in the 

presence of DNA B, led to symptomatic infection comparable to infections with the 

wild type virus. This is consistent with previous studies which showed that the CP is 

dispensable for symptomatic systemic infection of bipartite begomoviruses. However, 

infections of viruses lacking the CP are slower, with longer latent periods, suggesting 

that the CP is required for fast long-distance movement of virus in the phloem 

(Briddon and Markham, 2001a; Brough et al., 1988; Etessami et al., 1989; Padidam et 

al., 1996; Rojas et al., 2001; Rouhibakhsh, 2011).  

Inoculation of plants with ToLCNDV DNA A bearing mutation of the CP led 
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to fewer plants that contained detectable viral DNA distal to the inoculation site, 

indicating that CP is important for movement, possible protecting the viral DNA in 

the phloem. Co-inoculation of CP mutant with CLCuMB led to most plants ultimately 

containing viral DNA at the top of the plant, indicating that the betasatellite can 

complement the missing CP functions. Additionally the betasatellite was also 

transported to the top of the plant in most cases. This contrasts with the V2 mutation 

in which far fewer inoculated plants maintained the betasatellite, indicating that the 

V2 is more important for betasatellite maintenance than the CP. Working on the 

hypothesis that the CP is required for protection of viral DNA in the phloem, it is 

possible that βC1 similarly protects the viral (and betasatellite) DNA during 

movement. This is consistent with the finding of Cui et al., (2005) that βC1 binds 

DNA (Cui et al., 2005). It is also consistent with the idea that βC1 facilitates virus 

movement from the site of inoculation to the phloem (Saeed et al., 2007) and/or 

facilitates cell entry (re-infection) distal to the inoculation site after movement of the 

virus in the phloem. 

Transient expression of CP of ToLCNDV from the 35S promoter failed to 

complement the CP mutation. However, expression of the CP from PVX possibly 

increased the numbers of plants in which the DNA A harbouring the CP mutation 

spread from the site of inoculation; in view of the low numbers of plants used, 

however, these results need to interpreted with care. Nevertheless, the result is 

consistent with the idea that CP is required for movement of viral DNA, both cell-to-

cell and in the phloem. This would indicate that CP is required at all stages and this 

requirement would not be satisfied by transient expression at the site of inoculation. In 

contrast, PVX moves throughout the plant and, in common with many 

begomoviruses, is phloem limited. The CP-expressing PVX vector could thus 

potentially provide CP at sites where it is required. The CP of geminiviruses plays a 

direct role in viral nuclear entry by associating with the viral ssDNA, protecting it 

from nucleolytic degradation, and supplying it with nuclear localisation signals 

(Palanichelvam et al., 1998). Very anomalous results were obtained upon inoculation 

of CLCuMB with PVX expressing CP and DNA A bearing mutation in CP. No ability 

was shown for the CP mutant to maintenance of CLCuMB. The reduced efficiency for 

the maintenance of CLCuMB may be associated with negative regulation of the βC1 

gene in the presence of the strongly expressing PVX vector. The precise reason of this 
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is unclear and clearly additional work is necessary to elucidate the phenomenon.   

The work conducted here has shown that, consistent with earlier reports, both 

the V2 and CP are important for infectivity of monopartite begomoviruses but not for 

bipartite begomoviruses in the presence of the DNA B. Both V2 and CP were shown 

to be important for the maintenance of betasatellites. 
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Chapter 4 

Analysis of the effects of the mutation of begomovirus 

complementary-sense genes on infectivity, symptoms and the 

maintenance of betasatellites 
 

4.1 Introduction 

The complementary-sense strand of the genomes of monopartite 

begomoviruses and the DNA A components of bipartite begomoviruses encode 4 

genes (Figure1.5). The largest gene encodes the Rep, the only virus-encoded product 

required for geminivirus DNA replication (Chapter 1, section 1.6.1). Rep is believed 

to play an important part in the maintenance of betasatellites by begomoviruses since 

these satellites are entirely dependent on the helper begomovirus for their DNA 

replication (Briddon et al., 2001).  However, interaction between Rep and the DNA of 

a betasatellite has thus far not been demonstrated experimentally. It has been shown to 

occur for the interaction of the Rep of ToLCV with a satellite that is related to 

betasatellites and has raised some interesting questions, since it appears to differ from 

the “classical” Rep-iteron model (Lin et al., 2003).  

Although the evidence for the involvement of Rep in the maintenance of 

betasatellites by begomoviruses is good, no investigations have been made into the 

requirements of the remaining complementary-sense genes for interaction with 

satellites. The study presented here was design to investigate the functions of 

complementary-sense genes C4 and C2, and their requirement for the maintenance of 

betasatellites by mutation. Three distinct begomoviruses, CLCuKoV, PedLCV and 

ToLCNDV, were selected for the investigation. 

4.2   Materials and methods  

4.2.1 Site-directed mutagenesis of C2 and C4 genes 

 The C4 and C2 genes were mutagenized by designing specific abutting 

primers bearing a unique restriction site, a frame shift (addition/ deletion of a 

nucleotide) and a stop codon (Table 4.1). In each case the C2 mutation was introduced 

in the middles of the gene that does not overlap either the C1 or C3 genes. Mutations 

of the C4 gene, which is overlapped entirely by the C1 genes, were designed so as not 

to alter the amino acid sequence of the C1 product.  

The C2 mutant of PedLCV (Pe
ΔC2

) was constructed with abutting primers 

which introduce a unique restriction site (XhoI), a stop codon (TGA) at nucleotide 



Analysis of complementary-sense genes 

 

95 

 

position 1493-95 and a frame-shift (by deletion of a nucleotide). A similar strategy 

was used to produce the C4 mutant (Pe
ΔC4

); a stop codon was introduced at nucleotide 

position 2313-2315. PCR amplified products were cloned into pTZ57R/T (INSTA 

cloning kit, Fermentas Inc., USA) and sequenced to confirm the presence of the 

desired change.  

 The C2 of CLCuKoV was mutated by using specific abutting primers which 

introduce a restriction site (XhoI) and a stop codon (TAA) at nucleotide position 1466-

1468. The amplified virus (Ko
ΔC2

) was cloned into pTZ57R/T and sequenced to 

confirm the presence of incorporated changes. Similarly a mutation in the C4 gene 

was produced by introducing a XhoI site at coordinates 2408-2410 to yield Ko
ΔC4

.  

The AC2 and AC4 genes of ToLCNDV were mutated by introducing a stop 

codon (TGA) and a unique restriction/cloning site (XhoI) by PCR to yield TA
ΔC2 and 

TA
ΔC4

, respectively. PCR reactions used self-ligated ToLCNDV DNA A as the 

template. Presumed full length amplification products were cloned inpTZ57R/T and 

confirmed by sequencing.  

 

4.2.2 Production of constructs for Agrobacterium-mediated inoculation 

A dimer construct of Pe
ΔC2

 was produced by digestion with XhoI, and 

recircularization, followed by digestion with BamHI and cloning in the binary vector 

pGreen0029. This clone was again digested with XhoI, CIAP treated to prevent self-

ligation and the full-length molecule released with XhoI was cloned in the unique 

XhoI site of the BamHI pGreen0029 clone. A partial head-to-tail dimer of Pe
ΔC4

 was 

produced by digestion with XhoI and BamHI to release a fragment of ~ 600 bp. This 

fragment was resolved on an agarose gel, eluted (Qiagen Gel elution kit) and ligated 

into the binary vector pGreen0029. The full-length clone was cut with XhoI, treated 

with CIAP and ligated into the partial clone in pGreen0029. 

A construct for the inoculation of Ko
ΔC2 

was produced by restriction digestion 

with XhoI and BamHI, releasing a fragment of ~1400 bp which was cloned into 

pGreen0029. Then the full-length clone was inserted at XhoI.  For Ko
ΔC4

 a ~550 bp 

XhoI- BamHI fragment was cloned in pGreen0029 and full-length clone was inserted 

at the unique XhoI site. 

A partial head-to-tail dimer of TA
ΔC2

 was produced by digestion with XhoI and 

PstI, releasing a fragment of ~1400 bp. The fragment was cloned pGreen0029. This 

partial clone was digested with XhoI, treated with CIAP and then the full-length C2 
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Table 4.1 Strategy to design infectious clone with cloning sites, partial repeat size, 

coordinates of changed nucleotide and introduced mutation in c-sense genes. 
 

 

Virus Mutant 
ORF 

position 

Changed 

nucleotide 

(coordinates) 

Stop 

codon/ no. 

of 

nucleotide 

deleted or 

added
%

 

Partial dimer 

strategy 

Partial 

repeat 

size 

(bp) 

PedLCV 

Pe
ΔC2

 
1221-

1625 
1493-1495 TGA/ +1 

RSP* - XhoI 

FLCS
£
 - BamHI 

dimer
$
 

Pe
ΔC4

 
2166-

2462 
2313-2315 TGA 

RSP = XhoI 

PRCS
#
 = XhoI 

&BamHI 

FLCS =  XhoI 

~ 600 

ToLCNDV 

TA
ΔC2

 
1204-

1608 
1500-1502 TGA 

RSP = XhoI 

PRCS = XhoI 

&PstI 

FLCS = XhoI 

~1400 

TA
ΔC4

 
2137-

2493 
2296-2298 TGA 

RSP =  XhoI 

PRCS = XhoI 

&BamHI 

FLCS = XhoI 

~ 550 

 

 

 

CLCuKoV 

Ko
ΔC2

 
1184-

1603 
1466-1468 TGA 

RSP =  XhoI 

PRCS = XhoI 

&BamHI 

FLCS = XhoI 

~1600 

Ko
ΔC4

 
2137-

2439 
2296-2298 TGA 

RSP = XhoI 

PRCS = XhoI 

&BamHI 

FLCS =  XhoI 

~ 550 

. 

 
$
Complete direct (head to tail) repeat of the genome/genomic component. 

*RSP - restriction site introduced in primers 
#
PRCS - Partial repeat cloning site 

£
FLCS - Full length cloning site  

%
Single nucleotides were added or deleted so as to introduce a frame-shift. 
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mutant, digested with XhoI, was inserted. A construct for TA
ΔC4

 was similarly 

produced using a ~550 bp fragment.pGreen0029 constructs were transformed into A. 

tumefaciens (GV3101 or LBA4404) as previously described (section 2.7.2). 

 

4.2.3 Production of constructs for expression of virus genes 

Genes (TrAP/C2 and C4) were PCR-amplified using specific primers (Table 

2.1), cloned in pTZ57R/T and sequenced. To clone each gene under the control of the 

Cauliflower mosaic virus (CaMV) 35S promoter, each PCR product was restricted 

with the respective enzyme for which a site was introduced in the primers and then 

cloned into the expression vector pJIT163 (Guerineau et al., 1992). The expression 

cassette (35S promoter-gene-terminator) was then cloned into the binary vector 

pGreen0029. Each gene was also cloned in a PVX vector pGR106(Chapman et al., 

1992) for complementation studies. pGreen0029 and pGR106 constructs were 

transformed into A. tumefaciens (GV3101 or LBA4404) as previously described 

(section 2.7.2). 

4.2.4 Agrobacterium-mediated inoculation of N. benthamiana plants 

 Agrobacterium inocula were prepared by inoculating a single bacterial colony 

from a freshly streaked plate into 50mL liquid LB medium supplemented with the 

necessary antibiotics. The flask was incubated at 28˚C in a shaker for 48 hours. The 

culture was centrifuged in 50mL polypropylene tubes at 3220×gfor 5 minutes. The 

cell pellet was resuspended in 10mM MgCl2 containing acetosyringone (final 

concentration 100μM) and diluted to an OD at 600nm of 0.5-0.8. Cells were 

incubated at room temperature for 3 hours and then infiltrated with the help of sterile 

syringe into the underside of N. benthamiana leaves. Infiltrated plants were 

maintained in a growth room at 24˚C with supplementary lighting to give a 16 hour 

photoperiod and were monitored daily for the appearance of symptoms indicative of 

virus infection. At 25-30 dpi the plants were photographed and leaf samples were 

harvested to isolate DNA for PCR and Southern blot analysis. 

For each mutant virus a small number of plants were selected and the mutated 

gene amplified and the fragment sequenced to confirm maintenance of the mutation. 

For all plants infected with mutant viruses DNA was extracted and restriction 

digestion with the restriction enzyme for which a site was introduced with the 

mutagenic primers to ensure the presence of the mutant virus.  
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4.3 Results  

4.3.1 Analysis of the effects of mutation of the C2 gene of PedLCV on the 

infectivity of, and symptoms induced by, the virus and the ability to maintain 

TbLCB. 

 N. benthamiana plants inoculated with the PedLCV harbouring mutation in C2 

gene (Pe
ΔC2) 

did not develop symptoms (Figure 4.1). PCR-mediated diagnostics 

revealed that a small number of plants (6 plants out of 16 inoculated plants) contained 

virus DNA (Table 4.2). However, in Southern blotting viral DNA could not be 

detected, indicating that virus DNA levels in these plants were low; below the 

detection threshold of Southern blotting (Figure 4.2). 

For plants co-inoculated with Pe
ΔC2

 and Tβ more than half of plants (9 out of 

16 inoculated) developed mild downward leaf curling (at 15-18 dpi) on leaves 

developing subsequent to inoculation, while remaining plants were asymptomatic 

(Figure 4.1). PCR-mediated diagnostics confirmed the presence of virus in 

symptomatic plants, however betasatellite was not present in all those plants and it 

was present only in 6 plants (out of 16). Southern blot was able to detect virus only, 

though the titre of viral DNA was low in comparison to plants inoculated with the 

wild type virus. However, the betasatellite could not be detected by Southern blotting, 

indicating that level of betasatellite DNA was below the detection threshold (Figure 

4.2 and 4.3).  

N. benthamiana plants inoculated with Pe
ΔC2

 and a construct for the 

expression of the PedLCV C2 gene under the control of the 35S promoter (35S-C2
Pe

) 

remained asymptomatic (Figure 4.1). PCR-mediated diagnostics confirmed the 

presence of virus in 4 (out of 9 inoculated) plants. However in Southern blotting viral 

DNA could not be detected, indicating that the level of viral DNA in systemic leaves 

was below the detection threshold (Table 4.2; Figure 4.1). Inoculation of plants with 

Pe
ΔC2

, 35S-C2
Pe

 and Tβ, similarly led to asymptomatic plants, although virus and 

betasatellite were detected in 2 out 8 inoculated plants (Table 4.2). In Southern 

blotting viral DNA could not be detected. 

Co-inoculation of Pe
ΔC2

 with a PVX vector expressing the C2 gene of 

PedLCV (C2
Pe

-PVX) resulted in plants showing the symptoms typical of PVX 

infection, vein yellowing, rather than the symptoms typical of PedLCV (Figure 4.1). 

PCR-mediated diagnostics showed the presence of virus in 4 out of 9 inoculated 
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plants. Interestingly, C2 expression from PVX appeared to enhance virus DNA levels 

which could be detected by Southern blotting (Figure 4 .2).  

Inoculation of N. benthamiana with Pe
ΔC2

, Tβ and C2
Pe

 -PVX led to induction 

of significant symptoms on 5 out of 8 inoculated plants Symptoms were typical of 

both PVX and PedLCV; systemic leaves showing downward curling and vein 

yellowing (Figure 4.1). However, symptoms were milder than for Pe
ΔC2

 and Tβ 

infected plants. PCR-mediated diagnostics confirmed the presence of the virus and 

betasatellite in 5 (out of 8) inoculated plants (Table 4.2). However, by Southern 

blotting only viral DNA was detected not the betasatellite (Figure 4.2 and 4.3).  
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Table 4.2 Infectivity of, and symptoms induced by, PedLCV harbouring a mutation of 

the C2 gene (Pe
ΔC2

) in N. benthamiana in the presence and absence of TbLCB. 

 

Inoculum* 

Infectivity 

Symptoms
@

 

Latent 

period 

(days) 

PCR diagnostics 

(plants infected/ inoculated) 

Southern 

blot 

analysis 

Pe Tβ 
Expt. I Expt. II Expt. III 

Pe Tβ Pe Tβ Pe Tβ 

Pe 3/3 -- 3/3 -- 3/3 -- (+) -- ULC, VT 

and ST 
12 

Pe and  Tβ 3/3 3/3 3/3 3/3 3/3 3/3 (+) (+) DLC, VT 

and ST 
10 

Pe
ΔC2

 2/5 -- 2/6 -- 2/5 -- (-) -- NS -- 

Pe
ΔC2

 and  

Tβ  
3/5 1/5 2/6 2/6 4/5 3/5 (+) (-) VMLC 15-18 

Pe
ΔC2

 and 

35S-C2
Pe

 
3/3 -- 1/3 -- 0/3 -- (-) -- NS -- 

Pe
ΔC2

, 

35S-C2
Pe

 

and Tβ 

1/2 1/2 1/3 1/3 0/3 0/3 (-) (-) NS -- 

Pe
ΔC2

 and 

C2
Pe

 -PVX 
2/3 -- 1/3 -- 1/3 -- (+) -- VY 12 

Pe
ΔC2

,  

C2
Pe

-PVX 

and  Tβ 

1/2 1/2 2/3 2/3 2/3 2/3 (+) (-) VMLC 08 

C2
Pe

-

PVX
£
 

-- -- -- -- -- -- -- -- VY 08 

PVX
£
 -- -- -- -- -- -- -- -- VY 08 

 

* Viruses, mutants and betasatellites are denoted as, Pe - Pedilanthus leaf curl virus, 

Tβ - Tobacco leaf curl betasatellite, Pe
ΔC2

 - Pedilanthus leaf curl virus with the C2 

gene mutated.  

 
@

 Symptoms are denoted as upward leaf curling (ULC), downward leaf curling 

(DLC), vein yellowing (VY), vein thickening (VT), very mild leaf curling (VMLC), 

stunting (ST),  no symptoms (NS). 

 
£ 

In each experiment 3 plants were inoculated with Agrobacterium harbouring C2
Pe

-

PVX and PVX as a control. 
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Figure 4.1 Effects of the mutation of the C2 gene of PedLCV on the infectivity and 

symptoms induced by the virus in N. benthamiana plants. The N. benthamiana plants 

shown were either not inoculated (healthy; A) or inoculated with PedLCV (B), 

PedLCV and TbLCB (C), PedLCV
ΔC2 

(D), PedLCV
ΔC2 

& TbLCB (E), Comparison 

between PedLCV
ΔC2 

and PedLCV(F), C2
Pe

-PVX (G),  PedLCV
ΔC2

, TbLCB and 35S-

C2
Pe

 (H) and PedLCV
ΔC2

, TbLCB and C2
Pe

-PVX (I). Photographs were taken at 25 

dpi. 
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Figure 4.2 Southern blot detection of PedLCV in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a plant inoculated with 

PedLCV (lane 1), PedLCV and TbLCB (2) PedLCV
ΔC2

 (3-5), PedLCV
ΔC2

 and TbLCB 

(6-8), PedLCV
ΔC2 

and C2
Pe

-PVX (9), PedLCV
ΔC2

, TbLCB and C2
Pe

-PVX (10), 

PedLCV
ΔC2

, TbLCB and 35S-C2
Pe

 (11), PedLCV
ΔC2

 and 35S-C2
Pe

 (12), and healthy 

plant DNA (H). Viral DNA forms are indicated as sub genomic (sg), single-stranded 

(ss), super-coiled (sc), linear (lin) and open-circular (oc). Samples were extracted at 

30 dpi and approximately equal amount of DNA (10µg) were loaded in each case. 

 
 

 
 

Figure 4.3 Southern blot detection of TbLCB in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a  mock inoculated plant 

(M)and non-inoculated plant (H), PedLCV and TbLCB (1), PedLCV
ΔC2 

and TbLCB 

(2-5), PedLCV
ΔC2

, TbLCB and C2
Pe

-PVX (6-7), PedLCV
ΔC2

, TbLCB and 35S-C2
Pe

 

(8-9). Samples were extracted at 30 dpi and approximately equal amounts of DNA 

(10µg) were loaded in each case. 
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4.3.2 Analysis of the effects of mutation of the C4 gene of PedLCV on the 

infectivity of, and symptoms induced by, the virus and the ability to maintain 

TbLCB. 

N. benthamiana plants inoculated with the C4 mutant of PedLCV (Pe
ΔC4

) 

remained asymptomatic (Figure 4.4). PCR-mediated diagnostics showed the presence 

of viral DNA in 4 (out of 15 inoculated) plants. However, by Southern blotting viral 

DNA could not be detected, indicating that virus DNA levels in these plants were 

below the detection threshold of Southern blotting. 

Co-inoculation of Tβ with Pe
ΔC4

 to N. benthamiana plants failed to 

complement the mutation in C4 gene and plants remained asymptomatic (Figure 4.4). 

PCR-mediated diagnostics showed that more plants (7 out of 16) were 

asymptomatically infected, in comparison to plants inoculated with Pe
ΔC4

 only (Table 

4.3). However, the betasatellite was maintained in only 4 (out of 7 infected) plants 

(Table 4.3). Although both virus and betasatellite could be detected by PCR, Southern 

blot did not detect either the virus or the betasatellite, indicating that titre of DNAs 

was low (Figure 4.5 and 4.6).  

For N. benthamiana plants inoculated with Pe
ΔC4

 and a construct expressing 

the C4 of PedLCV under the control of the 35S promoter (35S-C4
Pe

) successfully 

complemented the mutation with a greater number of plants asymptomatically 

infected in comparison to Pe
ΔC4 

inoculated plants. PCR-mediated diagnostics showed 

that 4 plants (out of 9 inoculated) plants contained the virus in systemic leaves but the 

virus could not be detected by Southern blot (Table 4.3; Figure 4.5). Inoculation of 

plants with Tβ, Pe
ΔC4 

and 35S-C4
Pe

 similarly led to asymptomatic infection. PCR 

diagnostics showed the presence of virus in 5 out of 9 inoculated plants, whereas Tβ 

was maintained in only 3 plants (Table 4.3). Although the DNAs could be detected by 

PCR, they were not detected by Southern blotting, suggesting that DNA levels were 

very low. 

Inoculation of plants with Pe
ΔC4

 and the PVX vector expressing the C4 gene 

(C4
Pe

-PVX) produced the similar complementation results as under 35S promoter. 

Inoculated plants did not develop leaf curl symptoms but vein yellowing however, 

PCR-mediated diagnostics showed that 4 (out of 9) plants were infected 

asymptomatically. In Southern blotting, viral DNA could not detected from DNA 

extracted from leaves developing to inoculated leaves (Figure 4.5). Possibly C4 
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expression from PVX complemented the mutation since slightly more plants 

ultimately showed the presence of virus in comparison to plant inoculated with only 

Pe
ΔC4

 (4 plants showing the presence of virus of 15 plants inoculated). 

Inoculation of N. benthamiana with Pe
ΔC4

, Tβ and C4
Pe

-PVX produced 

symptoms typical of a PVX infection (vein yellowing) and leaves developed mild 

downward curling at 12-15 dpi. Infection could not be detected by Southern blotting 

However PCR-mediated diagnostics showed that 6 (out of 9 inoculated) plants 

contained the virus and of these 5 also contained the betasatellite (Table 4.3). Possibly 

C4 expression from PVX complemented the mutation since slightly more plants 

ultimately showed the presence of virus in comparison to plant inoculated with Pe
ΔC4

 

and Tβ (7 out of 16 inoculated plants for virus and 4 for betasatellite). 
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Table 4.3 Infectivity of, and symptoms induced by, PedLCV harbouring a mutation of 

the C4 gene (Pe
ΔC4

) in N. benthamiana in the presence and absence of TbLCB. 
 

Inoculum* 

Infectivity 

Symptoms
@

 

Latent 

period 

(days) 

PCR diagnostics 

(plant infected/ inoculated) 

Southern 

Blot 

analysis 

Expt. I Expt. II Expt. III 
 

Pe 

 

Tβ 
Pe Tβ Pe Tβ Pe Tβ 

Pe 3/3 -- 3/3 -- 3/3 -- (+) -- 
ULC and 

VT 
12 

Pe and Tβ 3/3 3/3 3/3 3/3 3/3 3/3 (+) (+) 
DLC, VT 

and ST 
10 

Pe
ΔC4

 0/5 -- 1/5 -- 3/5 -- (-) -- NS -- 

Pe
ΔC4

 and    

Tβ 
1/6 1/6 2/5 2/5 4/5 1/5 (-) (-) NS -- 

Pe
ΔC4

 and 

35S- C4
Pe

 
2/3 -- 1/3 -- 1/3 -- (-) -- NS -- 

Pe
ΔC4

, 35S-

C4
Pe

 and  

Tβ 

2/3 1/3 1/3 1/3 2/2 1/2 (-) (-) NS -- 

Pe
ΔC4

 and 

C4
Pe

-PVX 
2/3 -- 1/3 -- 1/3 -- (-) -- VY 10 

Pe
ΔC4

, C4
Pe

 

-PVX and  

Tβ 

2/3 1/3 2/3 2/3 2/3 2/3 (-) (-) 
VMLC and 

VY 
12-15 

C4
Pe

-PVX£ -- -- -- -- -- -- -- -- VY 8 

PVX£ -- -- -- -- -- -- -- -- VY 8 

 

* Viruses, mutants and betasatellites are denoted as, Pe - Pedilanthus leaf curl virus, 

Tβ - Tobacco leaf curl betasatellite, Pe
ΔC4

 -  Pedilanthus leaf curl virus with the C4 

gene mutated.  
 

@
 Symptoms are denoted as upward leaf curling (ULC), - downward leaf curling 

(DLC), vein yellowing (VY), vein thickening (VT), very mild leaf curling (VMLC), 

stunting (ST), no symptoms (NS). 

 
£ 

In all experiment 3 plants were inoculated with Agrobacterium harbouring C4
Pe

-

PVX and PVX as a control. 
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Figure 4.4 Effects of the mutation of the C4 gene of PedLCV on the infectivity and 

symptoms induced by the virus in N. benthamiana plants. The N. benthamiana plants 

shown were either not inoculated (healthy; A) or inoculated with PedLCV (B), 

PedLCV and TbLCB (C), PedLCV
ΔC4 

(D), PedLCV
ΔC4 

and TbLCB (E), PedLCV
ΔC4

, 

TbLCB and 35S-C4
Pe

 (F), PedLCV
ΔC4

, TbLCB and C4
Pe

-PVX (G),  Comparison 

between PedLCV
ΔC4 

and PedLCV (H), and comparison of  PedLCV/TbLCB  with 

PedLCV
ΔC4

/TbLCB (I). Photographs were taken at 25 dpi. 
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Figure 4.5 Southern blot detection of PedLCV in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a mock-inoculated plant (M), 

a non-inoculated plant (H) and plants inoculated with PedLCV (lane 1), PedLCV and 

TbLCB (2), PedLCV
ΔC4 

(3-5)  PedLCV
ΔC4

and TbLCB (6-8), PedLCV
ΔC4 

and 35S-

C4
Pe

 (9-10), PedLCV
ΔC4

, TbLCB and 35S-C4
Pe

 (11-12), PedLCV
ΔC4 

and C4
Pe

-PVX 

(13-14), and PedLCV
ΔC4

, TbLCB and C4
Pe

-PVX (15-16). Viral DNA forms are 

indicated as sub genomic (sg), single-stranded (ss), super-coiled (sc), linear (lin) and 

open-circular (oc). Samples were extracted at 30 dpi and approximately equal amount 

of DNA (10µg) were loaded in each case. 
 

 

 
 

Figure 4.6 Southern blot detection of TbLCB in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a non-inoculated plants (H) 

and plants inoculated with PedLCV and TbLCB (Lane 1), PedLCV
ΔC4 

and TbLCB (2-

4), PedLCV
ΔC4

, TbLCB and 35S-C4
Pe

 (5-6), and PedLCV
ΔC4

, TbLCB and C4
Pe

-PVX 

(7-8). Samples were extracted at 30 dpi and approximately equal amounts of DNA 

(10µg) were loaded in each case. 
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4.3.3 Analysis of the effects of mutation of the C2 gene of CLCuKoV on the 

infectivity of, and symptoms exhibited by, the virus and the ability to maintain 

CLCuMB. 

 CLCuKoV (Ko) was highly infectious (symptomatic) to N. benthamiana 

plants by Agrobacterium-mediated inoculation (Table 4.4). At 12 dpi, inoculated 

plants exhibited leaf curling and vein swelling on the undersides of leaves developing 

after inoculation. Subsequently the severity of symptoms increased and plants 

displayed a pronounced stunting, in comparison to non-inoculated plants (Figure 4.7). 

In Southern blot analysis replicative DNA forms (ss, sc and oc) of the virus in infected 

plants were detected (Figure 4.8). 

Co-inoculation of Ko with Cβ to N. benthamiana plants also resulted in all 

plants becoming infected (symptomatic) (Table 4.4). In comparison to plants 

inoculated with only virus, co-inoculation of betasatellite reduced the latent period 

(from 12 to 10 days) and induced more severe leaf curling (with smaller leaves) and 

more severe vein swelling. Moreover, plants inoculated with both virus and 

betasatellite showed a pronounced chlorosis (yellowing) which was not evident for 

plants infected with only the virus (Figure 4.7). Both virus and the betasatellite could 

easily be detected by Southern blotting and PCR-mediated diagnostics. No significant 

difference was detected for either viral DNA titre or the replicative DNA forms for 

plants inoculated with virus in the presence and absence of the betasatellite (Figure 

4.8 and 4.9).  

N. benthamiana plants inoculated with the C2 mutant of CLCuKoV (Ko
ΔC2

) 

did not develop symptoms (Figure 4.7). PCR results showed that although C2 mutant 

had lost the ability to induce symptoms, the virus was could be detected in leaves 

developing subsequent to inoculation leaves in 8 out of 15 inoculated plants (Table 

4.4). Southern blot analysis could not detect viral DNA, indicating that viral DNA 

levels were low (Figure 4.8). 

When Cβ was co-inoculated with Ko
ΔC2

, inoculated N. benthamiana plants did 

not develop symptoms (Figure 4.7). However, PCR-mediated diagnostics showed that 

more plants (14 out of 15 inoculated) ultimately contained virus in leaves developing 

subsequent to inoculation, and Cβ was maintained in 10 of these plants (Table 4.4). 

Thus mutation of the C2 of CLCuKoV reduced the numbers of plants in which the 

betasatellite was maintained but inclusion of the betasatellite raised viral DNA levels 
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(but not betasatellite DNA levels) to a point where they could be detected by Southern 

blot hybridisation (Figure 4.8 and 4.9). 

N. benthamiana plants inoculated with Ko
ΔC2

 and a construct for the transient 

expression of C2 (35S-C2
Ko

) led to asymptomatic infection. PCR-mediated 

diagnostics revealed that only 5 (out of 15) plants contained viral DNA that could also 

be detected by Southern blot hybridisation but at levels significantly lower than for 

plants inoculated with the wild-type virus (Table 4.4; Figure 4.8). Thus transient 

expression of C2 at the site of inoculation raised the DNA levels of the C2 mutant 

virus in tissues distal to the inoculation site. 

Inoculation with Ko
ΔC2

, 35S-C2
Ko

 and Cβ also did not lead to symptomatic 

infection (Figure 4.7). In comparison to plants inoculated with Ko
ΔC2

 and Cβ, PCR 

mediated diagnostics showed that instead of complementing the mutation (leading to 

more plants in which virus could be detected) fewer plants (7 out of 15) showed the 

presence of the virus (that could also be detected by hybridisation) and fewer plants 

(4) showed the presence of the betasatellite (Table 4.4).  
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Table 4.4 Infectivity of, and symptoms induced by, CLCuKoV harbouring a mutation 

of the C2 gene (Ko
ΔC2

) in N. benthamiana in the presence and absence of CLCuMB. 

 

Inoculum* 

Infectivity 

Symptoms
@

 

Latent 

period 

(days) 

PCR diagnostics 

(plants infected/ inoculated) 

Southern 

blot 

analysis 

Expt. I Expt. II Expt. III 

Ko Cβ 

Ko Cβ Ko Cβ Ko Cβ 

 

Ko 

 

3/3 -- 3/3 -- 3/3 -- (+) -- 
LC and 

VT 
12 

Ko and  

Cβ 
3/3 3/3 3/3 3/3 3/3 3/3 (+) (+) 

LC, VT 

and ST 
10 

Ko
ΔC2

 2/5 -- 2/5 -- 4/5 -- (-) -- NS -- 

Ko
ΔC2

 and 

Cβ 
5/5 3/5 4/5 3/5 5/5 4/5 (-) (-) NS -- 

Ko
ΔC2

  and 

35S-C2
Ko 1/5 -- 2/5 -- 2/5 -- (+) -- NS -- 

Ko
ΔC2

, 

35S-C2
Ko

 

and Cβ 

2/5 1/5 2/5 1/5 3/5 2/5 (+) (-) NS -- 

Mock
£
 -- -- -- -- -- -- -- -- NS -- 

 

* Viruses, mutants and betasatellites are denoted as Ko – Cotton leaf curl Kokhran 

virus, Cβ – Cotton leaf curl Multan  betasatellite, Ko
ΔC2

 -  Cotton leaf curl Kokhran 

virus with the C2 gene mutated, 35S-C2
Ko

.  
 

@
 Symptoms are denoted as leaf curling (LC), vein thickening (VT), stunting (ST), no 

symptoms (NS). 

£ 
In all experiment 3 plants were mock inoculated, as a control. 
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Figure 4.7 Effects of the C2 gene mutation of CLCuKoV on the infectivity of, and 

symptoms exhibited by, the virus in N. benthamiana plants. The N. benthamiana 

plants shown were either  inoculated with CLCuKoV (A) or inoculated with  

CLCuKoV and CLCuMB (B), CLCuKoV
ΔC2 

(C), CLCuKoV
ΔC2

 and CLCuMB (D), 

CLCuKoV
ΔC2

, CLCuMB and 35S-C2
Ko

 (E), and healthy plant (F). Photographs were 

taken at 25 dpi. 
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Figure 4.8 Southern blot detection of CLCuKoV in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a non-inoculated plant (H), a 

mock-inoculated plant (M) and CLCuKoV plasmid (lane 1), CLCuKoV (2), 

CLCuKoV and CLCuMB (3), CLCuKoV
ΔC2 

(4-5) CLCuKoV
ΔC2 

and CLCuMB (6-7), 

CLCuKoV
ΔC2 

and 35S-C2
Ko

 (8), and CLCuKoV
ΔC2

, CLCuMB and 35S-C2
Ko

 (9). 

Viral DNA forms are indicated as single-stranded (ss), super-coiled (sc) and open-

circular (oc). Samples were extracted at 30 dpi and approximately equal amount of 

DNA (10µg) were loaded in each case. 

 
 

 
 

Figure 4.9 Southern blot detection of CLCuMB in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a non-inoculated plants (H) 

and mock-inoculated plants (M),CLCuMB plasmid as positive control (1),  

CLCuKoV
ΔC2 

and CLCuMB (2-3), and CLCuKoV
ΔC2

, CLCuMB and 35S-C2
Ko

 (4). 

Samples were extracted at 30 dpi and approximately equal amounts of DNA (10µg) 

were loaded in each case. 
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4.3.4 Analysis of the effects of mutation of the C4 gene of CLCuKoV on the 

infectivity of, and symptoms exhibited by, the virus and the ability to maintain 

CLCuMB. 

N. benthamiana plants challenged with C4 mutant of CLCuKoV (Ko
ΔC4

) 

became symptomatically infected. A delay in the onset of symptoms (13-14 dpi) and 

the absence of vein thickening were the major difference exhibited by the C4 mutant 

in comparison to wild type virus (Figure 4.10). PCR-mediated diagnostics confirmed 

the presence of viral DNA in the leaves developing subsequent to inoculation in all 

inoculated plants (15 out of 15). Southern blot analysis showed that titre of viral DNA 

in inoculated plants was equivalent to wild type inoculated plants and typical 

replicative forms of the virus were detected (Figure 4.11). 

N. benthamiana plants inoculated with Ko
ΔC4

 and Cβ developed wild type 

symptoms including vein thickening. In comparison to plants inoculated with only 

Ko
ΔC4

, Ko
ΔC4

 and Cβ inoculated plants showed a reduction in latent period (11-12 dpi) 

and more severe stunting (Figure 4.10). PCR and Southern blotting verified the 

presence of virus in distal leaves and Southern blot hybridisation confirmed the 

presence of all the replicative DNA forms for both the virus and betasatellite (Figure 

4.11 and 4.12).  

Co-inoculation with a construct for the transient expression of the C4 gene of 

CLCuKoV (35S-C4
Ko

) with either Ko
ΔC4

 or Ko
ΔC4

 with Cβ had no discernible effects 

(Figure 4.11 and 4.12). 
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Table 4.5 Infectivity of, and symptoms induced by, CLCuKoV harbouring a mutation 

of the C4 gene (Ko
ΔC4

) in N. benthamiana in the presence and absence of CLCuMB. 
 

Inoculum* 

Infectivity 

Symptoms
@

 

Latent 

period 

(days) 

PCR diagnostics 

(plants infected/ inoculated) 

Southern 

blot 

analysis 

Expt. I Expt. II Expt. II 

Ko Cβ 
Ko Cβ Ko Cβ Ko Cβ 

 

Ko 

 

3/3 -- 3/3 -- 3/3 -- (+) -- LC and VT 12 

Ko and  

Cβ 
3/3 3/3 3/3 3/3 3/3 3/3 (+) (+) 

LC, VT and 

ST 
10 

Ko
ΔC4

 5/5 -- 5/5 -- 5/5 -- (+) -- LC 13-14 

Ko
ΔC4

 and 

Cβ 
5/5 5/5 5/5 5/5 5/5 5/5 (+) (+) LC and ST 11-12 

Ko
ΔC4

  and 

35S-C4
Ko 5/5 -- 5/5 -- 5/5 -- (+) -- LC 14 

Ko
ΔC4

, 

35S-C4
Ko

 

and Cβ 

5/5 5/5 5/5 5/5 5/5 5/5 (+) (+) LC and ST 11-12 

Mock
£
 -- -- -- -- -- -- (-) -- NS -- 

 

* Viruses, mutants and betasatellites are denoted as Ko – Cotton leaf curl Kokhran 

virus, Cβ – Cotton leaf curl Multan  betasatellite, Ko
ΔC4

 -  Cotton leaf curl Kokhran 

virus with the C4 gene mutated.  

 
@

 Symptoms are denoted as leaf curling (LC), vein thickening (VT), stunting (ST), no 

symptoms (NS). 

£ 
In all experiment 3 plants were mock inoculated, as a control. 

 
 

 

 

 

 

 



Analysis of complementary-sense genes 

 

115 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 4.10 Effects of the mutation of the C4 gene of CLCuKoV on the infectivity of, 

and symptoms induced by, the virus in N. benthamiana plants. The N. benthamiana 

plants shown were either not inoculated (healthy; A) or inoculated with CLCuKoV 

(B), CLCuKoV and CLCuMB (C),.CLCuKoV
ΔC4 

(D), CLCuKoV
ΔC4 

and CLCuMB 

(E), Comparison of CLCuKoV
ΔC4 

and CLCuKoV (F), CLCuKoV
ΔC4

 (G), 

CLCuKoV
ΔC4 

and CLCuMB (H), and CLCuKoV
ΔC4

, CLCuMB and 35S-C4
Ko

 (I). 

Photographs were taken at 25 dpi. 
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Figure 4.11 Southern blot detection of CLCuKoV in N. benthamiana plants. The 

DNA extracts run on the gel were extracted from the leaves of a non-inoculated plant 

(H), a mock-inoculated plant (M) and CLCuKoV plasmid (lane 1), CLCuKoV (2), 

CLCuKoV and CLCuMB (3), CLCuKoV
ΔC4

 (4-5), CLCuKoV
ΔC4

and CLCuMB (6-7), 

CLCuKoV
ΔC4

, CLCuMB and 35S-C4
Ko

 (8). Viral DNA forms are indicated as single-

stranded (ss), super-coiled (sc) and open-circular (oc). Samples were extracted at 30 

dpi and approximately equal amount of DNA (10µg) were loaded in each case. 
 
 

 

 

Figure 4.12 Southern blot detection of CLCuMB in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a non-inoculated plants (H) 

and mock-inoculated plants (M),  CLCuKoV and CLCuMB (1), CLCuKoV
ΔC4

 and 

CLCuMB (2-3),CLCuKoV
ΔC4

, CLCuMBand35S-C4
C4

(4). Samples were extracted at 

30 dpi and approximately equal amounts of DNA (10µg) were loaded in each case. 
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4.3.5 Analysis of the effects of mutation of the AC2 gene of ToLCNDV on the 

infectivity of, and symptoms induced by, the virus and the ability to maintain 

CLCuMB. 

 ToLCNDV is highly infectious to N. benthamiana by Agrobacterium-mediated 

inoculation (Table 4.6). N. benthamiana plants infected with ToLCNDV exhibited 

upward leaf curling and vein thickening of leaves developing subsequent to 

inoculation at 12 dpi. Subsequently the severity of leaf curling and vein thickening 

increased and plants showed a pronounced stunting and deformed stems and petioles, 

in comparison to non-inoculated plants (Figure 4.13). ToLCNDV DNA A was 

detected in nucleic acids extracts of infected N. benthamiana plants by both PCR and 

Southern blotting (Figure 4.14). 

For N. benthamiana plants inoculated with TA harbouring a mutation in C2 

gene (TA
ΔC2

) failed to develop symptoms. PCR-mediated diagnostics showed that 8 

(out of 15 inoculated) plants nevertheless contained viral DNA in tissues distal to the 

inoculation site (Table 4.6), significantly fewer (3 out of 10) than for wild-type TA. 

By Southern blotting viral DNA could not be detected for either TA or TA
ΔC2

, 

indicating that titre of viral DNA was low; below the detection threshold (Figure 

4.14). 

Plants co-inoculated with TA
ΔC2

and Cβ also failed to develop symptoms. PCR 

results showed that betasatellite did not complement the mutation and equal numbers 

of plants (8 out of 15), in comparison to TA
ΔC2

 inoculations, showed the presence of 

viral DNA. Interestingly, in the absence of AC2 gene Cβ was not maintained 

efficiently since the betasatellite could not be detected in TA
ΔC2

/Cβ inoculated plants 

by either PCR or Southern hybridisation (Table 4.6; Figures 4.14 and 4.15). 

 TA, TB and Cβ inoculated plants developed symptoms qualitatively and 

quantitatively equivalent to plants inoculated with only TA and TB. The only 

difference was a reduction in latent period (from 12 days to 10 days). PCR-mediated 

diagnostics revealed that betasatellite was maintained by virus and could be amplified 

from 3 out of 9 inoculated plants (Table 4.6). However, by Southern blot hybridisation 

the betasatellite could not be detected, while there was no significant difference in the 

levels of virus (TA) detected in plants in the presence of the betasatellite in 

comparison to plants infected with only the virus (Figure 4.14 and 4.15).  

Inoculation of the AC2 mutant of ToLCNDV (TA
ΔC2

) with the DNA B to N. 
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benthamiana plants produced symptoms consisting of leaf curling and vein thickening 

that were comparable to those symptoms shown by TA and TB infected plants. The 

only difference was a slight delay in the onset of symptoms (from 12 to 13 dpi) (Table 

4.6). Southern blotting detected the virus in AC2 mutant inoculated plants at levels 

equivalent to plants infected with TA and TB (Figure 4.14).  

When N. benthamiana plants were challenged with TA
ΔC2

, TB and Cβ, 

inoculated plants developed symptoms at 13 dpi that could not be distinguished from 

plants inoculated with TA
ΔC2

 and TB in the absence of the betasatellite. PCR-

mediated diagnostics showed that betasatellite was not maintained by AC2 mutant 

virus whereas plants inoculated with TA, TB and Cβ maintained the betasatellite in 3 

out of 9 plants inoculated (Table 4.6). Southern blot hybridisation showed the 

presence of viral DNA but not betasatellite DNA in leaves developing subsequent to 

inoculation (Figure 4.14 and 4.15). 

Co-inoculation of TA
ΔC2

 with a construct for the expression of the AC2 gene 

under the control of the 35S promoter (35S-C2
TA

) to N. benthamiana did not lead to 

symptomatic infection. However, PCR diagnostics detected virus in 2 plants (out of 9 

plants inoculated) but this was not detected by Southern blotting (Figure 4.14). When 

Cβ was co-inoculated in combination with TA
ΔC2

 and 35S-C2
TA

, inoculated N. 

benthamiana plants did not develop symptoms. PCR-mediated diagnostics from DNA 

extracted leaves developing after inoculation showed that 4 (out of 9) plants contained 

virus but Cβ was not maintained (Table 4.6). Although the virus was detected by PCR, 

neither the virus nor the betasatellite were detected by Southern blotting, indicative of 

low virus DNA levels. 

N. benthamiana plants inoculated with TA
ΔC2

 and a PVX vector expressing the 

AC2 gene of ToLCNDV (C2
TA

-PVX) developed vein yellowing and cupping of 

leaves, a phenotype exhibited by plants inoculated with only C2
TA

-PVX. Infection 

could not be detected from leaves developing subsequent to inoculation by Southern 

blotting. However, PCR-mediated diagnostics showed the presence of virus in leaves 

of 2 (out of 9 inoculated) plants, less than for plants inoculated with only TA
ΔC2

 

(Figure 4.14 and Table 4.6). When Cβ was added to this combination, plants again 

showed vein yellowing and cupping of leaves. PCR diagnostic showed the presence 

of virus in 4 out of 9 inoculated plants but neither virus and nor betasatellite could be 

detected by Southern blotting (Figure 4.14 and 4.15).  
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Table 4.6 Infectivity of, and symptoms induced by, ToLCNDV harbouring a mutation 

of the AC2 gene (TA
ΔC2

) in N. benthamiana in the presence and absence of CLCuMB. 

 

Inoculum* 

Infectivity 

Symptoms
@

 

Latent 

period 

(days) 

PCR diagnostics 

(plants infected/ inoculated) 

Southern 

blot 

analysis 

Expt. I Expt. II Expt. III 
TA Cβ 

TA Cβ TA Cβ TA Cβ 

TA 1/3 -- 1/3 -- 1/4 -- (–) -- NS -- 

TA and 

Cβ 
3/3 2/3 2/3 1/3 2/3 1/3 (–) (–) NS -- 

TA and TB 3/3 -- 3/3 -- 3/3 -- (+) -- 
ULC, VT 

and ST 
12 

TA, TB and 

Cβ 
3/3 1/3 3/3 1/3 3/3 1/3 (+) (–) 

ULC, VT 

and ST 
10 

TA
ΔC2

 2/5 -- 3/5 -- 3/5 -- (–) -- NS -- 

TA
ΔC2 

and 

Cβ  
 2/5 0/5 3/5 0/5 3/5 0/5 (–) (–) NS -- 

TA
ΔC2

 and 

TB 
5/5 -- 5/5 -- 3/3 -- (+) -- 

ULC, VT 

and ST 
13 

TA
ΔC2

 , TB 

and  Cβ  
5/5 0/5 5/5 0/5 5/5 0/5 (+) (–) 

ULC, VT 

and ST 
13 

TA
ΔC2

 and 

35S-C2
TA

 
0/3 -- 1/3 -- 1/3 -- (–) -- NS -- 

TA
ΔC2

 , 

35S-C2
TA

 

and  Cβ 

1/3 0/3 2/3 0/3 1/3 0/3 (–) (–) 
ULC, VT 

and ST 
13 

TA
ΔC2

 and  

C2
TA

-PVX 
1/3 -- 1/3 -- 0/3 -- (–) -- EC and VY -- 

TA
ΔC2

, 

C2
TA

 -PVX 

and  Cβ 

1/3 0/3 2/3 0/3 1/3 0/3 (–) (–) EC and VY 10 

C2
TA

-PVX
£
 -- -- -- -- -- -- -- -- EC and VY 10 

PVX
£
 -- -- -- -- -- -- -- -- VY 8 

 

* Viruses, mutants and betasatellites are denoted as TA – DNA A of Tomato leaf curl 

New Delhi virus, TB - DNA B of Tomato leaf curl New Delhi virus, TA
ΔC2 

– DNA A 

bearing AC2 gene mutation of Tomato leaf curl New Delhi virus, Cβ – Cotton leaf 

curl Multan  betasatellite. 
 

@
 Symptoms are denoted as upward leaf curling (ULC), edge curling (EC), vein 

thickening (VT), vein yellowing (VY), stunting (ST) or no symptoms (NS). 
 
£ 

In all experiment 3 plants were inoculated with Agrobacterium harbouring C2
TA

-

PVX and PVX as a control. 
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Figure 4.13 Effects of AC2 gene mutation of ToLCNDV on the infectivity and 

symptoms when inoculated to N. benthamiana plants. Healthy plant (A), TA (B), TA 

and CLCuMB (C), TA
ΔC2

 (D), TA
ΔC2

 and CLCuMB (E), TA and TB (F),  TA
ΔC2

 and 

TB (G), TA
ΔC2

 and 35-C2
TA

 (H),  TA
ΔC2

, 35-C2
TA

 and CLCuMB (I), C2
TA

-PVX (J), 

TA
ΔC2

 and C2
TA

-PVX (K), and TA
ΔC2

, C2
TA

-PVX and CLCuMB (L). Photographs 

were taken at 25 dpi.  
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Figure 4.14 Southern blot detection of ToLCNDV in N. benthamiana plants. The 

DNA extracts run on the gel were extracted from the leaves of a mock-inoculated 

plant (M), TA and TB (1), TA (2), TA
ΔC2

 (3), TA, TB and CLCuMB (4), TA
ΔC2

 and 

CLCuMB (5-8), TA and CLCuMB (9-11) TA
ΔC2

 and TB (12), TA
ΔC2

, TB and 

CLCuMB (13-14), TA
ΔC2 

and 35S-C2
TA

 (15), TA
ΔC2

, 35S-C2
TA

 and CLCuMB (16), 

TA
ΔC2 

and C2
TA

-PVX (17), and TA
ΔC2

, C2
TA

-PVX and CLCuMB (18). Viral DNA 

forms are indicated as single-stranded (ss) and linear (lin). Samples were extracted at 

30 dpi and approximately equal amount of DNA (10µg) were loaded in each case. 
 

 

 
 

 

Figure 4.15 Southern blot detection of CLCuMB in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a mock-inoculated plant (M) 

and healthy plant (H), CLCuMB plasmid as positive control (1), TA and CLCuMB 

(2), TA, TB and CLCuMB (3-4), TA
ΔC2

 and CLCuMB (5-7), TA
ΔC2

, TB and 

CLCuMB (8-10), TA
ΔC2

, 35S-C2
TA

 and CLCuMB (11-12), and TA
ΔC2

, C2
TA

-PVX and 

CLCuMB (13-14). Samples were extracted at 30 dpi and approximately equal 

amounts of DNA (10µg) were loaded in each case. 
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4.3.6 Analysis of the effects of mutation of the AC4 gene of ToLCNDV on the 

infectivity of, and symptoms induced by, the virus and the ability to maintain 

CLCuMB. 

N. benthamiana plants inoculated with the TA bearing mutation in AC4 gene 

(TA
ΔC4

) did not develop symptoms (Figure 4.16). Nevertheless, PCR-mediated 

diagnostics showed that 7 (out of 13 inoculated) plants contained virus in leaves distal 

to the inoculation site. However, Southern blot hybridisation could not detect the 

virus, indicating that viral DNA levels were low (Figure 4.17). 

Co-inoculation of TA
ΔC4 

and Cβ to N. benthamiana also did not induce 

symptoms but in 9 out of 13 plants the virus, but not the betasatellite, could be 

detected (Table 4.7). Southern blotting failed to detect either component (Figure 4.17 

and 4.18).  

For N. benthamiana plants inoculated with TA
ΔC4

 and TB, all inoculated plants 

developed symptoms at 12 dpi consisting of leaf curling and vein swelling on the 

leaves developing subsequent to inoculation and symptoms were comparable to 

symptoms induced by TA/TB inoculated plants (Figure 4.16). Southern blotting 

detected the virus at levels equivalent to plants infected with TA and TB (Figure 4.17 

and 4.18).  

 When Cβ was co-inoculated with TA
ΔC4

 and TB to N. benthamiana plants, 

classical symptoms of leaf curling, vein thickening and stunting developed by 12 dpi 

that could not be distinguished from plants inoculated with TA/TB in either the 

presence or absence of Cβ (Figure 4.16). PCR-mediated diagnostics showed that all 

the inoculated plants (9 out of 9) were infected, but betasatellite was detected only in 

one plant (Table 4.7). Similarly, viral DNA could be detected by Southern blotting but 

not the betasatellite (Figure 4.17 and 4.18).    

Inoculation of TA
ΔC4

 with a construct for the expression of the AC4 gene 

under the control of the 35S promoter (35S-C4
TA

) to N. benthamiana did not lead to 

symptoms beyond those typical of PVX expressing the AC4 gene (mild curling of the 

edges of leaves; Table 4.7). However, PCR-mediated diagnostics showed that 8 (out 

of 9 inoculated) plants contained virus. By Southern blotting the virus could not be 

detected (Table 4.7; Figure 4.17). Co-inoculation TA
ΔC4

, 35S-C4
TA

 and Cβ to plants 

similarly did not induce symptoms (Figure 4.16). PCR-mediated diagnostics did not 

detect the presence of the betasatellite, although the virus was detected in 8 (out of 9 
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inoculated) plants (Table 4.7). Southern blot hybridisation was unable to detect the 

virus or the betasatellite. 

 Inoculation of TA
ΔC4

 with a PVX vector expressing the AC4 gene of 

ToLCNDV (C4
TA

-PVX) led to vein yellowing and cupping of leaves comparable to 

the symptoms in C4
TA

-PVX infected plants (Figure 4.16). In comparison to plants 

infected with TA
ΔC4 

alone (7 plants infected out of 11 inoculated), fewer (3 out of 9 

inoculated) plants were found to contain virus by PCR (Table 4.7). Southern blot did 

not detect the virus. When Cβ was co-inoculated with TA
ΔC4

 and C4
TA

-PVX, plants 

develop vein yellowing and cupping of leaves, and infection was detected in 8 (out of 

9) plants, again the betasatellite was not detected and Southern blotting detected 

neither component (Table 4.7; Figures 4.17 and 4.18). 
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Table 4.7 Infectivity of, and symptoms induced by, ToLCNDV harbouring a mutation 

of the AC4 gene (TA
ΔC4

) in N. benthamiana in the presence and absence of CLCuMB. 

 

* Viruses, mutants and betasatellites are denoted as TA – DNA A of Tomato leaf curl 

New Delhi virus, TB - DNA B of Tomato leaf curl New Delhi virus, TA
ΔC4 

– DNA A 

bearing C4 gene mutation of Tomato leaf curl New Delhi virus, Cβ – Cotton leaf curl 

Multan betasatellite.  
 

@
 Symptoms are denoted as upward leaf curling (ULC), vein thickening (VT), 

stunting (ST), edge curling (EC), vein yellowing (VY) or no symptoms (NS). 
 
£ 

In each experiment 3 plants were inoculated with Agrobacterium harbouring C4
TA

-

PVX and PVX, as a control. 
 

 

Inoculum* 

Infectivity 

Symptoms
@ 

Latent 

period 

(days) 

PCR diagnostics 

(plants infected/ inoculated) 

Southern 

blot 

analysis 

Expt. I Expt. II Expt. III 
TA Cβ 

TA Cβ TA Cβ TA Cβ 

TA 1/3 -- 1/3 -- 2/3 -- (–) -- NS -- 

TA and 

Cβ 
3/3 2/3 2/3 1/3 3/3 1/3 (–) (–) NS -- 

TA and TB 3/3 -- 3/3 -- 3/3 -- (+) -- 
ULC, VT 

and ST 
12 

TA, TB and 

Cβ 
3/3 1/3 3/3 1/3 3/3 2/3 (+) (–) 

ULC, VT 

and ST 
12 

TA
ΔC4

 2/3 -- 3/5 -- 2/3 -- (–) -- NS -- 

TA
ΔC4 

and 

Cβ  
 3/5 0/5 2/3 0/3 4/5 0/5 (–) -- NS -- 

TA
ΔC4

 and 

TB 
3/3 -- 3/3 -- 3/3 -- (+) -- 

ULC, VT 

and ST 
12 

TA
ΔC4

, TB 

and  Cβ  
5/5 0/5 5/5 0/5 5/5 1/5 (+) (–) 

ULC, VT 

and ST 
12 

TA
ΔC4

 and 

35S-C4
TA

 
3/3 -- 2/3 -- 3/3 -- (–) -- NS -- 

TA
ΔC4

 , 

35S-C4
TA

  

and  Cβ 

3/3 0/3 2/3 0/3 3/3 0/3 (–) (–) NS -- 

TA
ΔC4

 and  

C4
TA

-PVX 
1/3 -- 1/3 -- 1/3 -- (–) -- EC and VY 10 

TA
ΔC4

, 

C4
TA

 -PVX 

and  Cβ 

3/3 0/3 2/3 0/3 3/3 0/3 (–) (–) EC and VY 10 

C4
TA

-PVX
£
 -- -- -- -- -- -- -- -- EC and VY 10 

PVX
£
 -- -- -- -- -- -- -- -- VY 8 
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Figure 4.16 Effects of the mutation of the AC4 gene of ToLCNDV on the infectivity 

and symptoms induced by the virus in N. benthamiana plants. The N. benthamiana 

plants shown were either not inoculated (healthy; A) or inoculated with TA (B), TA 

and CLCuMB (C), TA
ΔC4

 (D), TA
ΔC4

 and CLCuMB (E), TA and TB (F),  TA
ΔC4

 and 

TB (G), TA
ΔC4

 and 35-C4
TA

 (H),  TA
ΔC4

, 35-C4
TA

 and CLCuMB (I), C4
TA

-PVX (J), 

TA
ΔC4

 and C4
TA

-PVX (K), and TA
ΔC4

, C4
TA

-PVX and CLCuMB (L). Photographs 

were taken at 25 dpi. 
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Figure 4.17 Southern blot detection of ToLCNDV in N. benthamiana plants. The 

DNA extracts run on the gel were extracted from the leaves of a mock-inoculated 

plant (M), TA (1), TA and TB (2), TA
ΔC4

 (3-4), TA, TB and CLCuMB (5), TA
ΔC4

 and 

CLCuMB (6-8), TA and CLCuMB (9-10) TA
ΔC4

 and TB (11-12), TA
ΔC4

, TB and 

CLCuMB (13-14), TA
ΔC4 

and 35S-C4
TA

 (15), TA
ΔC4

, 35S-C4
TA

 and CLCuMB (16), 

TA
ΔC4 

and C4
TA

-PVX (17), and TA
ΔC4

, C4
TA

-PVX and CLCuMB (18-19). Viral DNA 

forms are indicated as single-stranded (ss) and linear (lin). Samples were extracted at 

30 dpi and approximately equal amount of DNA (10µg) were loaded in each case. 
 

 

 

 
 

 

Figure 4.18 Southern blot detection of CLCuMB in N .benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a healthy plant (H), TA and 

CLCuMB (1), CLCuMB plasmid as positive control (2), TA, TB and CLCuMB (3-4), 

TA
ΔC4

 and CLCuMB (5-7), TA
ΔC4

, TB and CLCuMB (8-10), TA
ΔC4

, 35S-C4
TA

 and 

CLCuMB (11-13), and TA
ΔC4

, C4
TA

-PVX and CLCuMB (14-15). Samples were 

extracted at 30 dpi and approximately equal amounts of DNA (10µg) were loaded in 

each case. 



Analysis of complementary-sense genes 

 

127 

 

4.4 Discussion 

The study described here was stimulated by the recent characterisation of 

Cotton leaf curl Burewala virus  (CLCuBuV), and its betasatellite, that are associated 

with resistance breaking CLCuD across Pakistan and north-western India (Amrao et 

al., 2010a; Rajagopalan et al., 2011). This virus has a naturally mutated C2 gene. 

Although the C2 gene is experimentally dispensable for infection, its maintenance in 

all characterised begomoviruses, curtoviruses and the only known topocuvirus 

indicates that it is important for virus survival in the field. This raised the question as 

to what effects mutations of virus-encoded genes might have on the maintenance of a 

betasatellite. Additionally, previous studies that have mutated begomovirus genes 

have used Solanaceae adapted viruses which are not associated with betasatellites. No 

such studies have looked at the Malvaceae adapted viruses or viruses naturally 

associated with betasatellites. 

Mutation of the C2 genes of both PedLCV and CLCuKoV significantly 

reduced the infectivity of the viruses, as well as leading to non-symptomatic 

infections with low viral DNA levels. This finding is consistent with either the 

mutation reducing virus DNA replication (less viral DNA per cell) or either impaired 

movement (spread) of the virus from the site of inoculation or an impaired ability to 

reinfect cells at the top of the plant (young newly emerging tissues) after systemic 

spread through the phloem. There is no evidence to suggest that the C2 protein affects 

virus DNA replication (directly). However, the C2 protein is (at least in some cases) 

known to affect virus movement, likely by virtue of being a suppressor of gene 

silencing (Amin et al., 2011a; Dong et al., 2003). This would thus suggest that the C2 

mutants either are impaired for spread from the site of inoculation or unable to 

restablish infection after systemic spread. These results contrast with the results of 

Wartig et al., where a C2 mutation of the monopartite (non-betasatellite-associated) 

begomovirus TYLCV had little effect on the infectivity, ameliorated symptoms and 

did not significantly affect viral DNA levels in N. benthamiana (Wartig et al., 1997). 

The reason for the difference is unclear. Possibly for TYLCV one of the other 

suppressor proteins encoded, such as V2 or C4 (Luna et al., 2012; Zrachya et al., 

2007), can complement the C2 mutation. Alternatively, PedLCV and CLCuKoV may 

have become reliant on the activity of βC1 encoded by their associated betasatellites. 

The fact that the betasatellites, for the most part, complement the C2 mutation for 
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both viruses would seem to add weight to this argument. For both viruses with the C2 

mutated the presence of the betasatellite increased the numbers of plants in which 

virus could be detected and increased viral DNA levels. However, in both cases, 

significantly fewer plants ultimately showed the presence of the betasatellite, in 

comparison to inoculations with the wild-type virus. This indicates that the C2 protein 

plays a part in the maintenance of the betasatellite.  

The findings with the C2 mutation of CLCuKoV here highlight the unusual 

nature of CLCuBuV (Amrao et al., 2010b). Although the results shown that for 

CLCuKoV the C2 is not absolutely required for infectivity (in N. benthamiana) and 

the loss of this gene product can be partly complemented by the betasatellite, the virus 

is clearly disabled – not inducing symptoms and accumulating to low levels. This 

clearly indicates that CLCuBuV is unusual and worthy of further investigation to 

ascertain how this virus copes with the apparent loss of such an important gene. 

In contrast to the findings with many other bipartite begomoviruses (Brough et 

al., 1988; Etessami et al., 1991; Evans and Jeske, 1993a), mutation of the TrAP gene 

of ToLCNDV did not prevent infection and the mutant virus (in the presence of the 

DNA B) induced wild-type symptoms in N. benthamiana. The reason for the 

difference between ToLCNDV and all other viruses examined with respect to 

mutation of AC2 is unclear. Possibly this is due to host adaptation. Two of the 

bipartite begomoviruses which have previously been investigated, ACMV (Etessami 

et al., 1991) and AbMV (Evans and Jeske, 1993a), are not Solanaceae adapted and the 

third, TGMV (Brough et al., 1988) , one of the first geminiviruses cloned, has only 

recently (after much effort) been shown to be infectious to the host it was isolated 

from (tomato); suggesting that the clone might be defective (Wyant et al., 2012). 

Consistent with earlier studies, the DNA A of ToLCNDV was shown to be 

capable of spread in plants, without inducing symptoms, in the absence of the DNA B 

(as discussed in Chapter 3). Surprisingly, mutation of the TrAP gene almost doubled 

(3 plants infected out of 10 inoculated for TA compared to 8 out of 15 for TA
ΔC2

) the 

numbers of plants in which there was independent spread of the component. The 

implications of this are that N. benthamiana contains a resistance that targets 

ToLCNDV TrAP – TrAP thus being an avirulence determinant. Generally previous 

studies have shown the DNA B of bipartite begomoviruses to encode avirulence 

determinants (NSP for ToLCNDV in tomato and N. benthamiana (Hussain et al., 
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2007) and for Bean dwarf mosaic virus in P. vulgaris (Garrido-Ramirez et al., 2000) 

whereas for the monopartite begomovirus CLCuKoV the V2 protein has been shown 

to be an avirulence determinant in N. benthamiana and N. tabacum(Mubin et al., 

2010). All these previous examples of begomovirus-encoded avirulence determinants 

are associated with a HR (necrosis) in the resistant host, which is not the case here 

(even when overexpressed from PVX or under the control of the 35S promoter), 

which might argue against the hypothesis. However, if the resistance is weak, which is 

supported by the fact that there is no difference between the infectivity of the AC4 

mutant and the wild type virus in the presence of the DNA B, it is possible that a HR 

might not be visible. Microscopic analysis of trypan blue treated tissues should 

provide an answer to this by highlighting dead cells (Mubin et al., 2010). It is also 

interesting to note that for both ToLCNDV and CLCuKoV the HR is countered 

(suppressed) by the TrAP (Hussain et al., 2007; Mubin et al., 2010). If confirmed by 

independent methods, this would be the first resistance identified that targets an 

avirulence determinant encoded on the DNA A of a bipartite begomovirus. 

 ToLCNDV (DNA A with DNA B) is highly infectious to N. benthamiana – 

usually all inoculated plants become infected. Thus it is surprising to find that for a 

virus that has the capacity to trans-replicate CLCuMB not all plants inoculated with 

ToLCNDV (DNA A with DNA B) and CLCuMB ultimately contain the betasatellite. 

This suggests that there may be interference between the DNA B and the betasatellite, 

possibly due to competition for Rep which may be limiting in cells (Eagle et al., 

1994). Inoculation of the DNA A with CLCuMB partially complemented missing 

DNA B functions (more plants showing the presence of TA than in plants inoculated 

with TA in the absence of the betasatellite) but did not lead to symptomatic infection. 

This contrasts with the results of Saeed et al.,(Saeed, 2010) where ToLCNDV DNA A 

and CLCuMB induced mild, but transient, symptoms in cotton. The reason for the 

difference is unclear but may be due to the different methods of inoculation used 

(biolistic inoculation whereas Agrobacterium-mediated inoculation was used here). It 

has previously been noted that for Agrobacterium-mediated inoculation some 

host/inoculum combinations (particularly for begomoviruses associated with 

betasatellites) are problematic. For example, no infectivity of tomato was achieved by 

Agrobacterium-mediated inoculation of ToLCNDV DNA A with CLCuMB even 

though this combination was infectious to tomato by biolistic inoculation (Saeed, 
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2008). Similarly, CLCuMuV with CLCuMB can be biolistically inoculated to cotton 

(Briddon et al., 2001) although cotton is recalcitrant to inoculation with these 

components by Agrobacterium (R.W. Briddon, personal communication). 

Complementation of C2 protein when transiently expressed through PVX 

vector with TA
ΔC2

 and Cβ reduced the systemic movement of DNA A, infectivity was 

reduced upto 50% with the expression of C2 protein. The precise reason remain 

unclear but reduced movement may be linked to spatial and temporal expression of 

C2 protein that ultimately negatively regulate the late viral gene.   

The C2 protein performs diverse functions. It acts as a transcription factor to 

up-regulate expression of late (virion-sense) genes for bipartite begomoviruses (Gopal 

et al., 2007; Sunter and Bisaro, 1991), modulates host gene expression including 

micro RNA genes (Amin et al., 2011c; Trinks et al., 2005) can be a pathogenicity 

factor (Abarshi et al., 2011; Van Wezel et al., 2001), a suppressor of PTGS (van 

Wezel et al., 2003), may counter programmed cell death (Hussain et al., 2007; Mubin 

et al., 2010), conditions a virus-nonspecific enhanced-susceptibility phenotype in 

transgenic plants (Sunter et al., 2001), and inactivates the SNF1-related kinase by 

interacting with it and adenosine kinase (Hao et al., 2003). The apparent interference 

in virus infection (fewer plants infected with virus and betasatellite) when the C2 

mutant, with or without the betasatellite, was co-inoculated with a construct for the 

constitutive expression of C2 could be due to inappropriate spatial or temporal 

expression of this important protein. However, it is more likely that the cell-death 

induced by the over-expression of C2, a feature also of the CLCuMuV C2 protein 

(Amin et al., 2011a), prevented virus/betasatellite moving out of inoculated tissues. 

The C4 protein in monopartite begomoviruses and curtoviruses is an important 

symptom determinant. Infections of N. benthamiana with CLCuKoV with the C4 

gene mutation exhibited attenuated symptoms, in comparison to the wild-type virus, 

although qualitatively the symptoms in each case were similar except a lack of vein 

swelling with the mutant. Although the infectivity of the virus was not affected, the 

latent period increased by one to two days. Mutation of the C4 genes of TYLCV and 

ToLCV produced very much the same result (Jupin et al., 1994; Rigden et al., 1994) 

and suggests that the C4 protein of CLCuKoV is not involved in viral replication but 

may play a minor role in virus spread and in modulating symptoms. The C4 protein of 

BCTV, when expressed constitutively in transgenic plants induced hyperplasia 
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(Latham et al., 1997). The lack of vein swelling for the CLCuKoV C4 mutant 

possibly indicates that this protein similarly induces cell proliferation. As for 

CLCuKoV, mutation of the C4 gene of BCTV abolished the vein swelling phenotype 

(Stanley and Latham, 1992) whereas mutation of the C4 of Beet severe curly top virus 

prevented infection of plants (Teng et al., 2010). However, PVX-mediated expression 

of the C4 gene of CLCuMuV or TYLCV did not induce hyperplasia in N. 

benthamiana (Amin et al., 2011c). In contrast to CLCuKoV, mutation of the C4 gene 

of PedLCV both abolished symptoms and significantly reduced infectivity of the 

virus, consistent with the C4 protein being a symptom determinant and possibly 

involved in virus movement. Overall these findings indicate that the C4 proteins differ 

in their function/interactions between viruses, which is consistent with the sequences 

of these proteins not being well conserved (Rojas et al., 2005b).  

Inoculation of Ko
ΔC4

 with CLCuMB led to plants exhibiting more severe 

symptoms with sunken veins on the upper leaf surface and swollen on the lower leaf 

surface; symptoms both qualitatively and quantitatively indistinguishable from a 

normal CLCuKoV/CLCuMB infection. This ability of the betasatellite to “override” 

the C4 phenotype has been shown previously with CLCuMB and ToLCV – a 

monopartite begomovirus which does not naturally associate with betasatellites 

(Saeed et al., 2008). This may suggest that the C4 protein of CLCuKoV (and ToLCV) 

and the βC1 of CLCuMB are functionally redundant (both inducing hyperplasia), 

although the precise function of the C4 remains elusive. Recently the C4 proteins of 

four begomoviruses (including the monopartite CLCuMuV and TYLCV) have been 

shown to modulate miRNA levels (Amin et al., 2011b), suggesting that C4 may be 

involved in modulating host gene expression to create an environment favourable for 

virus proliferation. However, it is clear that for CLCuKoV the C4 is not required for 

the maintenance of the betasatellite in N. benthamiana. For the PedLCV C4 mutant 

the results for the inclusion of the betasatellite differed from those with the CLCuKoV 

C4 mutant. Tβ increased the numbers of plants which ultimately contained Pe
ΔC4

 and, 

significantly, transient expression of C4 at the site of inoculation increased the 

infectivity of the virus (more plants infected for both Pe
ΔC4 and 

Pe
ΔC4

/Tβ inoculated 

plants) and the numbers of plants which ultimately contained Tβ, for Pe
ΔC4

/Tβ 

inoculated plants. This suggests that for PedLCV in N. benthamiana the C4 protein 

does play a part in the maintenance of the betasatellite. The possible reasons for these 
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differences with the C4 proteins of CLCuKoV and PedLCV are difficult to 

rationalize. Possibly the C4 protein of PedLCV overcomes a host resistance in N. 

benthamiana to which CLCuKoV is not susceptible. Further investigations will be 

required to establish the basis for these findings. 

Mutation of the AC4 gene of ToLCNDV had no effect on the infectivity, or 

symptoms of the virus in the presence of the DNA B. This is consistent with the 

results of numerous previous studies of bipartite begomoviruses (Etessami et al., 

1991; Fontenelle et al., 2007; Hoogstraten et al., 1996; Pooma and Petty, 1996). For 

ToLCNDV (DNA A with DNA B) infections CLCuMB was maintained in about 50% 

of plants and appeared to have no effects on symptoms. However, mutation of the 

AC4 gene significantly reduced the numbers of plants in which the betasatellite was 

maintained. In the absence of the DNA B, mutation of the AC4 abolished the 

maintenance of the betasatellite. This indicates that the AC4 protein is important in 

the maintenance of the betasatellite in both the presence and absence of the DNA B. 

Although it appeared that transient expression of AC4 at the site of inoculation, or co-

inoculation with a PVX vector expressing the AC4, did not complement the AC4 

mutation or increase the numbers of plants in which the betasatellite was maintained, 

the relatively low number of plants inoculated make it difficult to draw any definite 

conclusions from these results. A larger number of plants will need to be inoculated to 

see whether the slight differences detected are consistent/significant. Nevertheless, it 

is evident that for the bipartite begomovirus ToLCNDV the AC4 protein plays a part 

in the maintenance of a betasatellite. The results also show that the AC4 of this 

bipartite begomovirus provides a selective advantage to the virus, although this only 

becomes evident in the absence of the DNA B. This was likely not evident for 

previous studies, using other bipartite begomoviruses, since these mutation studies 

only considered infection in the presence of the DNA B. Whether the AC4 of 

ToLCNDV has any contribution to symptoms of the virus remains unclear since any 

subtle changes might be masked in the presence of the DNA B and the DNA A does 

not induce symptoms on its own. Nevertheless, the mild symptoms induced upon 

expression of the AC4 from a PVX vector (and shown also for other bipartite 

begomoviruses, (Amin et al., 2011c) might suggest that it does. However, the results 

are consistent with the AC4 of ToLCNDV have a role in virus movement, as 

discussed above for monopartite begomoviruses. The finding that the AC4 protein of 
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some bipartite begomoviruses have suppressor function (Vanitharani et al., 2004), 

although this possibility has not been investigated for ToLCNDV yet, might suggest 

that, rather than being a classical movement protein, it instead overcomes a host 

RNAi-based resistance to movement (see more detailed discussion of this subject for 

βC1 in Chapter 6).   

These results pinpointed that role of C4 is functionally conserved among 

diverse group of begomoviruses (either mono or bipartite), while role of C2 is not 

functionally conserved in mono and bipartite begomoviruses. However, similar trend 

was shown by the two genes towards the maintenance of betasatellite in bipartite 

begomovirus, while in case of monopartite begomoviruses more complex interaction 

is present between C2 gene and cognate betasatellite. In short, the interactions 

between betasatellites and their helper begomoviruses is not just trans-replication and 

trans-encapsidation but multiple levels of interaction is present. 
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Chapter 5 

Maintenance in plants of an alphasatellite by ToLCNDV  

5.1 Introduction 

The alphasatellites (formerly designated as DNA 1) are circular ssDNA 

molecules associated with monopartite begomoviruses and were identified before the 

discovery of betasatellites. Although alphasatellites were identified in association with 

begomoviruses-betasatellite complexes,  they were not found associated with all 

begomovirus–betasatellite complexes (Briddon et al., 2004). Initially alphasatellites 

were discovered in the OW but recently have also been identified in the NW, 

associated with bipartite begomoviruses (Paprotka et al., 2010; Romay et al., 2010). 

The size of alphasatellites are approximately half (~1380 nt) that of their cognate 

helper begomoviruses (Chapter 1, section 1.4.4.2.3).  

Comparisons of the sequences of alphasatellites revealed high level of 

structural conservation, and believed to be captured by a begomovirus during a mixed 

infection with a nanovirus (Mansoor et al., 2003a; Mansoor et al., 1999).  They 

encode a single gene (Rep) in the virion-sense, a region of sequence rich in adenine 

and a hair pin loop structure (Figure 1.5). Due to self replicating ability alphasatellites 

are described as “satellite-like” because by definition, satellites are either DNA or 

RNA molecules that rely on their helper virus for replication, encapsidation and 

movement (Palukaitis et al., 2008). Although alphasatellites are self replicating 

however, they require the helper begomovirus for movement within and insect 

transmission between plants. 

So far no role has been ascribed to alphasatellites and they are dispensable for 

disease development, however their presence in plants infected with begomovirus–

betasatellite complexes may attenuate the symptoms by regulating the titres of virus 

and/or betasatellite (Wu and Zhou, 2005). The brief study described here aimed to 

investigate the factors affecting maintenance of alphasatellites by begomoviruses. 

5.2 Materials and methods  

5.2.1  Origins of viruses and satellites 

 The production of DNA A of ToLCNDV bearing mutation in CP gene and the 

origin of the CLCuMB was outlined earlier (Chapter 3, section 3.2.1). The first 

alphasatellite identified, now known as Cotton leaf curl Multan alphasatellite 
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(CLCuMA; (Mansoor et al., 1999)) was used in this study. A construct for the 

infectivity of CLCuMA was produced by M.S. Shahid (Shahid, 2009) by digesting the 

clone with ClaI and BamHI to release an approx. 1120bp fragment which was ligated 

into the binary vector pGreen0029. The pGreen0029 clone was then digested with 

BamHI and the full length CLCuMA was ligated into this as a BamHI fragment.  

5.2.2 Infiltration of N. benthamiana plants 

 A. tumefaciens cultures harbouring binary vector construct was inoculated into 

N. benthamiana plants at the 6-8 leaf stage. The inoculum (.5-1mL) was infiltrated 

into 3 leaves using a sterile, 5mL syringe. Plants were kept in an insect-free 

glasshouse and observed daily for the appearance of symptoms, at 25-30dpi the plants 

were photographed and leaf samples were harvested to isolate DNA for PCR and 

Southern blot analysis. 

5.3 Results 

The results obtained here for inoculation of N. benthamiana plants with 

ToLCNDV with the CP mutated in the presence of Cβ mirror those presented in 

Chapter 3 and will not be repeated here. The only instance in which the CLCuMA was 

maintained in plants was when co-inoculated with ToLCNDV (TA or TA
ΔCP

 and TB). 

For plants in which the alphasatellite was detected, this did not affect symptoms of the 

infection or the latent period. Despite the virus having a high titre (with the DNA A 

component detected by Southern blotting), the alphasatellite was only detected by 

PCR, indicating that satellite DNA levels were low.  

Surprisingly, despite the betasatellite being maintained in many plants (for 

example for plants inoculated with TA/TB/Cβ/Cα and TA/Cβ/ Cα) the alphasatellite 

was not maintained. The lack of maintenance of the alphasatellite in TA/TB/Cβ/Cα 

inoculated plants, when it is maintained in TA/TB/Cα might indicate that there is 

interference between the two satellites. 

Additionally asymptomatic N. benthamiana plants that were shown using PCR 

to contain TA after being inoculated with TA were inoculated with TB in the upper 

young, newly developing leaves. Plants developed typical ToLCNDV symptoms in 

leaves developing after inoculation with TB at 10 dpi.  
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Table 5.1 Maintenance of alphasatellite by ToLCNDV 
 

Inoculum* 

Infectivity 

Symptoms
@

 

Latent 

period 

(days) 

PCR diagnostics 

(plants infected/ inoculated) 

Southern blot 

analysis 

Expt. I Expt. II 
TA Cβ Cα 

TA Cβ Cα TA Cβ Cα 

TA 1/5 -- -- 2/5 -- -- (-) -- -- NS -- 

TA
ΔCP

 0/5 -- -- 0/5 -- -- (-) -- --  -- 

TA and Cα 1/5 -- 0/5 1/4 -- 0/4 (-) -- (-) NS -- 

TA
ΔCP

 and  

Cα 
0/5 -- 0/5 0/4 -- 0/4 (-) -- (-) NS -- 

TA and Cβ 3/5 2/5 -- 3/5 2/5 -- (-) (-) -- NS -- 

TA
ΔCP

 and 

Cβ 
2/5 2/5 -- 2/5 1/5 -- (-) (-) -- NS -- 

TA and TB 3/3 -- -- 3/3 -- -- (+) -- -- 
ULC,VT and 

ST 
12 

TA
ΔCP

 and 

TB 
3/3 -- -- 3/3 -- -- (+) -- -- 

ULC,VT and 

ST 
12 

TA, TB and 

Cβ 
3/3 1/3 -- 3/3 0/3 -- (+) (-) -- 

ULC,VT and 

ST 
12 

TA
ΔCP

, TB 

and Cβ 
3/3 1/3 -- 3/3 0/3 -- (+) (-) -- 

ULC,VT and 

ST 
12 

TA, TB and 

Cα 
3/3 -- 1/3 4/4 -- 1/4 (+) -- (-) 

ULC,VT and 

ST 
12 

TA
ΔCP

 , TB 

and Cα 
3/3 -- 0/3 4/4 -- 1/4 (+) -- (-) 

ULC,VT and 

ST 
13 

TA, Cβ and 

Cα 
3/5 2/5 0/5 4/5 3/5 0/5 (+) -- (-) NS -- 

TA
ΔCP 

, Cβ 

and Cα 
2/5 1/5 0/5 3/5 2/5 0/5 (+) (-) (-) NS -- 

TA, TB, Cβ 

and Cα 
5/5 2/5 0/5 5/5 2/5 0/5 (+) (-) (-) 

ULC,VT and 

ST 
11 

TA
ΔCP

,TB,  

Cβ and Cα 
5/5 2/5 0/5 5/5 2/5 0/5 (+) (-) (-) 

ULC,VT and 

ST 
13-14 

 

* Viruses, mutants and satellites are denoted as ToLCNDV DNA A (TA), ToLCNDV 

DNA B (TB), ToLCNDV DNA A bearing a mutation of the CP (TA
ΔCP

), CLCuMB 

(Cβ), CLCuMA (Cα).
 

 

@
 Symptoms are denoted as upward leaf curling (ULC), vein thickening (VT), 

stunting (ST) or no symptoms (NS). 
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Figure 5.1 Effects of the mutation of the CP gene of ToLCNDV on the maintenance 

of an alphasatellite. The N. benthamiana plants shown were either not inoculated 

(healthy; A) or inoculated with TA (B), TA
ΔCP

 (C), TA and Cα (D), TA
ΔCP

 and Cα (E), 

TA and Cβ (F), TA
ΔCP

 and Cβ (G), TA and TB (H), TA
ΔCP

 and TB (I), TA. TB and  Cβ 

(J), TA
ΔCP

, TB and Cβ (K), TA, TB and Cα (L), TA
ΔCP

, TB and Cα (M), TA, Cβ and 

Cα (N), TA
ΔCP

, Cβ and Cα (O), TA, TB, Cβ and Cα (P), TA
ΔCP

, TB, Cβ and Cα (Q), 

TA and Cβ (before inoculation of TB; R), TA and Cβ (after inoculation with TB; S) 

TA and Cα  (after inoculation with TB; T). Photographs were taken at 25 dpi. 
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Figure 5.2 Southern blot detection of ToLCNDV in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a mock-inoculated plant (M) 

and plants inoculated with TA (1), TA and CLCuMA (2-3), TA and CLCuMB (4), 

TA
ΔCP

 and CLCuMB (5), TA
ΔCP 

and CLCuMA (6), TA, CLCuMB and CLCuMA (7-

9), TA
ΔCP

, CLCuMB and CLCuMA (10-12), TA, TB and CLCuMA (13) TA
ΔCP

, TB 

and CLCuMA (14), TA, TB, CLCuMB and CLCuMA (15-16) and TA
ΔCP

, TB, 

CLCuMB and CLCuMA (17-19). The sample in lane H was extracted from a healthy, 

non-inoculated plant. Samples were extracted at 30 dpi and approximately equal 

amounts of DNA (10 µg) were loaded in each case. 

 

 

 

Figure 5.3 Southern blot detection of CLCuMB in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a healthy (non-inoculated) 

plant (H) and positive control (1), TA and CLCuMB (2-3), TA
ΔCP

 and CLCuMB (4-5), 

TA, CLCuMB and CLCuMA (6-8), TA
ΔCP

, CLCuMB and CLCuMA (9-10), TA, TB, 

CLCuMB and CLCuMA (11-12) and TA
ΔCP

, TB, CLCuMB and CLCuMA (13-14). 

Samples were extracted at 30 dpi and approximately equal amounts of DNA (10µg) 

were loaded in each case. 
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Figure 5.4 Southern blot detection of CLCuMA in N. benthamiana plants. The DNA 

extracts run on the gel were extracted from the leaves of a healthy (non-inoculated) 

plant (H) cloned CLCuMA in pTZ57R vector as a positive control (1), TA and 

CLCuMA (2-3), TA
ΔCP

 and CLCuMA (4-5), TA, CLCuMB and CLCuMA (6-8), 

TA
ΔCP

, CLCuMB and CLCuMA (9-10), TA, TB, CLCuMB and CLCuMA (11-12), 

and TA
ΔCP

, TB, CLCuMB and CLCuMA (13-14). Samples were extracted at 30 dpi 

and approximately equal amounts of DNA (10 µg) were loaded in each case. 
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5.4 Discussion 

 Despite that fact that alphasatellites were first identified more than 10 years 

ago (Saunders and Stanley, 1999) and their discovery led directly to the identification 

of betasatellites, we still know relatively little about these evolutionarily interesting 

molecules. Only recently have researchers begun to actively investigate their diversity 

and functions. Initially alphasatellites were identified only in the OW in plants 

infected with monopartite begomoviruses and betasatellites (Briddon et al., 2004), 

even though they apparently were readily maintained experimentally by bipartite 

begomoviruses and curtoviruses, and were even transmissible by leafhoppers in the 

presence of a curtovirus (Saunders et al., 2002a). More recently the alphasatellites 

have been shown to be diverse (Nawaz-ul-Rehman et al., 2012), to occur in the NW 

in the presence of bipartite begomoviruses (Paprotka et al., 2010) and (for at least one 

sub-class of alphasatellites) to encode Rep with suppressor of gene silencing activity – 

thus likely being involved in overcoming host defences (Nawaz-ul-Rehman et al., 

2010).  

 Alphasatellites remain an enigma since it is entirely unclear what selective 

advantage, if any, they provide to their helper begomoviruses. Early papers on the 

subject suggested that they may downregulate virus replication, leading to 

ameliorated symptoms by competing for cellular resources (Saunders and Stanley, 

1999) , thus ensuring longer survival of infected plants and greater opportunity for 

onward transmission. Some evidence to support this contention has been forthcoming 

(Idris et al., 2011), although particularly with the study of Patil et al., (Patil and 

Fauquet, 2010) the results were not consistent. However, the results presented here do 

not support this. 

 The, possibly, surprising finding here was the poor levels of maintenance of 

the alphasatellite. During the CLCuD epidemic of the 1990s in Pakistan, all plants 

which were shown to be infected with the CLCuD begomovirus-betasatellite complex 

were also shown to contain an alphasatellite (Amrao et al., 2010b). The alphasatellite 

used here originates from that time, being the first alphasatellite isolated (Mansoor et 

al., 1999). One might thus expect the alphasatellite to be efficiently maintained. 

However, these results (poor maintenance) are consistent with an earlier study, in 

which an alphasatellite was also poorly maintained by a bipartite begomovirus 

(specifically the NW TGMV (Saunders et al., 2002a) but contrast with another study 
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which showed relatively efficient maintenance, even by mechanical inoculation (by 

ACMV (Saunders and Stanley, 1999). Other studies have also shown efficient 

maintenance of an alphasatellite by a curtovirus (BCTV) but no maintenance by a 

mastrevirus (BeYDV; (Saunders et al., 2002a). There is thus no clear trend as to what 

factors might affect maintenance of an alphasatellite since both OW and NW bipartite 

begomoviruses, a curtovirus and monopartite begomoviruses were used with differing 

results. 

 It is likely that the choice here of ToLCNDV, a virus which proved so 

informative in investigations with a betasatellite, was a poor one due to the low levels 

of virus in the absence of the DNA B and upon mutation of genes (such as the CP 

here). Alternatively it is possible that in the model system used here the alphasatellite 

reduces betasatellite levels and that this interferes with maintenance of the 

component. Previous studies which have shown symptom amelioration by 

alphasatellites have noted that the presence of the alphasatellite specifically and 

significantly reduces betasatellite DNA levels (Wu and Zhou, 2005). Although these 

studies used monopartite begomoviruses, whereas here a bipartite virus was used, it is 

possible that “interference” of the alphasatellite in betasatellite replication or spread is 

responsible for the apparent lack of alphasatellite maintenance whenever betasatellite 

was included in the inoculums. Future studies will need to address this possibility.    

 As an interesting aside, non symptomatic plants inoculated and shown to be 

infected with ToLCNDV DNA A (with and without betasatellite) were inoculated with 

DNA B. Such inoculations let the plants showing full symptoms of ToLCNDV virus 

infection. This confirms the presence of ToLCNDV DNA A in the upper tissues of 

such nonsymptomatic plants and shows that, when provided with homolgous DNA B, 

the component is able to give normal infection. This provides strong evidence that, in 

the absence of DNA B, ToLCNDV DNA A even in the presence of betasatellite is 

unable to successfully invade newly emerging tissues.  
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Chapter 6 

Effects of the transient expression of suppressors from heterologous 

RNA viruses on the systemic movement of ToLCNDV DNA A 

6.1 Introduction 

Various suppressors of gene silencing are encoded by phytopathogenic viruses 

that interact at distinct points in the silencing pathway (Qu and Morris, 2005). The 

helper-component protease (HC-Pro) of Tobacco etch virus (TEV) [genus Potyvirus, 

family Potyviridae] was the first suppressor of gene silencing identified. It has the 

ability to reverse established silencing in plants and block local silencing in transient 

assays (Anandalakshmi et al., 1998; Kasschau et al., 2003; Llave et al., 2000). HC-

Pro interferes with processing of dsRNA through Dicer and inhibits the unwinding of 

duplex siRNA (and miRNA), thus preventing the incorporation of targeting 

information into RISC (Chapman et al., 2004). Besides its key role in silencing, the 

HC-Pro is also essential for virus transmission by aphids, polyprotein processing 

(Atreya and Pirone, 1993; Stenger et al., 2005), virulence (Atreya et al., 1992), virus 

genome amplification (Maia et al., 1996), virus accumulation, viral cell-to-cell 

movement (Rojas et al., 1997) and in long distance movement (Cronin et al., 1995).  

The P19 protein of Cymbidium ringspot virus (CymRSV) [genus Tombusvirus, 

family Tombusviridae] has the ability to suppress local silencing and block production 

of the systemic silencing signal but cannot suppress established silencing. P19 

prevents the incorporation of siRNAs (and miRNA) into RISC by binding to them 

(Lakatos et al., 2004; Silhavy and Burgyan, 2004). The P19 performs diverse 

functions including cell-to-cell and long-distance viral spread, contributes to viral 

symptoms and acts as an elicitor of the HR (Chu et al., 2000; Qiu et al., 2002; Turina 

et al., 2003).  

The CP of Turnip crinkle virus (TCV) [genus Carmovirus, family 

Tombusviridae] is a strong suppressor of RNA silencing, and performs its functions 

during the early stages of RNA silencing (Qu et al., 2003). TCV-CP does not interfere 

with the miRNA pathway but interferes with the activity of DCL-2 that does not play 

major role in processing miRNA precursors (Xie et al., 2004). Thus utilization of 

suppressors encoded by RNA viruses might act synergistically to promote infection 

with other viruses. TCV-CP is a multifunctional protein, beside its major role in virion 
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formation and RNA silencing pathway it has role in systemic spread of TCV in host 

plants (Qu et al., 2003), viral movement within the host (Wang et al., 1999). 

Increasing evidence suggests that mixed viral infections may be the rule rather 

than the exception. Synergistic interactions are occurring frequently between related 

or unrelated plant viruses, which show that the relatedness between viruses is not a 

strong barrier for mixed infections to occur (Syller, 2012). From this perspective, the 

molecular basis for synergistic diseases that can result from mixed infections with 

viruses carrying unrelated suppressors becomes clear (Pruss et al., 1997). For 

example, the synergistic interaction between distinct cassava-infecting begomoviruses 

has been shown to be due to their encoding distinct suppressors (Vanitharani et al., 

2004).  

The studies conducted in earlier chapters, as well as the work published by 

others (Qazi et al., 2007; Saeed et al., 2007), has led to the hypothesis that movement 

of begomoviruses may be inhibited by a host RNA-silencing based resistance. 

Specifically, the finding that the βC1 protein appears to be both a suppressor of RNA 

silencing (Amin et al., 2011a; Cui et al., 2005) and capable of (at least in part) 

complementing the DNA B-encoded movement functions of bipartite begomoviruses 

(Saeed et al., 2007) has led to the suggestion that rather than being a classical 

movement protein, βC1 instead overcomes an RNA silencing based resistance to virus 

spread in plants – analogous to that proposed for the P25 protein of PVX (Bayne et 

al., 2005). The study in this chapter was designed to further investigate this possibility 

using heterologous suppressors of gene silencing. 

6.2 Materials and methods 

6.2.1  Origins of suppressor proteins 

 The constructs for expression of the suppressor proteins HC-Pro of TEV, P19 

of CymRSV and CP of TCV, under the control of the 35S CaMV promoter, were 

kindly provided by Dr. Peter Moffett  (Boyce Thompson Institute for Plant Research, 

Ithaca, New York, USA). The P19 and HC-Pro genes were cloned SmaI-linearised 

pBin61 (Bendahmane et al., 2002). The TCV-CP gene was cloned in pBin61 at XbaI 

and XmaI. pBin61 constructs were transformed into A. tumefaciens (GV3101 or 

LBA4404) according to the method described previously (Chapter 2, section 2.7.2). 
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6.2.2  Experimental procedure 

 The constructs for the transient expression of suppressor proteins were co-

inoculated with TA or TA
ΔCP

, in the presence of absence of TB by infiltration to N. 

benthamiana plants (as described previously; Chapter 3, section 3.2.2). Inoculated 

plants were maintained under glass house condition (Chapter 2, section2.13) and 

checked daily for the appearance of symptoms and examined for the presence of virus 

by PCR (Chapter 2, section 2.4) and Southern blot hybridisation (Chapter 2, section 

2.15). 

6.3 Results 

 N. benthamiana plants inoculated with TA, in the absence of TB, did not 

become symptomatic, in contrast to plants inoculated with TA and TB, which showed 

symptoms of infection at 12 dpi. However, in 3 plants (out of 10 plants) inoculated 

with TA, the component could be detected in leaves developing subsequent to 

inoculation by PCR diagnostics but not by Southern blot hybridisation (Table 6.1; 

Figure 6.2). Plants inoculated with TA having a mutation of the CP gene (TA
ΔCP

)did 

not become symptomatic (Figure 6.1) and viral DNA could only be detected by PCR 

in one plant (of 12 inoculated), less than for plants inoculated with TA (3 symptomatic 

out of 10 inoculated). However, no viral DNA was detected in this plant by Southern 

blotting. 

Co-inoculation of TA with a construct for the transient expression of TEV HC-

Pro (35S-HC-Pro) to N. benthamiana also did not lead to symptoms.  However, PCR-

mediated diagnostics showed the presence of TA in the upper leaves of 4 plants out of 

13 plants inoculated. Nevertheless, virus DNA levels were low, in that no virus could 

be detected by Southern hybridisation in the upper, non-inoculated leaves.   

Co-inoculation of N. benthamiana plants with TA
ΔCP

 and 35S-HC-Pro 

similarly did not lead to symptoms in plants (Figure 6.1). Southern blot analysis of 

DNA extracted from TA/35S-HC-Pro inoculated plants did not detect the virus 

(Figure 6.2). However, PCR-mediated diagnostics revealed that 3 inoculated plants 

(out of 13 inoculated) contained the virus.  

Inoculation of TA with a vector expressing the 35S-P19 led to asymptomatic 

plants (Figure 6.1), PCR-mediated diagnostics showed that 8 (out of 13 inoculated) 

plants were infected systemically by virus (Table 6.1) but in Southern blotting 

infection could not be detected suggestive of low level of viral DNA (Figure 6.2).   
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N. benthamiana plants inoculated with the CP mutant (TA
ΔCP

) and 35S-P19, 

remained asymptomatic (Figure 6.1). However, in 5 plants (out of 13 plants 

inoculated) the TA component could be detected, in leaves developing subsequent to 

inoculation, by PCR diagnostics but not by Southern blot hybridisation (Table 6.1; 

Figure 6.2). 

Co-inoculation of TA with a construct for expression of TCV-CP gene under 

the constitutive promoter (35S) to N. benthamiana did not lead to symptomatic 

infection (Figure 6.1). DNA extracted from leaves developing subsequent to 

inoculated leaves, virus could be detected in 6 out of 14 inoculated plants by PCR but 

not by Southern blotting (Table 6.1; Figure 6.2). Similarly plants inoculated with 

TA
ΔCP

 and 35S-TCV-CP, did not show any symptoms. However, virus (in 6 out of 14 

inoculated plants) was detected by PCR only not by Southern blotting (Figure 6.2). 

Inoculation of TA (or TA
ΔCP

) and TB with the three suppressor proteins 

induced vein thickening, leaf curling and stunting symptoms indistinguishable from 

plants inoculated with only TA and TB (Figure 6.1). The only difference was a 

reduction in latent periods from 12 days (in the absence of a suppressor) to 10 days.  
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Table 6.1 Infectivity and symptoms induced by TA and TA
ΔCP

 when coinoculated     

with constructs for the transient expression of heterologous suppressors. 

 

Inoculum* 

Infectivity 

Symptoms
@

 

Latent 

period 

 (days) 

PCR diagnostics 

(plants infected/inoculated) 

 

Southern  

blot  

analysis Expt. I Expt.II Expt.III 

TA TA TA TA 

TA 1/3 1/4 1/3 (-) NS -- 

TA
ΔCP

 0/5 1/4 0/3 (-) NS -- 

TA and 35S-HC-

Pro 
1/4 1/4 2/5 (-) NS -- 

TA
ΔCP  

and 35S-

HC-Pro 
1/4 1/4 1/5 (-) NS -- 

TA and 35S-P19 3/5 2/4 3/5 (-) NS -- 

TA
ΔCP  

and 35S-P19 1/5 2/4 2/5 (-) NS -- 

TA and 35S-TCV-

CP 
2/5 2/4 2/5 (-) NS -- 

TA
ΔCP  

and 35S-

TCV-CP 
2/5 2/4 2/5 (-) NS -- 

TA and TB 3/3 3/3 3/3 -- 
ULC, VT 

and ST 
12 

TA
ΔCP  

and TB 3/3 3/3 3/3 -- 
ULC, VT 

and ST 
12 

TA, TB and 35S-

HC-Pro 
3/3 3/3 3/3 -- 

ULC, VT 

and ST 
10 

TA
ΔCP

, TB and 

35S-HC-Pro 
3/3 3/3 3/3 (+) 

ULC, VT 

and ST 
10 

TA, TB and 35S-

P19 
3/3 3/3 3/3 -- 

ULC, VT 

and ST 
10 

TA
ΔCP

, TB and  

35S-P19 
3/3 3/3 3/3 -- 

ULC, VT 

and ST 
10 

TA, TB and  

35S-TCV-CP 
3/3 3/3 3/3 -- 

ULC, VT 

and ST 
10 

TA
ΔCP

, TB and  

35S-TCV-CP 
3/3 3/3 3/3 (+) 

ULC, VT 

and ST 
10 

* Virus, virus mutants and suppressors are denoted as TA – DNA A of Tomato leaf 

curl New Delhi virus, TB - DNA B of Tomato leaf curl New Delhi virus, TA
ΔCP 

– 

DNA A of Tomato leaf curl New Delhi virus bearing a CP gene mutation, HC-Pro – 

helper component protease of Tobacco etch virus, P19- P19 protein of Cymbidium 

ringspot virus, TCV-CP- coat protein of Turnip crinkle virus.  
 

@
 Symptoms are denoted as upward leaf curling (ULC), vein thickening (VT), 

stunting (ST) or no symptoms NS). 
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Figure 6.1 Symptoms exhibited by N. benthamiana plants inoculated with TA and 

TA
ΔCP

 in presence of suppressor (HC-Pro, P19 and TCV-CP). The N. benthamiana 

plants shown were either not inoculated (healthy; A) or inoculated with TA (B),  TA 

and HC-Pro (C), TA
ΔCP

 and HC-Pro (D), TA and P19 (E), TA
ΔCP

 and P19 (F), TA and 

TCV-CP (G), TA and TB  (H), TA, TB and HC-Pro (I),  TA
ΔCP

, TB and HC-pro (J), 

TA
ΔCP

, Cβ and P19 (K) and TA
ΔCP

, TB and TCV-CP (L). Photographs were taken at 

25 dpi. 
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Figure 6.2 Southern blot detection of ToLCNDV in N. benthamiana plants. The DNA 

samples (10 µg) run on the gel were extracted from the leaves of a healthy plant (H),  

inoculated with TA (1), TA
ΔCP

, TB and 35S H-Pro (2),  TA
ΔCP

, TB and 35S TCV-CP 

(3), TA and 35S H-Pro (4-5), TA
ΔCP

 and 35S H-Pro (6-7), TA and 35S TCV-CP (8-9), 

TA
ΔCP

 and 35S TCV-CP (10-11), TA and 35S P19 (12-13), and TA
ΔCP

 and 35S P19 

(14-15). Viral DNA forms are indicated as single-stranded (ss), super-coiled (sc) and 

open-circular (oc). Samples were extracted at 30 dpi and approximately equal 

amounts of DNA (10µg) were loaded in each case. 
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6.4  Discussion 

For bipartite begomoviruses, the DNA A encodes gene products essential for 

encapsidation (insect transmission and virus movement in plants), replication and 

control of gene expression, while genes required for cell-to-cell movement in plants 

are encoded by DNA B (Rojas et al., 2005b). Although some bipartite begomoviruses 

are facultative bipartite, meaning that the DNA A may cause symptomatic infection in 

the absence of the DNA B (such as Tomato yellow leaf curl Thailand virus) 

(Rochester et al., 1990), most begomovirus DNA A components are not able to infect 

plants and cause symptoms in the absence of the DNA B. However, for all bipartite 

begomoviruses that have been investigated, the DNA A component may spread in 

plants, at low DNA titre and without inducing symptoms, in the absence of DNA B 

(Briddon and Markham, 2001a; Fontenelle et al., 2007; Klinkenberg and Stanley, 

1990; Saunders et al., 2002b).  

The DNA A of OW bipartite begomoviruses encode the AV2and CP genes, the 

products of which are involved (directly or indirectly) in virus movement (Briddon 

and Markham, 2001a; Klinkenberg and Stanley, 1990). Additionally the AV2 can be a 

strong suppressor RNA silencing (host defence; (Chowda-Reddy et al., 2008)). The 

disruption of the coat protein gene (AV1) of ToLCNDV reduced the systemic 

movement of the DNA A in N. benthamiana in the absence of DNA B. Collectively, 

these results indicate that the systemic movement of DNA A in the absence of DNA B 

is at least in part dependent on the CP and AV2 functions (Chapter 3). For most 

bipartite begomoviruses, disruption of the CP gene leads to infections with longer 

latent periods, although this was not noted here for ToLCNDV (Chapter 3). This slow-

down in the infection indicates that, even with the movement functions provided by 

the DNA B, the CP contributes to infection – the hypothesis being that the CP allows 

a fast spread in the phloem either as virions or as nucleoprotein complexes (as 

discussed in Chapter 3).   

Saeed et al., (2007) showed that CLCuMB can substitute for the DNA B of 

ToLCNDV to cause symptomatic infection of tomato, which was subsequently 

extended to show that this combination can, at least transiently, infect cotton to induce 

symptoms (Saeed et al., 2010). This led to the hypothesis that betasatellites, or more 

specifically the βC1 encoded by betasatellites, has movement functions. However, , 

based upon the finding that disease symptoms depend upon where the βC1 (the 
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symptom determinant) is expressed (in which tissues), put forward the hypothesis that 

rather than being a classical movement protein, the apparent movement function of 

βC1 is due to suppression of a host resistance to movement (Qazi et al., 2007).  

The results presented here indicate that in the presence of the transiently 

expressed, heterologous suppressor proteins, a greater number of plants ultimately 

showed movement of both TA and TA
ΔCP

 into tissues distal from the inoculation site. 

This is consistent with the hypothesis that movement of begomoviruses is subject to a 

host silencing-based resistance. 

Sardo et al., (2011) investigated the possibility of synergism between RNA 

viruses (specifically the potyvirus Cowpea aphid-borne mosaic virus [CABMV] and 

the tombusvirus Artichoke mottled crinkle virus [AMCV]) and the begomoviruses 

Abutilon mosaic virus (AbMV; a bipartite virus) and TYLCV (a monopartite 

begomovirus). They showed that the presence of either of the two RNA viruses in 

plants infected with AbMV increased symptom severity, increased AbMV DNA levels 

and allowed AbMV to escape from phloem associated tissues. For TYLCV, although 

there was some increase in symptom severity, there was little, if any increase in virus 

titre and escape from the phloem. Additionally, in transgenic plants expressing either 

the HC-Pro of CABMV or the P19 of AMCV, the virus titre of AbMV but not TYLCV 

was raised (Sardo et al., 2011). The same group also showed that the cucumovirus 

Cucumber mosaic virus (CMV) and its suppressor, the 2b protein, similarly enhance 

AbMV viral DNA levels and numbers of infected vascular cells (Wege and Pohl, 

2007). These findings, of enhanced begomovirus spread in the tissues of plants in the 

presence of heterologous suppressor proteins (or viruses expressing such proteins) 

was put forward as the basis for synergism in these cases and is entirely consistent 

with the hypothesis that movement of begomoviruses is subject to a host silencing-

based resistance. 

 Of the three suppressors of gene silencing proteins investigated, the least 

effect was seen with HC-Pro. This suppressor reduced the latent period of TA/TAB 

and TA
ΔCP

/TB infections but did not affect the number of plants ultimately showing 

independent movement of either TA or TA
ΔCP

. In contrast, both P19 and the TCV-CP 

reduced the latent period and significantly raised the number of plants showing the 

presence of the DNA  A component in tissues distal to the inoculation site. The reason 

for this difference is unclear. A possible explanation is that suppressors act by distinct 
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mechanisms and at distinct points in the pathway to inhibit the silencing response. For 

example, TCV-CP may be able to induce, or more effectively induce, a systemic 

silencing to enhance, or rather less effectively counter,  begomovirus spread (Ryabov 

et al., 2004). Alternatively, begomoviruses may be subject to an AGO1 mediated, 

silencing based resistance which is suppressed by TCV-CP (Harvey et al., 2011). 

 Multiple layers of defence is present in plants against invading viruses. AGO1 

is up-regulated upon viral infection (Zhang et al., 2006), while AGO2 is induced by 

viral silencing suppressors (Lewsey et al., 2010). AGO1 represents a first layer while 

second layer involving AGO2. AGO2 could have drastic effect on the viral movement 

or on the accumulation of virus, as previous study showed that enhanced symptoms 

and movement of PVX was linked to down-regulation of RDR6 (a potent agent of 

antiviral defence) in N. benthamiana (Schwach et al., 2005). Similarly it would be 

interesting to investigate whetherAGO2, like RDR6, is involved in enhanced 

movement of TA/TA
ΔCP

 when co-inoculated with heterologous suppressors. So it 

could be assumed that enhanced movement of TA/TA
ΔCP

 is involved in overcoming 

both defence layers. The further investigation of how and when AGO proteins act in 

antiviral defence will be of great importance in designing some control strategies. A 

lot of work has been done to investigate the role of AGO proteins against RNA 

viruses, like TCV (Qu et al., 2008) and CMV (Morel et al., 2002). The use of AGO 

mutant plants against the begomoviruses (alone or in combination with suppressors 

used in study) will be helpful in assigning the effect of AGO proteins on movement, 

accumulation and understanding their role in antiviral defence against these viruses. 

The results presented here support the idea that the movement of 

begomoviruses is subject to a host silencing-based resistance. However, this is far 

from conclusive. Many plant virus-encoded suppressors also have virus cell-to-cell 

and/or virus long-distance spread activity (Voinnet et al., 1999), including the three 

suppressors used here. Based on the experiments conducted here it is not possible to 

rule out the possibility that it is the “movement” function, rather than the “suppressor” 

function, of these proteins that is assisting ToLCNDV DNA A. Shi et al., (Shi et al., 

2009) have suggested that for TCV suppression of silencing is required for infection, 

to protect the viral genomic RNA from degradation, but that cell-to-cell (and possibly 

long-distance) movement of the virus is not a direct consequence of suppression of 

silencing. Clearly further studies are required to investigate the phenomenon for 
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begomoviruses. Such studies will likely follow the example set by Shi et al.,(Shi et 

al., 2009) using silencing suppressed (transgenic) and wild-type plants to look at local 

and systemic virus movement. Additional in situ hybridisation could be used to 

investigate the effects of suppressors on tissue specificity.  
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General Discussion 

The discovery of satellites (alphasatellite and betasatellite) associated with 

begomovirus, about 10 years ago has shifted our understanding about the diversity 

and evolution of geminiviruses. Whereas before this discovery it was believed that 

begomoviruses in the Old World were either bipartite or monopartite, from 2000 

onwards it has become progressively more evident that the monopartite 

begomoviruses that associated with betasatellites comprise the vast majority of the 

begomoviruses, with a few bipartite and even fewer truly monopartite making up the 

rest. Even the archetypal monopartite begomovirus TYLCV has not remained immune 

from the influence of betasatellites (Idris et al., 2011; Khan et al., 2008). Despite the 

advances made in elucidating the selective advantage that betasatellites provide to 

their helper begomoviruses (thus providing an answer to the question “what does the 

satellite bring to the partnership?”), little is known about what the virus contributes 

(thus “which virus encoded products play a part in maintenance of the satellite?”).  

There is much circumstantial evidence, best summarised by the statement that 

occurs in the introduction of almost all publications dealing with betasatellites - 

“betasatellites require their helper begomoviruses for replication, movement in and 

transmission between host plants”. However, even for the most basic of the 

interactions, (trans) replication, have the definitive experiments yet to be conducted. 

These would follow the example of Lin et al.,(Lin et al., 2003)who used the purified 

Rep protein of ToLCV to show an interaction with the origin of virion-strand DNA 

replication of ToLCV-sat. It would be unwise to assume that ToLCV-sat sets a 

precedent for betasatellites, since ToLCV-sat, although derived from betasatellites, 

shows many differences to betasatellites, particularly in the region believed to mediate 

Rep interaction (Nawaz-ul-Rehman et al., 2009; Saunders et al., 2008). The study 

described here was designed as a first step to identifying the begomovirus-encoded 

factors involved in betasatellite maintenance and concentrated on gene products 

implicated in virus movement – CP, V2, C2/TrAP and C4. 

The results obtained here have evolutionary (with respect to geminiviruses) 

implications. The question is, in an environment where betasatellites occur in most, if 

not all, begomovirus susceptible plant species, do bipartite begomoviruses persist? 

Several reviews of geminiviruses have speculated upon evolution of begomoviruses. 

Rojas et al., (2005), in their proposed scheme of geminivirus evolution somewhat 
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side-stepped the issue of the timing of the appearance of betasatellites (Rojas et al., 

2005b). Nawaz-ul-Rehman et al., (2009), in contrast, suggested that a progenitor 

monopartite begomovirus established association with either a DNA B or a 

betasatellite (Nawaz-ul-Rehman and Fauquet, 2009). Unfortunately this scheme is not 

consistent with the present day distribution of begomovirus types, it being clear that 

NW begomoviruses (all of which are bipartite) were much later introduced into the 

Americas (NW begomoviruses show much less genetic diversity than OW 

begomoviruses (Briddon et al., 2010). A far more plausible explanation is that, at the 

time of continental drift separating the Americas, all begomoviruses were bipartite (or 

the betasatellite-associated monopartite begomoviruses were geographically limited to 

areas  away from the future Americas) and subsequently the betasatellite-associated 

begomoviruses came to dominate the OW. The evidence available at this time might 

suggest that this occurred by betasatellites displacing the DNA B components, rather 

than betasatellite-associated begomoviruses displacing (out-competing) bipartite 

begomoviruses. It appears that all, or at least all that have been tested, bipartite 

begomoviruses can to varying degrees interact with (thus transreplicate) one or more 

betasatellites (Ilyas, 2010a; Nawaz-ul-Rehman et al., 2009; Saeed, 2010). Thus why 

do a small number of bipartite begomoviruses persist in the OW? For the OW legume 

infecting begomoviruses (the “Legumoviruses”) and the cassava-infecting viruses the 

host is likely responsible. Viruses from both groups have been shown to be capable of 

interacting with betasatellites (Ilyas, 2010a; Patil and Fauquet, 2010) and in the field 

legumes have been shown to be infected by betasatellite (Ilyas et al., 2010) but 

experimentally infection could not be achieved in cassava or legumes in the absence 

of the relevant DNA B (Ilyas, 2010a). This suggests that there is no betasatellite 

adapted to either cassava or legumes. Why this might be the case is unclear. For 

legumoviruses genetic isolation has been proposed as the reason for their distinct 

genetic characteristics (lack of evidence for recombination with other begomoviruses) 

and might also explain the apparent absence of betasatellites in these species (at least 

until recently). A similar argument might also be made for the cassava viruses, 

although the fact that cassava has only relatively recently been introduced to the OW 

might suggest that there has not been enough time for betasatellites to evolve to infect 

this species. 

For ToLCNDV virus, however, none of these arguments can be used. There 
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are many tomato-infecting begomoviruses in the OW and the majority of them are 

either betasatellite-associated (such as TYLCCNV (Cui et al., 2004) or monopartite 

(such as Tomato leaf curl Sardinia virus [(Kheyr-Pour et al., 1991)]. The evidence 

obtained here suggests that ToLCNDV is deficient is some way, unable to induce a 

full infection (high viral DNA levels and inducing symptoms) in the absence of the 

DNA B. Even the DNA A components of legumoviruses can induce full infections in 

N. benthamiana in the presence of betasatellites (Ilyas, 2010a). For ToLCNDV it 

would appear that one or more of the DNA A gene products involved in movement, 

specifically in re-establishing infection at the top of the plant following long-distance 

movement in the phloem, is lacking. This deficiency might explain the continued 

presence of ToLCNDV, and possibly other bipartite begomoviruses, in an 

environment where betasatellites are dominant. The nature of this deficiency will be 

of interest to investigate, possibly by producing chimeric ToLCNDV DNA A 

constructs with genes replaced by their homologs from other begomoviruses. 

 At this time, natural resistance and insecticides (countering the vectors of the 

viruses) remain the main weapons in preventing crops losses due to begomoviruses. 

However, the lack of suitable resistance genes in many crops and concerns about the 

toxicity (to the environment) of many insecticides, leading to their withdrawal from 

use, means that these two approaches will in the future be of only limited use 

(Vanderschuren et al., 2007). Thus alternative approaches will be required to control 

geminiviruses in crops. In this respect transgenic resistance, based on both the 

“pathogen-derived” and “non-pathogen-derived” approaches hold much promise 

(Ilyas, 2010b; Shepherd et al., 2009). Some success has been achieved in this respect, 

with the first RNAi-based resistance to a geminivirus being tested in the field (Aragao 

and Faria, 2009). However, there remains some debated as to whether an RNAi-based 

approach will be durable in the long term (Aragao and Faria, 2009; Lucioli et al., 

2008). One of the reasons for conducting the investigation reported here was the hope 

that it would identify new targets for engineered resistance. Clearly each of the gene 

products identified here as important in the maintenance of betasatellites is an eminent 

target for generating resistance. However, identifying a mechanism for interfering 

with the activities of proteins is not so simple. One possibly strategy is the use of 

peptide aptamers, small recombinant proteins that bind to and inactivate or interfere 

with the function of a target protein. Aptamers that interfere with TGMV Rep have 
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been identified (Lopez-Ochoa et al., 2006). The advantage of aptamers is that they 

can be designed to be broad-spectrum. For example, a 29aa aptamer that interferes 

with the nucleocapsid protein of tospoviruses was shown to be effective, in transgenic 

plants, against at least 3 distinct virus species (Rudolph et al., 2003). 

 Developing resistance to begomoviruses, using aptamers, and investigating in 

more detail the functions of the four genes shown to be involved in maintaining 

betasatellites will be the subject of future studies. 
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