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ABSTRACT 

Begomoviruses (family Geminiviridae) are single-stranded DNA viruses 

transmitted by the whitefly Bemisia tabaci. Many economically important diseases of 

crops are caused by begomviruses, particularly in developing countries. These include 

African cassava mosaic virus (ACMV), which causes significant losses to the subsistence 

crop cassava in sub-Saharan Africa, and the betasatellite-associated begomoviruses 

causing cotton leaf curl disease (CLCuD) that causes significant losses to the mainstay of 

the economy of Pakistan, cotton. The study presented here was designed to provide us 

with a better understanding of begomovirus pathogenicity, virus host interactions and the 

roles of individual virus-encoded genes in these interactions, as well as the effects of 

environmental factors on pathogenicity. Ultimately the information gained may be useful 

in allowing the design of better control strategies using either natural or engineered 

resistance. 

To investigate, on a wider scale than has previously been conducted, which gene 

products encoded by begomoviruses are involved in symptom induction/pathogenicity, all 

genes encoded by ACMV, Cotton leaf curl Multan virus (CLCuMV)/Cotton leaf curl 

Multan betasatellite (CLCuB), Cabbage leaf curl virus (CbLCuV) and Tomato yellow 

leaf curl virus (TYLCV), representing four different classes of begomoviruses, were 

expressed in Nicotiana benthamiana using a Potato virus X (PVX) vector. All efforts to 

transform the PVX construct with the TYLCV replication associated protein gene (rep) 

into Agrobacterium were unsuccessful, indicating that this Rep may be toxic to 

Agrobacterium and precluding its use in all further studies. With the exception of the REn 

proteins, the TrAP proteins of ACMV and CLCuMV, the CPs of CLCuMV and CbLCuV, 

and the DNA B encoded MP and NSP of CbLCuV and MSP of ACMV, all other 

begomovirus proteins, when expressed from PVX, induced a phenotype above and 

beyond the mild symptoms induced by PVX in N. benthamiana.  All three Rep proteins 

induced a severe symptom phenotype, however, for CLCuMV and CbLCuV, after the 

initial severe symptoms plants gradually recovered. Although all (A)V2 proteins induced 

severe symptoms, that of CLCuMV additionally induced a necrotic response in both 

inoculated leaves and leaves developing subsequent to inoculation that was reminiscent of 

a hypersensitive response. PVX-mediated expression of CLCuMB βC1 induced the most 

unusual symptoms in N. benthamiana. These symptoms resembled those induced by 

CLCuD in cotton and consisted of leaf curling, vein yellowing, stunting and the formation 

of enations on the undersides of leaves. These results indicate that, even for quite closely 

related viruses within a single genus, each virus interacts with plants (or at least N. 
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benthamiana) in a distinct fashion and that the ultimate outcome (the visible symptoms) 

are likely a complex interaction of multiple virus-encoded genes with distinct host 

factors, or affecting the same host factors to varying degrees. Overall it is clear that the 

findings with one virus do not set a precedent for the other viruses. 

MicroRNAs (miRNAs) are small endogenous RNAs that regulate gene expression 

in plants and animals. miRNAs are involved in a variety of activities, including plant 

development, signal transduction, protein degradation, response to environmental stress, 

and pathogen invasion. Several studied have shown that miRNA-directed processes might 

be a general feature of virus pathogenicity. In order to study this phenomenon, in relation 

to begomoviruses, infections of N. benthamiana by four distinct virus species were 

assessed for their effects on ten miRNAs known to be important in plant development. 

Additionally, the effects of the expression of all genes encoded by the four 

begomoviruses from a PVX vector on miRNA levels were studied. Northern blot analysis 

using specific oligonucleotide probes for miRNAs  showed that, in general, begomovirus 

infection increases the accumulation of miRNAs. However, there was no general 

consistency between the viruses, each affecting different miRNAs and to varying extents. 

The analysis showed that, essentially, all begomovirus-encoded gene products have the 

ability to influence host miRNA levels, the first time this has been demonstrated. It was 

also found that genes encoding suppressor of gene silencing affect the miRNA level in a 

significant way when compared with non suppressors. Again there was a lack of 

consistency, each virus appearing to use a different protein, or proteins, to influence 

miRNA levels, although there were some minor trends apparent such as, for example, the 

TrAP protein of all viruses analyzed being the strongest up-regulator of the widest range 

of miRNAs. Furthermore, the results suggest that miRNA binding by begomovirus 

suppressors such as TrAP and (A)C4, and by implication also those of other 

phytopathogenic viruses, are collateral damage; thus that they are unintentional and result 

merely from the overlap of the siRNA and miRNA pathways.  

RNA interference (RNAi) is a natural defense response of plants against invading 

viruses. As a counter-defense viruses encode suppressors of gene silencing that allow 

them to effectively invade plant hosts. Using a novel  quantitative real time PCR (qPCR) 

assay and conventional northern blot analysis, the ability of all genes encoded by the 

begomovirus CLCuMV and its associated betasatellite, CLCuMB (which together cause 

CLCuD), were assessed for their ability to suppress RNAi. The analysis showed that the 

V2, TrAP, C4 and βC1 proteins exhibit suppressor activity. Although each of these 

proteins has, for other viruses, been previously shown to have suppressor activity, this is 
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the first time all proteins encoded by a geminivirus (or begomovirus-betasatellite 

complex) have been examined and also the first for which four separate suppressors have 

been identified. Since all the proteins were examined in a single experiment, this also 

allowed comparison of the relative suppressor activity of each protein, which showed that 

the strongest activity was for V2.  

Environmental conditions have a marked effect on the infectivity and spread of 

viruses in plants. To investigate the effects of temperature and light intensity on virus 

spread and gene silencing in plants, the CLCuMV-encoded V2 protein and the green 

fluorescent protein (GFP) were used as markers of PVX infection. Both light and 

temperature were found to have profound effects on PVX infection, with lower light and 

lower temperatures enhancing virus symptoms and gene silencing. The enhanced 

symptoms and silencing were associated with higher levels of viral RNA and GFP-

specific siRNA. Thus siRNA accumulation and viral transcript accumulation has a 

positive correlation. The presence of high levels of siRNA under low temperature and low 

light also showed that the RNA silencing pathway is more active under these conditions. 

These findings suggest that RNA silencing has no role in the differential behavior of PVX 

in response to varying environmental conditions. 
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CHAPTER 1 

Introduction 

1.1 Viruses 

The word “virus” is of Latin origin with the meaning of slimy liquid, poison, 

stench, and– in addition – even offensive taste, clearly something unfavourable
1
. Viruses 

can be defined as ubiquitous companions of cellular life forms: it seems that every 

cellular organism studied so far, has its own viruses or, at least, virus-like genetic 

elements (Van Regenmortel et al., 2000). Recent environmental studies have revealed 

that viruses, especially bacteriophages, are the "most abundant biological entities on the 

planet" (Breitbart and Rohwer, 2005), with the total number of virus particles exceeding 

the number of cells by at least an order of magnitude (Edwards and Rohwer, 2005; Suttle, 

2005). Because of their active movement between biomes, viruses are thought to be major 

agents of evolution by virtue of their capacity to operate as vehicles of horizontal gene 

transfer (Sano et al., 2004). 

A remarkable feature of viruses is the diversity of their genetic cycles, in contrast 

to the uniformity of the cellular genetic cycle (Ahlquist, 2006; Baltimore, 1971). 

Different viruses also show a vast range of genome sizes (the genomes of the largest 

known virus, the mimivirus, and the smallest viruses, the circoviruses, differ by three 

orders of magnitude) and also show a non-uniform and non-trivial distribution among the 

host taxa. For example, the extraordinary diversity of double-stranded (ds) DNA 

bacteriophages is in contrast to the absence of bona fide dsDNA viruses in plants. 

Conversely, RNA viruses are extremely abundant and diverse in plants and animals but 

are currently represented by only two compact families in bacteria, and so far have not 

been detected in archaea.  

 

1.2 Plant viruses 

Viruses are obligate intracellular parasites and they are dependent on the 

molecular machinery of their host for their replication. The first ever plant virus to be 

discovered was Tobacco mosaic virus (TMV). The discovery of TMV is often credited to 

Martinus Beijerinck who determined, in 1898, that plant sap obtained from tobacco leaves 

with "mosaic disease" remained infectious when passed through a porcelain filter (Lecoq,  

 

 

1
Webster’s Third New International Dictionary III pp 2556, 1981. Oxford English 
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2001). This was in contrast to bacteria, which were retained by the filter. Beijerinck 

termed this infectious filtrate as a "contagium vivum fluidum", which coined the modern 

term "virus".  

As far as the field of plant virology is concern, a revolutionary renewal began 

from the mid-1930s on the basis of a body of knowledge which was organically 

assembled into the first textbook of plant virology published by Kenneth Smith in 1937 

(Smith, 1937). In 1922, the geneticist Hermann Muller put forward the hypothesis that 

considered viruses as possible genes. The theory was resumed in an apparently 

independent way by Benjamin Duggar and Joanne Karrer Armstrong in 1923, who 

considered TMV a biocolloidal self-reproducing protein, in the same way that genes 

appeared to be. This hypothesis, even if neglected by virologists, anticipated by some 

decades the functional nature of viruses and represented the first conceptual response to 

the virus enigma. The purification (crystallization) of TMV was first carried out by 

Wendell Stanley, who published his findings in 1935 (Stanley, 1935), although he did not 

determine that RNA was the encapsidated nucleic acid. He was also awarded with Nobel 

prize for his contributions in the field of virology. Considerable experimental results were 

obtained by James Johnson, who showed that plants could be infected by a number of 

distinct viruses and who introduced a first rational system of plant virus classification 

(Johnson, 1927). 

A widely acceptable definition of viruses was given by Luria in 1978. According 

to him viruses can be defined as “entities whose genomes are elements of nucleic acid 

that replicate in living cells using cellular synthetic machinery and causing the synthesis 

of specialized elements that can transfer the viral genome to other cells” (Luria et al., 

1978). The International Committee on Taxonomy of Viruses (ICTV) in its 8th report on 

the classification and nomenclature of viruses has approved 3 orders, 73 families, 9 

subfamilies, 287 genera and ~1950 species of viruses (Fauquet et al., 2004). Of these, the 

plant viruses encompass 20 families, 88 genera and ~750 species. Over 90% of plant 

viruses have ssRNA genomes while less than 10% of plant viruses have DNA, including 

both single-stranded (ss) and double-stranded (ds) DNA. However caulimoviruses (family 

Caulimoviridae) are dsDNA viruses whereas nanoviruses (Nanoviridae) and 

geminiviruses (Geminiviridae) are ssDNA viruses. 
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1.3 Geminiviruses 

Viruses belonging to the family Geminiviridae are continue to have worldwide 

impact on agricultural production to this date. Historically the first possible record of 

geminivirus infection is as early as 725AD in the Man’yoshu, a classical anthology of 

 Japanese poetry. This record is a poem attributed to the Empress Koken that described 

the autumnal appearance of Eupatorium plants in the summer, an observation which has 

been linked with yellow vein disease of this perennial shrub (Inouye and Osaki, 1980). It 

has now been shown to be caused by a geminivirus/satellite disease complex (Saunders et 

al., 2003). Although the diseases caused by geminiviruses represent serious constraints to 

agriculture, little was known about the causal agents of the diseases until the isolation of 

virus particles with a unique twinned quasi-isometric morphology associated with maize 

streak and beet curly top diseases (Bock et al., 1974; Mumford, 1974). This attribute 

provided the name geminivirus, from Gemini; the sign of the zodiac symbolized by twins 

(Harrison et al., 1977), and has remained a unifying feature of this family of viruses (Fig. 

1.1). 

 

 

 

 

 

 

 

 

 

Fig.1.1  
Structure of a geminivirus. (A) Geometrical representation of icosahedral structure 

(B) Negatively stained geminate particles in different orientations. Size bar, 30 nm. (C) Three-dimensional 

reconstruction of a geminate particle from cryoelectron microscopy data. Images B and C reproduced from 

(Shepherd et al., 2010) 

 

In groundbreaking research it was demonstrated that the so-called geminate 

particles associated with cassava latent virus, MSV and bean golden mosaic virus (now 

known as Bean golden yellow mosaic virus [BGYMV])  contained circular ssDNA 

(Goodman, 1977b; Harrison et al., 1977), and that this genomic DNA was infectious 

A B C

38nm

22nm
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when re-introduced to plants by mechanical inoculation (Goodman, 1977a). Evidence was 

provided for BGYMV and Tomato golden mosaic virus (TGMV) to suggest that at least 

some geminiviruses had divided genomes (Bisaro et al., 1982; Haber et al., 1983; 

Hamilton et al., 1982). Shortly afterwards, the nucleotide sequence of ACMV was 

established, and infectious clones were used to demonstrate a bipartite genomic structure 

(Stanley, 1983; Stanley and Gay, 1983). Thus geminiviruses are circular ssDNA 

molecules encapsidated in a twinned icosahedral capsid having monopartite or bipartite 

genomes with ssDNA circles ranging from ~2500 to ~3100 nucleotides in size (Hanley-

Bowdoin et al., 1999). 

Due to great losses caused by geminiviruses, such as those causing cotton leaf curl 

disease (CLCuD) in Pakistan, these are the subject of immense concern worldwide (Amin 

et al., 2006; Briddon et al., 2001; Mansoor et al., 2003c). These viruses encode only a 

few proteins for their replication and recruit most of their replication machinery from 

their plant hosts (Hanley-Bowdoin et al., 1999). The geminivirus group was established 

in 1979 (Matthews, 1979) and upgraded to the family Geminiviridae in 1995 (Murphy et 

al., 1995). Geminiviruses are widely distributed plant viruses infecting monocots, such as 

wheat and maize, to dicots, such as cassava and tomato (Hanley-Bowdoin et al., 1999). 

There are now 199 officially recognized geminivirus species of which 181 belong to the 

genus Begomovirus and there are over 672 complete nucleotide sequences deposited in 

databases (Fauquet et al., 2008), reflecting their economic importance and enormous 

diversity resulting from their widespread geographic distribution and host adaptation. 

Geminiviruses provide the simplest model to understand basic phenomena of life.  

These viruses have been used for studying many basic processes in plants and for 

producing useful products. Virus induced gene silencing (VIGS) is based on a silencing 

mechanism that regulates gene expression by the specific degradation of RNA (Burton et 

al., 2000). Different viruses have been use to exploit this mechanism. TGMV (Kjemtrup 

et al., 1998; Peele et al., 2001) , Cabbage leaf curl virus [(CbLCuV) (Muangsan and 

Robertson, 2004; Turnage et al., 2002)], ACMV (Fofana et al., 2004)  and Tomato yellow 

leaf curl China betasatellite (TYLCCNB ; Tao and Zhou, 2004) have been used as 

silencing vectors.  

 

1.4 Classification of geminiviruses 

Based on host range, genome organization and type of insect vector, 

geminiviruses are classified into four genera. 
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1.4.1 Mastrevirus 

The genus Mastrevirus includes leafhopper-transmitted viruses with monopartite 

genomes that infect either monocotyledonous or dicotyledonous plants (Boulton, 2002; 

Nahid et al., 2008). MSV and Wheat dwarf virus (WDV) are two well-studied monocot-

infecting members in this genus. BeYDV and Tobacco yellow dwarf virus (TbYDV) are 

dicot-infecting mastreviruses. The genomes of mastreviruses are typically 2.6-2.8 kb from 

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

required early in infection are the proteins associated with the viral replication, Rep and 

Rep A, and transcribed from the complementary-sense strand. Rep A is encoded by open 

reading frame (ORF) Rep A whereas Rep is encoded by ORFs Rep A and Rep B after 

splicing of an intron which is a distinct feature of mastreviruses (Fig 1.2).  

Proteins associated with the later functions of encapsidation and viral transport 

within, and between hosts cells (the coat protein [CP], and movement protein [MP]) are 

translated from the virion-sense transcripts. A characteristic feature of Mastrevirus  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2  

Diagram showing the typical genome arrangement of mastreviruses. The positions and orientations of genes 

are indicated by arrows. The genes in the virion-sense encode the coat protein (CP) and the movement 

protein (MP). The complementary-sense encodes the replication-associated protein (Rep) which is 

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. Also indicated 

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

structure containing the nonanucleotide sequence (TAATATTAC) forming part of the loop, and small 

intergenic region (SIR). 
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genome is that virion- and complementary-sense ORFs are separated by a large intergenic 

region (LIR) and a small intergenic region (SIR), which are non-coding and contain 

regulatory elements (Hefferon and Dugdale; 2003; Shepherd et al., 2010). 

 

1.4.2 Curtovirus 

Curtoviruses are leafhopper-transmitted viruses with monopartite genomes that 

infect dicots. The genomes of curtoviruses consist of one circular ssDNA molecule of 

~3.0 kb (Hur et al., 2007). BCTV is the well-studied curtovirus. With the exception of 

Horseradish curly top virus (HrCTV), seven ORFs are transcribed in a bidirectional 

fashion from an approximately 450nt. intergenic region (IR) that contains the origin of 

viral DNA replication (Baliji et al., 2004; Briddon et al., 1998; Klute et al., 1996; Stanley 

et al., 1986; Stenger, 1994)  (Fig 1.3). The three virion-sense ORFs, V1, V2 and V3, are 

highly conserved and encode the CP, a protein though to control the relative levels of 

viral ss and dsDNA and a protein involved in virus movement, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1.3  

The genomes of curtoviruses encode the coat protein (CP), a ss/dsDNA regulator (V2) and  putative 

movement protein (V3) in the virion-sense and the replication-associated protein (Rep), a product involved 

in a recovery phenotype (C2), an enhancer of replication (REn) and a product involved in symptom 

development (C4) in the complementary-sense. The intergenic region contains a putative hairpin structure 

with the nonanucleotide sequence (TAATATTAC) forming part of the loop. 
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The four complementary sense ORFs, C1, C2, C3 and C4, are more divergent and 

encode the Rep, a product involved in a recovery phenotype, an enhancer of replication 

and a product involved in symptom development, respectively (Briddon et al., 1989; 

Hormuzdi and Bisaro, 1993; Latham et al., 1997; Stanley and Latham, 1992; Stenger and 

Ostrow, 1996). The IR is also divergent among curtovirus species and contains species-

specific cis-acting sequences involved in replication and control of gene expression.  

 

1.4.3 Topocuvirus 

Topocovirus is the most recent genus of the family Geminiviridae. It contains a 

single dicot-infecting virus; Tomato pseudo-curly top virus (TPCTV) isolated from 

Florida (Briddon et al., 1996). This virus is transmitted by the treehopper (Micrutalis 

malleiffera) and has a monopartite genome. It encodes two ORFs (CP and V2) in the 

virion-sense and four ORFs (Rep, C2 to C4) in the complementary-sense (Fig 1.4). The 

functions of these genes have not been investigated. However, their similarity to the 

genes of the other dicot-infecting viruses suggests that they encode similar functions. 

Analysis of TPCTV genome suggests that it has features of both mastreviruses and 

begomoviruses, indicating that this virus is natural recombinant. (Briddon et al., 1996). 

TPCTV can trans-complement the movement of the DNA-A component of two bipartite 

begomoviruses (ACMV and TGMV), in the absence of their cognate DNA-B components 

(Briddon and Markham, 2001a). 

 

1.4.4 Begomovirus 

Begomoviruses (type species Bean golden yellow mosaic virus) are whitefly 

transmitted and only infect dicots (Stanley et al., 2005). This group is economically very 

important as losses due to begomoviruses are immense. Begomoviruses are the largest 

group of geminiviruses (Briddon et al., 2001; Mansoor et al., 2008). The genus includes 

monopartite (single genomic component of approx. 2.8kb), bipartite (two genomic 

component of approx. equal size known as DNA A and DNA-B; Stanley et al., 2005) (Fig 

1.5). 

The DNA-A component of bipartite begomoviruses and the genomes of 

monopartite begomoviruses encode four ORFs, termed (a)c1 to (a)c4 (c1 to c4 in 

monopartite viruses), on the complementary-sense strand. (A)C1 to (A)C3 encode the 

Rep, the transcriptional activator protein (TrAP), and the replication enhancer protein 

(REn), respectively. (A)C4 is involved in host range determination, symptom severity, 

and virus movement (Jupin et al., 1994; Laufs et al., 1995b; Wartig et al., 1997). 
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Begomoviruses encoded two genes in complementary sense strand, the V1 (Coat protein) 

and V2. However, the begomoviruses from the New World lack the AV2. The DNA B 

component encodes one gene, BV1 (the nuclear shuttle protein [NSP]) in the virion-sense 

and one gene, BC1 (the movement protein [MP]), in the complementary-sense. These two 

proteins act cooperatively to move the virus cell-to-cell within plants. The DNA-A and 

DNA-B components share little sequence similarity with the exception of a ~170nt stretch 

of sequence in the intergenic region (IR), termed the common region (CR;Hanley- 

Bowdoin et al., 1999). Although the CR sequence is usually almost identical in both  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.4  

The genome of Tomato pseudo-curly top virus encodes two ORFs (CP, V2) on the virion-sense strand and 

four ORFs (Rep, C2, C3 and C4) on complementary-sense strand. A putative hairpin structure in the 

intergenic region contains the nonanucleotide sequence (TAATATTAC) forming part of the loop. 

 

 

components, there are examples where the CRs differ substantially between the cognate 

DNA-A and DNA-B components. For example, the DNA-A and DNA-B CRs of Tomato 

leaf curl Gujarat virus (ToLCGV) and Cotton leaf crumple virus (CLCrV) differ by 40% 

and 37%, respectively (Chakraborty et al., 2003; Idris et al.,  2004). Despite these 

differences, sequences critical for replication are identical between components of each 

individual virus. 

Begomoviruses can be broadly divided into two groups based on phylogenetic 

analysis, the Old World viruses (those originating from Europe, Africa, Asia and 

Australasia) and the New World viruses (those originating from the Americas; Padidam  
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et al., 1999; Paximadis et al., 1999; Raybicki, 1994). Begomovirus genomes have a 

number of characteristics that distinguish Old World and New World viruses. All New 

World begomoviruses are bipartite, whereas in the Old World most of the viruses are 

monopartite and the majority of these associate with recently identified satellite 

molecules; very few are bipartite. In addition, all Old World begomoviruses, with an 

exception of two unusual viruses, have an extra ORF (AV2) on the genome of DNA-A 

components that is not present in New World begomoviruses (Rybicki, 1994; Stanley et 

al., 2005). New World begomoviruses also have an N-terminal PWRLMAGT motif (a 

conserved sequence of amino acids) in the CP, which is absent in Old World 

begomoviruses (Harrison and Robinson, 2002). In most Old World begomoviruses, there 

are two iterons (repeated elements in the CR specifically recognized by the Rep) 

upstream of the rep TATA box, with a complementary-sense iteron downstream. This 

downstream iteron is not found in most New World begomoviruses (Argüello-Astorga et 

al., 1994). 

It is believed that New World begomoviruses arose more recently than Old World 

viruses and it has been suggested that they may have evolved by divergence after the 

separation of the Americas from Gondwanaland, approximately 130 million years ago 

(Rybicki, 1994). The lack of diversity of New World begomoviruses, in comparison to 

those originating from the Old World, supports this suggestion. The hypothesis is that 

whiteflies moving from Asia to the Americas may have transmitted viruses that were the 

ancestors of New World viruses that we observe today. These viruses evolved separately 

from Old World viruses and this evolution would also have been accompanied by the 

early loss of the av2 gene, which would explain its absence from all New World viruses 

characterized to date. However, some recent findings have shown that New World-like 

begomoviruses are present in the Old World. Corchorus yellow vein virus (CoYVV) and 

Corchorus golden mosaic virus (CoGMV) were identified in Vietnam and have 

characteristics typical of the New World viruses, including the absence of the AV2 gene 

and N-terminal PWRLMAGT motif in the CP. It has been suggested that these may be 

the last remnants of a distinct lineage of Old World begomoviruses which were 

introduced into the New World and subsequently diverged to yield all extant New World 

begomoviruses (Ha et al., 2006; Ha et al., 2008).  

Begomoviruses are exclusively transmitted by the whitefly Bemisia tabaci 

(Gennadius). This species has a very wide host range, consisting of 500 species in 74 

plant families (Greathead, 1986), and is a vector of viruses in the families Geminiviridae, 

Potyviridae and Comoviridae as well as the genera Carlavirus and Closterovirus. 
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Whitefly-transmitted diseases have been reported mostly on herbaceous plants, more 

rarely on shrubs and trees. The main food crops affected by whitefly transmitted 

geminiviruses are tomato, pepper, tobacco, bean, squash, beet and cassava (Monsalve-

Fonnegra et al., 2001). The species is present mainly in tropical countries, but is also 

known to occur in sub-tropical and, increasingly more temperate agricultural areas.  

For transmission, begomovirus particles ingested through the whiteflies stylet 

during feeding enter the esophagus and the digestive tract, penetrate the gut membranes 

into the haemolymph, reach the salivary glands and finally enter the salivary glands from 

where they are egested with the saliva. Using immunosorbent electron microscopy with a 

TYLCV-specific antiserum, immunogold label was found in the stylets and was 

associated mainly with lumen of the food canal. Label was also detected in the proximal 

part of the descending midgut associated with food in the lumen and with electron-dense 

material in microvilli-rich gut wall epithelial cells (Czosnek et al., 2002). Another study 

reported the immunolocalization of Tomato yellow leaf curl virus (TYLCV) to the filter 

chamber and the distal part of the descending midgut (Brown and Czosnek, 2002). These 

results suggest that the microvilli are the sites rich in putative begomovirus receptors and 

may serve as the primary site allowing internalization of virus particles. Geminiviruses do 

not replicate in their insect vectors (Boulton and Markham, 1986). The CP is the only 

begomoviral gene product that interacts with whitefly factors during the circulative 

transmission of the virus and the specificity of geminivirus transmission from insect to 

plant resides with the CP. Replacement of CP gene of ACMV with that of BCTV altered 

insect specificity for transmission from whitefly to the leafhopper vector of BCTV 

(Briddon et al., 1990). Mutagenesis of the CP of a non transmissible isolate of AbMV 

showed that the exchange of two amino acids, at positions 124 and 149, was sufficient to 

obtain a whitefly-transmissible AbMV mutant (Höhnle et al., 2001). In a similar study 

with the curtovirus Beet mild curly top virus, most CP C-terminal alanine scanning 

mutants were not leaf-hopper transmissible (Soto et al., 2005).  

Whiteflies feed on phloem sap by inserting their stylets into plant tissue and 

locating the vascular tissue (Pollard, 1955). Whitefly-mediated transmission of TYLCV 

to tomato plants and observation of disease symptoms has indicated that the minimum 

acquisition access period (AAP) and inoculation access period (IAP) is 15 to 30 minutes. 

A single insect is able to infect a tomato plant with TYLCV following a 24h AAP. 

However, using PCR TYLCV DNA can be detected in a single insect as early as 5-10 

minutes after the beginning of the AAP (Atzmon et al., 1998; Ghanim et al., 2001a; 

Navot et al., 1992). Similarly, the viral DNA can be detected at the site of inoculation in 
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tomato after a 5 minute IAP (Atzmon et al., 1998). A single insect is able to infect a 

tomato plant with TYLCV following a 24 h AAP, although not all plants inoculated in 

this way will become infected. The efficiency of transmission reaches 100% when 5 to 15 

insects are used (Cohen and Nitzany, 1966; Mansour and Al-Musa, 1992; Mehta et al., 

1994). A similar number of insects are necessary to achieve 100% transmission of the 

New World bipartite geminivirus, Squash leaf curl virus (SqLCV; Cohen et al., 1983). 

The efficiency of acquisition and transmission of TYLCV varies with the gender and age 

of whitefly. Nearly all 1-2 week old adult females were able to cause an infection in 

tomato plants following a 48 h IAP. In comparison, only about 20% of males of the same 

age were able to produce infected plants. Inoculation capacity decreased with the age of 

the insect; 60% of 3 week old females were able to cause an infection in plants, whereas 

no infected plants were obtained following inoculation by males of the same age. In 

contrast, only 20% of 6 week old females were able to infect tomato plants. Although the 

rate of TYLCV translocation is similar in males and females, it is possible that different 

amounts of virus translocate (Ghanim et al., 2001b), or that the putative begomovirus 

receptors in males and females differ. In contrast, male and female whiteflies transmitted 

SqLCV with the same efficiency (Polston et al., 1990). The reason for these differences is 

unclear. 

 

1.5 Proteins encoded by geminiviruses 

1.5.1 Replication-associated protein (Rep) 

This protein, of about 41kDa, is encoded by ORF C1 (also called AC1 or AL1) in 

all geminiviruses and, due to its similarities with rolling circle DNA replication initiator 

proteins of some prokaryotic plasmids (Koonin and Ilyina, 1992), has been called 

“Replication associated protein” (Laufs et al., 1995b). Rep is known to possess modular 

functions (Campos-Olivas et al., 2002; Orozco and Hanley-Bowdoin, 1998). During 

rolling circle replication (RCR), Rep binds to repeated elements (iterons) near the stem 

loop structure, makes a site-specific nick at TAATATT↓AC in the loop region of the 

hairpin structure of the plus strand to initiate replication and binds to the 5′ end of the 

nicked DNA via a tyrosine residue. The 3′-OH end of the DNA is probably then used as a 

primer for synthesis of the viral DNA (Heyraud-Nitschke et al., 1995). Rep also acts as a 

replicative helicase by forming a large oligomeric complex and the helicase activity is 

dependent on the oligomeric conformation (~24 mer) (Choudhury et al., 2006). 

Mastreviruses encode two replication-associated proteins, RepA and Rep, which are 
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translated from messenger RNA splicing variants. The Rep protein of mastreviruses is the 

functional homologue of Rep of begomoviruses (Heyraud-Nitschke et al., 1995). 

The three dimensional solution nuclear magnetic resonance (NMR) structure has 

been elucidated for the catalytic domain of the Rep protein of the begomovirus TYLCV 

(Campos-Olivas et al., 2002). Structural analysis points towards a conserved architecture 

of the above domain in prokaryotic and eukaryotic Rep proteins and in number of 

functionally diverse proteins. Rep is also known to induce host replication machinery 

presumably to enable the virus to replicate in differentiated cells (Egelkrout et al., 2002; 

Kong et al., 2000). The protein binds with retinoblastoma related proteins (RBR) 

involved in the cell-cycle that prevent cell entry into S phase by sequestering transcription 

factors (Collin et al., 1996). The Rep protein of TGMV binds to RBR through an 80-

amino acid region that contains two predicted α-helices (Arguello-Astorga et al., 2004). It 

activates host transcription in mature leaves by relieving RBR/E2F repression. The RBR 

binding activity of Rep and the ability of TGMV infection to overcome E2F- mediated 

repression of the proliferating cell nuclear antigen (PCNA; the processivity factor for 

DNA polymerase δ [Castillo et al., 2003]) promoter support a model whereby 

geminivirus replication proteins modulate host gene expression through the pRBR/E2F 

pathway. According to this model, in mature plant cells, E2F binds to the PCNA 

promoter and recruits pRBR, which in turn recruits chromatin remodeling activities, such 

as histone deacetylases and SWI/SNF like enzyme, to create a repressor complex (Zhang 

and Dean, 2001). In this case host gene expression is activated, leading to the production 

of the requisite host DNA replication machinery. Geminivirus replication proteins also 

interact with the replication factor C (RFC) complex, the clamp loader that transfers 

PCNA to the replication fork (Castillo et al., 2003; Luque et al., 2002). These interactions 

are likely to represent early steps in the assembly of a DNA replication complex on the 

geminivirus origin. ACMV Rep protein induces re-replication in fission yeast. Upon 

expression of Rep, cells exhibited morphological changes. They were elongated threefold 

on average and possessed a single, but enlarged and less compact nucleus in comparison 

to non-induced cells. Rep expressing cells exhibited DNA contents beyond 2C indicating 

ongoing replication without intervening mitosis (Kittelmann et al., 2009). TGMV Rep 

also binds histone H3, a mitotic kinesin, a novel protein kinase (GRIK) (Kong and 

Hanley-Bowdoin, 2002), and Ubc9, a component of the sumoylation pathway (Castillo et 

al., 2004). 
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1.5.2 Transcriptional activator protein (TrAP) 

The transcriptional activator protein (TrAP) resembles a typical transcription 

factor in several respects: it has a nuclear localization signal (NLS), a zinc finger-like 

domain composed of cysteine and histidine residues, and an acidic activation domain 

(Dong et al., 2003; Hartitz et al., 1999; Shivaprasad et al., 2005; van Wezel et al., 2003). 

The TrAP protein encoded by begomoviruses is a transcriptional activator, a silencing 

suppressor, and a suppressor of a basal plant defense. TrAP is a nuclear protein 

(Sanderfoot and Lazarowitz, 1995) that transactivates virion-sense gene expression 

(Sunter and Bisaro, 1992; Sunter et al., 1994). TrAP-mediated stimulation of these 

promoters is complex and involves both activation and derepression mechanisms (Sunter 

and Bisaro, 1992; Sunter and Bisaro, 1997; Sunter and Bisaro, 2003). This function of 

TrAP is in the case of bipartite begomoviruses while in the case of mastreviruses this 

function is provided by Rep A (Collin et al., 1996). Various experiments established that 

activation is at the level of transcription (Sunter and Bisaro, 1992). For example, in 

transgenic plants containing virion-sense promoter-reporter fusions, TrAP activated the 

promoter in mesophyll cells and derepressed it in phloem tissue (Sunter and Bisaro, 

1997). Similarly, ACMV infection activated a transgene that was under the control of the 

promoter inducible by TrAP (Hong et al., 1997). In vitro binding experiments with  

TYLCV TrAP showed that this protein bind both ssDNA and dsDNA but preferably 

ssDNA. The DNA binding activity of TrAP was sequence independent and might be 

unrelated to its transactivation activity (Noris et al., 1996). 

In addition to its core role in viral transcription, TrAP also is a pathogenicity 

factor that suppresses more than one host defense pathway. Constitutive expression of 

TGMV TrAP and C2 of BCTV (the TrAP homolog that is, for BCTV, not involved in up-

regulation of the virion-sense promoter) in transgenic N. benthamiana plants developed a 

novel enhanced susceptibility phenotype characterized by a reduction in mean latent 

period (time to first appearance of symptoms) and by a decrease in the inoculum 

concentration required to elicit infection without a significant increase in disease 

symptoms or virus replication (Sunter et al., 2001). Enhanced susceptibility correlates  

with the ability of TrAP/C2 to interact with and inactivate SNF1 kinase, a global 

regulator of metabolism that responds to the cellular energy charge (Hao et al., 2003). 

However, the exact nature of the defenses mediated by SNF1, which appears to influence 

the property of viral infectivity rather than virulence, remains uncharacterized.  
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Fig. 1.5  

Genomic organization of begomoviruses and begomovirus-associated satellites. Bipartite begomoviruses 

have genomes consisting of two components known as DNA-A (encoding the replication-associated protein 

[Rep], coat protein [CP], replication enhancer protein [REn], transcriptional activator protein [TrAP] and a 

protein possibly involved in virus movement [AV2], pathogenicity determinant that can be a suppressor of 

RNA silencing [AC4], viral genome replication [AC5]) and DNA-B (encoding the nuclear shuttle protein 

[NSP] and movement protein [MP]). The genomes of monopartite begomoviruses consist of one component 

homologous to the DNA-A of the bipartite viruses and the majority of these are associated with 

alphasatellites and betasatellites. Alphasatellites are self replicating molecules encoding their own Rep. 

Betasatellites are dependent on their helper viruses for their replication and encode a single protein, βC1, 

which up regulates the replication of the helper virus and suppresses host defense. Both satellites have an 

A-rich region and, in addition to this, betasatellites have a region of sequence conserved between all that is 

known as the satellite conserved region (SCR). 
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Begomovirus TrAP proteins and BCTV C2 protein also are suppressors of RNA 

silencing, an antiviral defense first observed in plants (Baulcombe, 2002; Ding et al., 

2004; Roth et al., 2004; Voinnet, 2005c). TrAP interacts with itself and the zinc finger-

like motif (C-X-C-X7-C-X6-H-X4-HC) is required, but is not sufficient for, TrAP self-

interaction. Using bimolecular fluorescence complementation, it was shown that 

TrAP:TrAP complexes accumulate primarily in the nucleus, whereas TrAP:ADK 

complexes accumulate mainly in the cytoplasm. Thus, TrAP self-interaction correlates 

with nuclear localization and efficient activation of transcription, whereas TrAP 

monomers can suppress local silencing by interacting with ADK in the cytoplasm (Yang 

et al., 2007). Following expression in insect cells from a baculovirus vector, 

phosphorylated TrAP accumulates predominately in the nucleus, while non-

phosphorylated forms are found in both the nucleus and the cytoplasm, suggesting that 

subcellular localization is influenced by as yet unidentified cellular kinases (Wang et al., 

2003a). 

TrAP is also reported to counter hypersensitive cell death. The NSP of Tomato 

leaf curl New Delhi virus (ToLCNDV) is an avirulence determinant and induces a 

hypersensitive response (HR) in N. tabacum and Lycopersicum esculentum plants when 

expressed under the control of the Cauliflower mosaic virus 35S promoter. Co-

inoculation of all ToLCNDV-encoded genes pinpointed the TrAP as the factor mediating 

the inhibition of cell death and deletion mutagenesis showed the central region of TrAP, 

containing a zinc finger domain and NLS, to be important in this inhibition (Hussain et 

al., 2007). Similarly Papaya leaf curl virus (PaLCuV) TrAP was shown to counter the 

hypersensitive response induced by the V2 protein gene of (Mubin et al., 2010). 

 

1.5.3 Replication enhancer protein (REn) 

The replication enhancer protein (REn) facilitates the accumulation of high levels 

of viral DNA (Sunter et al., 1990), possibly by modifying the activity of Rep and/or 

aiding in the recruitment of the host replication enzymes (Castillo et al., 2003; Settlage et 

al., 1996). It has been observed that the REn protein is located in nuclei of infected plant 

cells at levels similar to Rep (Nagar et al., 1995), suggesting that it might act with Rep 

during initiation of viral DNA replication. Experimental observation suggested that REn 

protein might increase the affinity of Rep for the origin (Mohr et al., 1990) while for 

mastreviruses it is possible that their unique Rep A protein might serve a similar function, 

since mastreviruses do not encode the REn protein (Laufs et al., 1995b; Orozco and 

Hanley-Bowdoin, 1996). REn is a highly hydrophobic small protein of only 134 amino 
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acids, which is very well conserved among all begomoviruses and most curtoviruses 

(Castillo et al., 2003). REn also homo-oligomerizes and interacts with at least two host-

encoded proteins, PCNA and the pRBR. Analysis of the REn of TYLCV in yeast two-

hybrid assays indicated that mutations that inactivate REn replication enhancement 

activity also reduce or inactivate REn oligomerization, as well as interaction with Rep and 

PCNA. In contrast, mutated REn proteins impaired for RBR binding were fully functional 

in replication assays. Hydrophobic residues in the middle of the REn protein were 

implicated in REn interaction with itself, Rep and PCNA, while polar residues at both the 

C and N termini of the protein were shown to be important for REn-RBR interaction. 

These experiments established the importance of REn-REn, REn-Rep, and REn-PCNA 

interactions in geminivirus replication. While REn-RBR interaction is not required for 

viral replication in cycling cells, it may play a role during infection of differentiated cells 

in intact plants (Settlage et al., 2005). A recent study shows that both Tomato leaf curl 

virus (ToLCV) and TGMV REn interact with a transcription factor in the NAC family 

and that this interaction is necessary for enhancement of replication (Selth et al., 2005). 

 

1.5.4 (A)C4 

(A)C4 is present in dicot-infecting geminiviruses, with the exception of  those in 

the genus Mastrevirus, and overlaps with Rep. Mutation analysis of C4 of BCTV has 

shown that this protein is involved in symptom development. Mutants having stop codon 

at two different locations in c4 gene without affecting the amino acid sequence of Rep 

were produced. Upon inoculation into N. benthamiana, the mutant produced stunting and 

yellowing of leaves and downward leaf curling but not vein swelling and upward curling, 

which are characteristic symptoms produced by the wild type virus. The level of viral 

DNA of mutant virus was similar to the wild type virus (Stanley and Latham, 1992). The 

mutant caused symptomless infection in Beta vulgaris, although the levels of viral DNA 

often reached those of wild type and the mutant virus was able to move systemically in 

plants. The results suggested that C4 is the major determinant of pathogenesis of the 

virus. The expression of C4 protein in transgenic N. benthamiana produced virus-like 

symptoms which further confirmed its role in symptom development (Latham et al., 

1997). 

Mutation analysis of C4 of monopartite begomoviruses has shown that it is 

involved in symptom development (Jupin et al., 1994; Rigden et al., 1994). 

Agroinoculation of a mutant of ToLCV produced drastically reduced symptoms, although 

the level of viral DNA was similar to the wild type virus and suggests that C4 is not 
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required by ToLCV to replicate or to spread through the host plant but is involved in 

symptom development (Rigden et al., 1994). Like the MP of bipartite begomoviruses, C4 

of TYLCV was localized to the cell periphery (Rojas et al., 2001). Mutation analysis of 

the AC4 of bipartite geminiviruses resulted in wild type symptoms and no role could be 

ascribed to the product of this gene (Elmer et al., 1988; Etessami et al., 1989). The AC4 

proteins of ACMV and Sri Lankan cassava mosaic virus (SLCMV) have been shown to 

act as suppressors of PTGS (Vanitharani et al., 2004). 

 

1.5.5 (A)V2 

The (a)v2 gene, with exception of two species (as described earlier), is unique to 

Old World begomoviruses, but absent in begomoviruses from the New World. Mutation 

analysis has shown that the (A)V2 protein is involved in the movement of begomoviruses 

(Padidam et al., 1996). The TYLCV V2 localized around the nucleus and at the cell 

periphery and co-localized with the endoplasmic reticulum. These patterns of localization 

were similar to that of the MP of bipartite begomoviruses (Rojas et al., 2001). Mutation 

of the v2 of the Mastrevirus MSV resulted either in low levels of replication, in which all 

the DNA forms associated with wild type infection were produced, or in no infection, in 

which case CP production may also have been affected (Boulton et al., 1989a). 

Disruption of the v2 gene of ToLCV led to symptomless, systemic infection with a 

reduced titer of all viral DNA forms (Rigden et al., 1993). Mutagenesis of EACMZV has 

demonstrated that AV2 is not essential for symptomatic infection of cassava, however 

symptoms were attenuated. Furthermore AV2 mutants were compromised for CP 

production suggesting a close structural and/or functional relationship between these 

genes (Bull et al., 2007). 

 

1.5.6 Coat protein (CP) 

The coat protein (CP) of geminiviruses is a multifunctional protein required for a 

range of functions associated with encapsidation, accumulation of viral ssDNA, insect 

transmission and both intracellular and intercellular movement. The most important 

function of the CP is to form the shell in which genomic ssDNA is encapsidated. A study 

based on MSV revealed that geminate particles are assembled from 110 protein subunits, 

organized as 22 pentameric capsomers (Zhang et al., 2001). CP is also involved in the 

systemic movement of the virus, particularly so for monopartite viruses. Mutation in this 

gene lead to a decreased level of viral DNA in the infected plants while the level of viral 

DNA is not affected in protoplast, suggesting impairment of movement function (Boulton 
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et al., 1991). The localization of the product of this ORF in secondary plasmodesmata 

with the onset of viral lesions is consistent with its role in the movement of monopartite 

geminiviruses (Dickinson et al., 1996). The TYLCV CP localized to the nucleus and 

nucleolus and acted as nuclear shuttle, facilitating import and export of DNA (Rojas et 

al., 2001). The CP of MYMV is thought to be involved in transport of the viral genome in 

the nucleus. In this study two nuclear localization signals were identified within the N-

terminal part of CP. In vitro pull down assays revealed interaction of MYMV CP with the 

nuclear import factor importin α suggesting that CP is imported into the nucleus via an 

importin α-dependent pathway (Guerra-Peraza et al., 2005). Nuclear localization of 

geminivirus CPs has been described for TYLCV (Kunik et al., 1998; Rojas et al., 2001), 

MSV (Liu et al., 1999) and ACMV (Unseld et al., 2001). Mutation of the CP of ToLCV 

disrupted spread of the virus (Rigden et al., 1993). The CP of BCTV is essential for its 

infectivity (Briddon et al., 1989). MSV requires CP to produce symptomatic systemic 

infection and mutants containing insertions or deletions in CP gene were able to replicate 

to low levels, producing dsDNA although virion ssDNA was not detected and symptoms 

were not observed (Boulton et al., 1989). Insect vector specificity of geminiviruses is 

associated with the CP. Replacement of CP of ACMV with that of BCTV changed the 

insect vector from whitefly to leafhopper (Briddon et al., 1989). 

 

1.5.7 Nuclear shuttle protein (NSP) 

Replication of geminiviruses takes place in nucleus thus they require movement of 

virus from the cytoplasm into the nucleus along with cell- to- cell movement. The DNA-

B component of bipartite geminiviruses encodes two proteins, NSP and MP. These gene 

products have been implicated in local and systemic spread, symptom development, host-

range determination and virus transmission (putting the virus where the insect feeds) by 

whiteflies. The requirement of DNA-B products for these functions varies for different 

viruses and specific host-virus combinations. Mutation in either of these genes eliminated 

virus infectivity but did not affect virus replication or encapsidation (Brough et al., 1988; 

Etessami et al., 1988). 

  NSP has been shown to bind to ssDNA with high affinity and localizes to the 

nucleus (Pascal et al., 1994) and also has sequence non-specific affinity for dsDNA 

(Hehnle et al., 2004). There are two possible NLSs in NSP. A mutation in either of the 

potential NLSs severely impaired or eliminated viral infectivity. The C-terminus of NSP 

is required for interaction with MP (Sanderfoot et al., 1996). A number of host factors 

that interact with NSP have now been identified, including an Arabidopsis 
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acetyltransferase and a receptor-like protein kinase from tomato and soybean (Mariano et 

al., 2004; McGarry et al., 2003). Based on differential interaction with NSP and CP, it 

has been proposed that acetylation may be involved in the segregation of ssDNA for 

movement and encapsidation, respectively (McGarry et al., 2003). Phosphorylation of 

NSP by the kinase may regulate the movement of viral DNA, or mask the protein from 

triggering a host resistance response (Mariano et al., 2004). In this regard, NSP has been 

shown to act as an avirulence factor in common bean (Garrido-Ramirez et al., 2000; 

Hussain et al., 2005). The synthesis of NSP is regulated at the transcriptional level by 

TrAP transactivation (Sunter and Bisaro, 1991). 

 

1.5.8 Movement protein (MP) 

The movement protein (MP) of begomoviruses is involved in virus movement 

from cell to cell. It binds cooperatively to DNA in a form- and size specific manner 

(Rojas et al., 1998). MP is a plasmodesmatal movement protein and mediates the 

movement of dsDNA (Noueiry et al., 1994; Sudarshana et al., 1998). There are two 

hypotheses about the role of MP in viral DNA movement. According to “relay race 

model” NSP transfers dsDNA from the nucleus to the cytoplasm and transfers it to the 

MP for plasmodesmatal crossing. The “couple-skating model” suggests that viral ssDNA 

is shuttled between the nucleus and the cytoplasm in an NSP-containing complex, which 

then interacts with MP to move from cell to cell. The requirement of both proteins for 

intercellular movement was demonstrated for BDMV, where mutation of the NSP and 

MP proteins restricted the cell-to-cell movement of viral DNA (Sudarshana et al., 1998). 

Electron microscopic studies have shown that MP promotes redirection of NSP of AbMV 

to the plasma membrane in fission yeast (Frischmuth et al., 2007). A minimal domain of 

MP (amino acids 117-160) has been identified that is necessary and sufficient to target a 

reporter to the cell periphery (Zhang et al., 2002). Sequence analysis of this domain 

revealed a putative amphiphilic helix which could serve as an anchor of the protein in one 

leaflet of the membrane, although no trans membrane helices or signal peptides were 

recognizable (Zhang et al., 2002). The MP protein of BDMV increases the size exclusion 

limit (SEL) of plasmodesmata of cells into which it is injected, and the protein mediates 

viral DNA transport from cell-to-cell (Noueiry et al., 1994; Rojas et al., 1998).The 

combined properties of the geminivirus-encoded MP and plasmodesmata were shown to 

impose a strict limitation on the size of the viral genome at the level of cell-to-cell 

movement (Gilbertson et al., 2003). 
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The MP of begomoviruses has been reported to be involved in symptom 

development. The importance of the movement protein as a key pathogenicity factor was 

demonstrated by constitutively expressing the MP of  Squash leaf curl virus (SqLCV) in 

N. benthamiana (Pascal et al., 1993) and the MP of Tomato mottle virus (ToMoV) in N. 

tabacum (Duan et al., 1997), in which they induced phenotypes reminiscent of the wild-

type virus disease symptoms. In a related study expression of both MP and NSP of 

Squash SqLCV in transgenic plants showed that the expression of MP alone is sufficient 

to cause mosaic and leaf curl symptoms, typical of SqLCV infection. These results 

suggest a role of MP in symptom development for bipartite geminiviruses (Pascal et al., 

1993). 

 

1.6 DNA replication of geminiviruses 

Geminiviruses replicate in the nucleus of infected cells by a rolling-circle 

mechanism (Saunders et al., 1991; Stenger et al., 1991) from a dsDNA intermediate, 

produced by complementary-sense DNA synthesis that is initiated from a short RNA 

primer (Donson et al., 1984; Saunders et al., 1992). The multifunctional Rep is 

indispensable for the precise initiation and termination of this process. RCR occurs in two 

stages; first by conversion of the genomic ssDNA into a dsDNA intermediate and then 

replication by the RCR mechanism analogous to that found in a class of eubacterial 

plasmids and in some bacteriophages and prokaryotic ssDNA replicons (Bisaro, 1996 

Saunders et al., 1991; Stenger et al., 1991; Timmermans et al., 1994). The iterons are Rep 

binding sites in the intergenic/common region that participate in the initiation of 

replication as well as the control of complementary-sense gene expression (Hanley-

Bowdoin et al., 1999). It has been proposed that iteron binding occurs prior to the 

introduction of a nick within the virion-sense strand of the loop sequence (Laufs et al., 

1995a; Orozco and Hanley-Bowdoin, 1996), covalent attachment of Rep to the exposed 

5′-terminus (Laufs et al., 1995b) and elongation of the 3′-terminus using the 

complementary-sense template, following the recruitment of host factors (Kong et al., 

2000; Luque et al., 2002; Nagar et al., 1995; Selth et al., 2005). The sequence-specific 

nature of the high affinity binding sites explains why Rep and the origin of replication of 

distinct begomoviruses are usually incompatible. 

For mastreviruses, the primer for complementary-strand DNA synthesis is 

encapsidated in virions. The primer DNA fragments of MSV (Donson et al., 1984) and 

WDV (Hayes et al., 1988) are about 80 nucleotides containing 5′ terminal 

ribonucleotides. An RNA primer preceding the synthesis of the complementary DNA of 
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ACMV has been identified in the DNA replication intermediates of ACMV infected 

tobacco plants. Synthesis of the putative RNA primer initiates somewhere between 

nucleotide 2581 to 221 of ACMV, a region that includes the intergenic region (Saunders 

et al., 1992). At the onset of virion-sense DNA synthesis, a nick is introduced in the plus 

strand within the nonanucleotide TAATATT/AC (the slash indicates the nicking site) at 

the origin of replication which is identical among all geminiviruses*. This function is 

provided by the Rep proteins (Laufs et al., 1995c) that remains bound to the 5' end of the 

cleaved strand. The 3' terminus of the nicked DNA serves as a primer for DNA synthesis; 

displacing the original virion-sense DNA as the template (complementary) strand is 

copied. DNA polymerases that synthesize the virion-strand continuously circles around 

the circular complementary DNA template. As a unit-length virion-strand is synthesized, 

it is cut and ligated to form a closed circular single-stranded virion DNA. Rep protein also 

has a joining activity that acts as a terminase and resolves the nascent viral single strand 

into genome sized units (Laufs et al., 1995c). This close-circular ssDNA can then either 

serve as template for replication or are encapsidated into virions. The cleavage activity is 

initiated by tyrosine-103 and this tyrosine is the physical link between the Rep protein 

and its DNA origin (Laufs et al., 1995b). However the RCR model is unusual as 

geminiviruses transcribe bidirectionally, thus risking collision between replication and 

transcription complexes (Brewer, 1988) It has been proven by two-dimensional gel 

analysis and electron microscopy that AbMV uses rolling circle replication (Jeske et al., 

2001). However, only a minority of DNA intermediates detected were consistent with this 

model. The majority were compatible with a recombination-dependent replication (RDR) 

mechanism (Jeske et al., 2001). During development of infected leaves viral 

intermediates compatible with RCR and RDR appeared simultaneously, whereas 

agroinoculation of leaf discs with AbMV lead to an early appearance of RDR forms but 

no RCR intermediates. Inactivation of viral genes TrAP and REn delayed replication, but 

produced the same DNA types seen in a wild-type infection, indicating that these genes 

were not essential for RDR in leaf discs. Geminiviruses from different genera and 

geographic origins were analyzed by using BND (benzoylated naphthoylated DEAE) 

cellulose chromatography in combination with improved high resolution two dimensional 

gel electrophoresis, and it was concluded that multitasking (utilization of both RCR and  

 

* Recently two geminiviruses Eragrostis curvula streak virus (ECSV) and  Beet curly top Iran virus 

(BCTIV) with nonanucleotide sequence TAAGATTCC   have been identified. However, Koch’s postulate  

has yet to be satisfied for both the viruses (Varsani et al., 2009, Yazdi et al., 2008) 
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RDR mechanisms) in replication is widespread amongst geminiviruses (Preiss and Jeske, 

2003). 

1.7 Satellites associated with begomoviruses 

The first ever satellite virus was identified in 1969 associated with a nepovirus  

(Tobacco ringspot virus; Schneider, 1969), and since that time, a large number of 

satellites 

RNAs, associated with several groups of plant viruses, have been reported (Mayo et al., 

2005). A large number of these satellite RNAs do not encode functional proteins but 

nevertheless can have a profound effect on the symptoms induced by their helper viruses, 

ranging from symptom amelioration to an increase in symptom severity (Roossinck et al., 

1992). The first ever DNA satellite discovered, referred to as ToLCV-sat, was isolated 

from tomato plants infected with the monopartite begomovirus ToLCV (Dry et al., 1997). 

This circular satellite is small (682 nucleotides) with no open reading frames and little 

sequence similarity to its helper virus, with the exception of sequences within the apex of 

two stem-loop structures, one containing the conserved geminivirus TAATATTAC motif 

and the other containing a putative ToLCV Rep binding motif (iteron) (Behjatnia et al., 

1998). ToLCV-sat is not required for ToLCV infectivity and had no effect on the 

symptoms induced by the helper virus but it is dependent on the helper begomovirus for 

its replication and encapsidation and thus it represents a true satellite. 

Cotton leaf curl disease (CLCuD) was reported in the Sudan almost 80 years ago 

and has been a major constraint to cotton production in Pakistan for over a decade  

(Briddon and Markham, 2001b; Nour and Nour, 1964). The disease is associated with 

several distinct monopartite begomoviruses (Amin et al., 2006; Briddon, 2003; Idris and 

Brown, 2002; Kirthi et al., 2004; Mansoor et al., 2003a; Zhou et al., 1998). Similarly 

Ageratum conyzoides is a widespread weed that frequently exhibits a yellow vein 

phenotype (Ageratum yellow vein disease; AYVD) that has been attributed to 

geminivirus infection (Tan and Wong, 1993). The monopartite begomovirus Ageratum 

yellow vein virus (AYVV) was isolated from infected Ageratum, and the single genomic 

component was shown to be infectious in Nicotiana benthamiana (Tan et al., 1995). 

However, re-introduction of the cloned genomic component into Ageratum produced only 

an asymptomatic infection (Saunders et al., 2000; Saunders and Stanley, 1999). Similarly 

the cloned genome of Cotton leaf curl Multan virus (CLCuMV) failed to produce typical 

CLCuD symptoms when reintroduced to cotton. All efforts to clone DNA B components 

associated with either virus were unsuccessful, suggesting the presence of another 

factor/molecule (Briddon et al., 2000). A search for additional components resulted in the 



Introduction and review of literature 
 

23 

 

isolation of a small circular ssDNA, referred to as DNA-1 (Mansoor et al., 1999), that is 

representative of a new class of component associated with monopartite begomoviruses 

that are collectively referred to as alphasatellites (Briddon et al., 2004). The alphasatellite 

associated with CLCuD is approximately half the size of its helper begomovirus (1370 

nucleotides) and encodes a Rep. It can replicate autonomously in the cells of host plants 

but depends on the helper begomovirus for encapsidation and movement both within and 

between plants. It is clearly related to the Rep encoding components of viruses of the 

family Nanoviridae (Briddon et al., 2004; Saunders et al., 2002). It has been suggested  

that nanovirus Rep-encoding components became associated with begomoviruses during 

mixed infections. Maintenance by a begomovirus will have required a slight size increase, 

since there is a stringent size surveillance mechanism that operates during virus 

movement within the plant (Etessami et al., 1989; Gilbertson et al., 2003), and it is 

possible that size constraints also apply during encapsidation (Frischmuth et al., 2001). 

.Comparison of alphasatellites and nanovirus Rep encoding components suggests the 

increase in size of the nanovirus component may have occurred by inclusion of an A-rich 

region, possibly generated by a template slipping mechanism during replication. Despite 

sharing no significant sequence homology with their helper begomoviruses and 

dependence on the begomovirus for their maintenance, alphasatellites cannot strictly be 

defined as satellite DNAs according to current definition because they replicate 

autonomously (Mayo et al., 2005). Although the discovery of alphasatellites did not 

resolve the etiology of either disease, because presence of respective alphasatellites did 

not affect the symptoms of the disease (Mansoor et al., 1999; Saunders and Stanley, 

1999) it did stimulate the search for additional components associated with these diseases.  

A database search showed sequences of unknown origin within a recombinant 

molecule associated with AYVV infection (Stanley et al., 1997) that lead to the isolation 

of an alphasatellite associated with AYVD (Saunders and Stanley, 1999). However, 

further recombinant molecules contained sequences not related to alphasatellites. In this 

way, a novel ssDNA component of approximately half the size of the helper begomovirus 

was isolated and shown to induce the yellow vein phenotype when re-introduced with 

AYVV into Ageratum (Saunders et al., 2000). The component at that time was named 

DNA β (now known as Ageratum yellow vein betasatellite [AYVB]) because, in many 

respects, it functionally resembled the DNA-B component of bipartite begomoviruses. 

Transmission and propagation studies of both the components of the disease in Ageratum 

using the whitefly vector confirmed the etiology of the disease. Soon afterwards, a 

betasatellite isolated from cotton was used to show that CLCuD was caused by a similar 
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monopartite  begomovirus/betasatellite complex (Briddon et al., 2001). Since then a large 

number of betasatellite-associated disease complexes have been identified in a wide 

variety of plant species growing throughout Africa and Asia (Briddon et al., 2008; 

Mansoor et al., 2006). 

ToLCV-sat shows significant homology with betasatellites; for example, it shares 

approximately 45% nucleotide sequence identity with AYVB (Briddon and Satnley, 

2006). Thus ToLCV-sat is a defective satellite that has remained in association with 

ToLCD despite playing no role in the proliferation of the helper begomovirus, and 

suggest that ToLCV may once have been associated with a functional betasatellite 

(Saunders et al., 2000).  

Betasatellites share no significant homology with their helper begomoviruses  and 

are entirely dependent on them for their replication, encapsidation and movement within 

and between plants. Based on these characters they represent true satellite molecules and 

are thus officially recognized as satellites (Mayo et al., 2005). However, although AYVV 

and CLCuMV can systemically infect Ageratum and cotton, respectively (Briddon and 

Markham, 2001b; Saunders and Stanley, 1999), both helper begomoviruses accumulate 

only to low levels in these hosts in the absence of betasatellite (Briddon and Markham, 

2001b; Saunders et al., 2000). For this reason, it is likely that the helper begomovirus will 

not be maintained in its natural host in the absence of a betasatellite (Briddon and Stanley, 

2006).  

In contrast to the alphasatellites the evolutionary origin of betasatellites remains 

unclear. Betasatellites contain an A-rich region suggesting that, like alphasatellites, they 

may have originated as a bona fide component of another pathogenic agent prior to being 

captured by the begomovirus, necessitating a slight increase in size. However, such a 

putative pathogenic agent need not necessarily have existed in plants. For example, 

ToLCV has been show to replicate in Agrobacterium, a soil-born prokaryote that can 

transfer exogenous DNA into plants where it becomes integrated into the genome (Rigden 

et al., 1996). This observation implies that similar fundamental processes occur in 

prokaryotic and eukaryotic backgrounds, prompting the suggestion that geminiviruses 

may have originated from prokaryotic episomal replicons that undergo rolling circle 

replication. Phylogenetic and clustering analyses of various RCR Reps suggest that Rep 

proteins of geminiviruses share a most recent common ancestor with Reps encoded on the 

plasmids of phytoplasmas, parasitic wall-less bacteria replicating both in plant and insect 

cells and therefore occupying a common ecological niche with geminiviruses. Modeling 

suggests that the geminiviral capsid protein shares the same structural fold, the viral jelly-
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roll, with the vast majority of icosahedral plant-infecting ssRNA viruses. This study 

suggested a plasmid-to-virus transition scenario, where a phytoplasmal plasmid acquired 

a capsid-coding gene from a plant RNA virus to give rise to the ancestor of geminiviruses 

(Krupovic et al., 2009). 

  AbMV DNA has been shown to be associated with plastids as well as the nucleus 

(Gröning et al., 1987), an observation that may reflect a past functional relationship with 

these putative prokaryotic-like endosymbionts. Phylogenetic analysis provides 

compelling evidence to suggest that vertebrate circoviruses may have originated from 

plant nanoviruses (Gibbs and Weiller, 1999) possibly facilitated by arthropod vector 

intermediaries which serve as a common feature between them. Thus, it is not 

inconceivable that genetic material can also be transferred in the opposite direction, to 

plants from animals or sap-sucking arthropods. 

 

1.8 Features of betasatellites 

Comparisons of the nucleotide sequences of all betasatellite identified three 

absolutely conserved features: (1) a predicted stem loop structure with the loop sequence 

TAA/GTATTAC [the nonanucleotide sequence (NS)], contain a region of high sequence 

similarity referred to as the “satellite conserved region” (SCR), and (2) an adenine- (A) 

rich region approximately 370 to 420nts upstream of the SCR. (3) a single positionally 

and sequence conserved gene encoded on the complementary-sense strand known as the 

βc1 gene (Amin et al., 2006; Briddon et al., 2003).  

 

1.8.1 A-Rich region 

The A-rich region is typically between 160 and 280 bases in length and has 

between 57 and 65% A contents (the overall A content of betasatellite is between 28 and 

38%). The A-rich region is maintained for all DNA molecules including defective 

molecules and the ToLCV-sat. This region has repeated blocks of up to 11 consecutive A 

residues. The sequences of the A-rich regions of the betasatellites segregate with and 

form the same groups (Briddon et al., 2003) The function of A-rich region is not fully 

known. One of the hypotheses is that it might act as a “stuffer” to fulfill the size 

requirements of begomoviruses for movement and encapsidation. However, this is not an 

absolute requirement since betasatellite mutants with the A-rich region deleted remained 

competent for encapsidated in the helper begomovirus coat protein, replication and 

systemic infection in plants. However, the symptoms associated with infections involving 
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the mutant betasatellites exhibit attenuated symptoms, suggesting that this may have 

affected expression of βC1 (Tao et al., 2004). 

 

1.8.2 Satellite conserved region (SCR) 

Comparison of all available betasatellite sequences has indicated that they have a 

highly conserved sequence of approximately 80 nucleotides, referred to as the satellite-

conserved region (SCR). This is the regions where universal primers for betasatellites 

were designed that have proven to be a simple and robust method for the isolation of 

betasatellites (Briddon et al., 2002). The SCR contains a putative stem-loop structure 

which contains the TAA/GTATTAC motif which, by analogy to geminiviruses, is the site 

where Rep introduces a nick during the initiation of virion-sense DNA replication. The 

fact that naturally occurring mutants lacking the βC1 coding region (Briddon et al., 2003) 

and mutants in which the βC1 coding region and A-rich region have been deleted in vitro 

(Qian and Zhou, 2005; Tao et al., 2004) are maintained by helper begomoviruses is 

consistent with the involvement of the SCR and stem-loop in replication, although the 

identification of precise betasatellite sequences that contribute to replication awaits fine 

mapping studies. Two-dimensional gel electrophoresis analysis of ToLCD-sat and 

CLCuMB replication intermediates suggests that the satellite replicates using the same 

rolling circle and recombination-dependent replication mechanisms used by the helper 

begomoviruses (Alberter et al., 2005).  

Analysis of ToLCV-sat suggests that these satellites have adopted a mechanism of 

interaction with Rep that is somewhat different to that used by geminiviruses. ToLCV-sat 

was able to proliferate in the presence of ACMV and BCTV (Dry et al., 1997), neither of 

which has the ToLCV high affinity Rep binding motifs that should be necessary for 

transreplication according to the generally accepted model for the initiation of replication. 

The idea that this class of satellite has a relaxed specificity for interaction with helper 

viruses was reinforced by the isolation of a single betasatellite, CLCuMB, associated with 

several distinct begomoviruses in the field (Mansoor et al., 2003b). Furthermore, AYVB 

and CLCuMB can be maintained by CLCuMV and AYVV, respectively, and alter the 

helper virus phenotype in the permissive host N. benthamiana (Briddon et al., 2001; 

Saunders et al., 2000).  

The ToLCV high-affinity Rep binding site is located adjacent to the stem-loop 

containing the nick site, as has been found for other begomoviruses. Comparison with 

betasatellites shows that ToLCV-sat contains a slightly modified SCR, but the binding 

site is located outside of this region, within a second stem-loop sequence (Briddon and 
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Stanley, 2006). Interestingly, inverted repeat sequences are also found at the same relative 

position in many betasatellites, suggesting that they may be involved in Rep binding. In 

contrast to all other reports for begomoviruses, it has been demonstrated that the high 

affinity Rep binding sites are not essential for ToLCV and ToLCV-sat proliferation in 

tomato (Lin et al., 2003), indicating that high-affinity binding is not a prerequisite for 

replication either ToLCV or ToLCV-sat. 

 

1.8.3 The βC1-encoding gene 

All full length betasatellites encode a single complementary sense gene which is 

positionally and functionally conserved and referred to as βc1. The typical length of the 

product predicted to be encoded by βc1 is 118 amino acids with a predicted molecular 

weight of 13.7kDa. Some putative βC1 proteins, such as that of AYLCB and Chili leaf 

curl betasatellite, have an extended amino terminal leader. However, a conserved 

downstream methionine provides a potential initiation site for translation that would 

produce an approximately 118-amino-acid product for these molecules. Experiments have 

shown that pathogenicity of betasatellites is attributable to the product of βc1 (Briddon et 

al., 2001; Saunders et al., 2000). In an investigation to study the contribution of the βC1 

protein of CLCuMB in CLCuD symptoms in the absence of the helper begomovirus by 

expression from a Potato virus X (PVX) vector showed that it is capable of inducing bona 

fide CLCuD disease symptoms in N. tabacum plants, including enations, swollen veins 

and vein darkening. These contrast with the mild symptoms of PVX in this host. Analysis 

of thin sections across enations induced by PVX expressing βC1 shows the structure of 

the enation to be identical to those induced by CLCuD betasatellite in conjunction with a 

helper begomovirus. These results demonstrate that CLCuMB βC1 is the major 

determinant of symptoms for the CLCuD complex (Qazi et al., 2007a).  It has been 

shown that mutation or deletion of βc1 results in an altered phenotype. For example, 

CLCuMB clone with an N-terminally truncated form of the βC1 protein (99 amino acids) 

was infectious to cotton in the presence of CLCuMV, albeit with reduced efficiency, 

producing typical CLCuD symptoms suggesting that the N-terminal sequences of the βC1 

protein are dispensable for its function. A somewhat larger N-terminal truncation (due to 

a frame shift) in another CLCuD betasatellite (truncating the βC1 protein to 77 amino 

acids) was not tolerated. This clone was not infectious to cotton in the presence of 

CLCuMV (Briddon et al., 2003). 
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1.8.4 Aims and Objectives of the study 

The objective of the study presented was to provide a better understanding of the 

pathogenicity of begomoviruses and their interaction with host developmental processes 

that involve miRNAs. Specifically the affects of begomovirus genes on miRNAs 

important in plant development were to be investigated. A major aim was to investigate 

possible differences between begomoviruses with respect to these interactions. To 

achieve this distinct viruses (a monopartite virus [Tomato yellow leaf curl virus], a 

monopartite begomovirus that interacts with a betasatelliite [Cotton leaf curl Multan virus 

and its associated Cotton leaf curl Multan betasatellite], a bipartite begomovirus from the 

New World [Cabbage leaf curl virus] and a bipartite begomovirus from the Old World 

[African cassava mosaic virus]) were selected for comparative analyses. Finally the 

effects of environmental factors, specifically light and temperature, on the spread of, gene 

expression from and gene silencing from a PVX vector was investigated. The vector 

concerned was to be used extensively in the other parts of the study and, following the 

initial experiments, it became evident that environmental conditions had a major effect on 

the results. For this reason a more detailed study was instigated. 

It is anticipated that the results of these studies will allow a more rational 

approach to virus resistance against begomoviruses to be formulated, based on either the 

natural or engineered resistance strategies. 

 



CHAPTER 2 

Materials and methods 

2.1 Sample collection 

Infected N. benthamiana plants were photographed with a high resolution camera 

at 14dpi or 21dpi depending on the infection. Young leaves of plants were collected, kept 

in plastic bags labeled with permanent marker, carried on dry ice or liquid nitrogen and 

stored at -80
o
C until utilized. 

 

2.2 DNA extraction from N. benthamiana  

From N. benthamiana tissues, DNA was isolated by the CTAB method described 

by Doyle and Doyle (1990). 100 to 200mg of leaf tissue was ground to a fine powder in 

liquid nitrogen in a pestle and mortar. In a microcentrifuge tube the powdered tissue was 

mixed with 700μl pre-warmed CTAB buffer (100mM Tris-HCl [pH 8.0], 20mM EDTA, 

1.4M NaCl, 2% [w/v] CTAB and 0.2% [v/v] β-mercaptethanol) and incubated at 65
o
C for 

30 minutes. After lowering the temperature of the sample to room temperature, an equal 

volume of chloroform: isoamyl alcohol (24:1) was added, mixed well and centrifuged at 

11,000×g for 10min at room temperature. The upper DNA containing phase was 

transferred into a new microcentrifuge tube and mixed with 0.6 volume isopropanol to 

precipitate the DNA. DNA was pelleted by centrifugation at 16000×g for 10 minutes, 

washed with 70% ethanol and air dried. Finally the pellet was dissolved in sterile distilled 

water (SDW). 

 

2.3 Quantification of DNA/RNA 

The concentration of RNA/DNA was determined by spectrophotometer 

(SmartSpec Plus, BIORAD, U.S.A.). Samples were diluted 1/10 in sterile distilled water 

(SDW) and the absorbance measured at 260nm or 240nm after zeroing the machine 

against SDW. An OD260 of 1 is equivalent to 50μg/ml of DNA and an OD240 of 1 is 

equivalent to 50μg/ml of RNA. 

 

2.4 PCR amplification of DNA 

For amplification of DNA by PCR a reaction mixture of 50μl containing 10pg-

1μg template DNA, 5μl 10X Taq polymerase buffer (Fermentas), 5μl 2mM dNTPs, 

1.5mM MgCl2, 0.5μM of each primer (Table 2.1) and 1.25 units Taq DNA polymerase 

(Fermentas/New England Biolabs) was prepared in a 0.25ml or 0.5ml thin walled PCR 

tube. The reaction mixture was incubated in thermal cycler (Eppendorff master cycler) 
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programmed for a preheat treatment of 94
o
C for 5 minutes followed by 35 cycles of 94

o
C 

for 1min, 48
o
C to 52

o
C for 1min and 72

o
C for varying times (dependent upon the length 

of fragment to be amplified; typically 1min per 1000 nucleotides to be amplified), 

followed by a final incubation of 10min at 72
o
C  

 

2.5 DNA purification 

2.5.1 Gel extraction and PCR product purification 

The digested or PCR amplified DNA was run on a 1% agarose gel stained with 

ethidium bromide and the desired fragments were excised from the gel using a scalpel on 

a UV transilluminator. DNA from the gel was isolated using a Wizard SV Gel and PCR 

Clean-Up System kit (Promega). The gel slice was weighed and placed in a 1.5ml 

microcentrifuge tube. 10μl of Membrane Binding Solution per 10mg of gel slice was 

added, vortexed and incubated at 55-65
o
C until the gel slice was completely dissolved. 

For PCR product purification, an equal volume of Membrane Binding Solution was 

mixed with the PCR reaction mixture. The dissolved gel mixture/PCR product mixture 

was transferred to a Mini column assembly, incubated at room temperature for 1 minute 

and centrifuged at 16,000×g for 1 minute. The flow through was discarded and the Mini 

column was reinserted into a collection tube. 700μl of Membrane Wash Solution was 

added and centrifuged at 16,000×g for 1 minute. The flow through was discarded and 

500μl Membrane Wash Solution was added to the column. After 5 minutes of 

centrifugation at 16,000×g the Collection Tube was emptied and the Minicolumn, with 

the empty Collection Tube, was centrifuged for 1 minute with the microcentrifuge lid 

open to allow evaporation of any residual ethanol. The Minicolumn was transferred to a 

clean microcentrifuge tube, 50μl SDW was added to the Minicolumn, incubated at room 

temperature for 1 minute and centrifuged at 16,000×g for 1 minute. The Minicolumn was 

discarded and the DNA solution was stored at -20
o
C. 

 

2.5.2 Phenol-chloroform extraction of DNA 

To remove contaminating proteins from DNA solutions an equal volume of 

phenol: chloroform (1:1) was mixed with the DNA solution and vortexed until the 

mixture turned milky. The solution was centrifuged at 16,000×g for 10 minutes and the 

upper aqueous phase was transferred to a clean tube without disturbing the interface 

between the two phases. 1/10 volume 3M sodium acetate (pH 5.4) and 2.5 volumes 

chilled absolute ethanol was mixed with the supernatant and placed at -20
o
C for one hour. 
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To pellet the DNA, the tube was centrifuged at maximum speed in a microfuge for 

10min. The DNA pellet was washed with 70% ethanol, air dried and dissolved in SDW. 

 

2.6 Cloning of PCR products 

PCR amplified DNA was cloned using an InsTAclone PCR Cloning Kit 

(Fermentas) according to the instructions provided by the manufacturer. In brief, a 

reaction mixture of 30μl containing 18 to 540ng PCR product (dependent upon the length 

of DNA fragment), 3μl vector (pTZ57R/T), 6μl 5X ligation buffer and 5 units T4 DNA 

ligase, was prepared in a 1.5ml microcentrifuge tube and incubated at 16
o
C overnight. 

The following day the ligation mixture was transformed into competent Escherichia coli 

cells by the heat-shock method. Transformed cells were spread on solid Luria Bertani 

(LB) medium (1% tryptone, 0.5% yeast extract and 1% NaCl) plates containing 100μg/ml 

ampicillin, spread with 20μl X-Gal (50mg/ml) and 100μl IPTG (24mg/ml) and incubated 

at 37
o
C for 16 hours. White colonies were picked using sterile tooth picks, inoculated into 

5ml aliquots of liquid LB medium in autoclaved test tubes and grown at 37
o
C in a shaker 

overnight.  

For general cloning into plasmid vectors with cohesive ends, vector and insert 

were ligated in a reaction mixture of 20μl containing 75-150ng vector and 200-500ng 

insert (approx. a 1:3 ratio), 4μl 5X ligation buffer and 1μl T4 DNA ligase. The ligation 

mixture was kept at 16
o
C overnight and the following day transformed into competent E. 

coli cells. 

 

2.7 Production of expression constructs  

All the genes encoded by begomovirus isolates CLCuMV-His[PK:Mul] 

(AJ496461), ACMV-[CM:DO3:98] (DNA-A, AY211885; DNA-B, AF112353), 

CbLCuV-[US:Flo:96] (DNA-A,U65529; DNA-B, U65530) and TYLCV-Mld[ES:72:97] 

(AF071228) were amplified with specific primers (Table 2.1) and cloned into pTZ57R/T 

using an InsTAclone PCR Cloning Kit (Fermentas). The genes were then transferred to 

pGR107 (Chapman et al., 1992) using restriction endonucleases ClaI, SmaI or SalI sites 

that were introduced, in the primers used for amplification (Table 2.1).  

A gfp V gene was also cloned in pGR107. The primers for gfp gene were designed 

on sequenced reported by (Siemering et al., 1996). The genes encoded by CLCuMV-

His[PK:Mul] were cloned in pJIT163 using restriction endonucleases SalI, HindIII or 

SmaI. Then, for each CLCuMV-encoded gene, the whole expression cassette was 
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transferred from pJIT163 into the binary vector pGreen0029 using restriction 

endonucleases SacI and XhoI.  

 

2.8 Preparation of competent cells 

2.8.1 Preparation of heat shock competent Escherchia coli cells 

A single colony from a freshly grown plate of E. coli was picked and transferred into 

20ml LB medium in a 50ml flask and incubated at 37C overnight with vigorous shaking. 

The next day 2ml of the overnight culture was added to 250ml LB in 1 liter flask and 

shaken vigorously at 37
o
C until an OD600 of 0.5-1. The culture was chilled on ice for30 

minutes, transferred aseptically to sterile disposable 50 ml propylene tubes and centrifuge 

at 3220×g at 4
o
C for 5 minutes to pellet the cells. The cell pellet was resuspended in 20ml 

of 0.1M MgCl2 and centrifuged again. The pellet was resuspended in 20ml of 0.1M 

CaCl2, incubated on ice for 30 minutes and centrifuged. Finally the pellet was 

resuspended in 3-4ml of 0.1M CaCl2 and filter-sterilized cold glycerol (200μl glycerol/ml 

of 0.1M CaCl2). The cells were stored in aliquots of 200μl at -80
o
C. 

 

2.8.2 Preparation of electro competent Agrobacterium tumefaciens cells 

A single colony from a freshly grown plate of Agrobacterium tumefaciens (strain 

GV3101) was picked using a sterile toothpick and inoculated into 20ml LB liquid 

medium with 25μg/ml rifampicin in a 50ml autoclaved flask and placed in a shaker (160 

rotations per minute) at 28C for 48 hours. 5ml of the culture was inoculated into a 1 liter 

flask containing 250ml of LB medium with 25μg/ml rifampicin and placed in a shaker at 

28C until the OD600 of cells was 0.5-1. The cells were transferred aseptically to ice cold 

50ml propylene tubes, incubated on ice for 10 minutes and centrifuged at 3000×g for 10 

minutes at 4C. The pellet was resuspended in 50ml of sterile cold SDW and centrifuged. 

Cells were again resuspended in cold SDW and the wash was repeated. Then the cells 

were resuspended in 10ml cold SDW containing filter sterilized cold 10% [v/v] glycerol 

and centrifuged. This wash was also repeated. Finally the cells were re-suspended in 3-

4ml of filter sterilized cold 10% [v/v] glycerol, aliquoted in 1.5ml microcentrifuge tubes 

and stored at -80
o
C. 
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Table 2.1 Names, sequences and brief description of primers used in this study 

Primer Name Sequence from 5’ to 3’ Used for 

P-AC-AV1-F 

P-AC-AV1-R 

CCATCGATATGTCGAAGCGACCAGGAGA 

ACGCGTCGACTTAATTGCCAATACTGTCAT 

Amplification/

cloning of  

ACMV cp in 

PVX 

P-AC-AV2-F 

P-AC-AV2-R 

CCATCGATATGTGGGATCCACTGGTGAA 

ACGCGTCGACCTATACATCCTGTACATCAT 

Amplification/

cloning of  

ACMV av2  in 

PVX 

P-AC-AC1-F 

P-AC-AC1-R 

TCCCCCGGGATGAGGACTCCTCGTTTTAG 

ACGCGTCGACCTACGCCGGATGGCTCGCTTC 

Amplification/

cloning of  

ACMV rep  in 

PVX 

P-AC-AC2-F 

P-AC-AC2-R 

CCATCGATATGCAATCTTCATCACCCTC 

ACGCGTCGACCTAAGACCCCTTAAGAAACG 

Amplification/

cloning of  

ACMV trap  

in PVX 

P-AC-AC3-F 

P-AC-AC3-R 

CCATCGATATGGATTTACGCACAGGGGA 

ACGCGTCGACTTAATAAACATTGAATTGTA 

Amplification/

cloning of  

ACMV ren  in 

PVX 

P-AC-AC4-F 

P-AC-AC4-R 

TCCCCCGGGATGTCTTTCTCACATACCCA 

ACGCGTCGACCTAATTCCCTAATGACATTA 

Amplification/

cloning of  

ACMV ac4  in 

PVX 

P-AC-BC1-F 

P-AC-BC1-R 

CCATCGATATGGATACATCTGTACCTGT 

TCCCCCGGGTCATAAATCTTTATGGCTAC 

Amplification/

cloning of  

ACMV mp  in 

PVX 

P-AC-BV1-F 

P-AC-BV1-R 

TCCCCCGGGATGTATAGTATCAGGAAGCA 

ACGCGTCGACTCATCCAACATAGGATGTTT 

Amplification/

cloning of  

ACMV nsp  in 

PVX 

PK3 V1 Cla 

PK3 V1 R Sal 

PK3V1 F Hind 

TTACATCGATATGTCGAAGCGAGCTGCCGA 

TTCAGTCGACTCAATTCGTTACAGAGTCAT 

TTACAAGCTTATGTCGAAGCGAGCTGCCGA 

Amplification/

cloning of  

CLCuMV cp  

in PVX and 

pJit 163 

PK3V2 F Cla 

PK3V2 R Sal 

PK3V2 F Hind 

AAATATCGATATGTGGGATCCACTATTAAAC 

TCTGGTCGACCTATACATGGGCCTGTTTGT 

AAATAAGCTTATGTGGGATCCACTATTAAAC 

Amplification/

cloning of  

CLCuMV v2  

in PVX and 

pJit 163 

PK3 C1 F Sma 

PK3C1 R Sma 

PK3C1 R Ecor 

ACCACCCGGGATGGCTCCCCCCAAACGTTTT 

ACACCCGGGTCAAGATCTACTCTCCTCCTCC 

AATAGAATTCTCAAGATCTACTCTCCTCCT 

Amplification/

cloning of  

CLCuMV rep 

in PVX and 

pJit 163 
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Table 2.1 contd. 

 

Primer Name Sequence from 5’ to 3’ Used for 

PK3 C2 F Sma 

PK3 C2 R Ecor 

PK3 C2 R Sal 

GCCTCCCGGGATGCAATCTTCATCACTCTC 

AATAGAATTCTTAATTGAAATTACACCGAG 

TGCCGTCGACATGGATTCACGCACAGGGGA 

Amplification/

cloning of  

CLCuMV 

trap  in PVX 

and pJit 163 

PK3 C3 F Cla 

PK3 C3 R Sal 

PK3 C3 R 

Hind 

TTACATCGATATGGATTCACGCACAGGGGA 

TCTTGTCGACTAATGAAGTTTGAATTTTATTT 

AAATAAGCTTTAATGAAGTTTGAATTTTATT 

Amplification/

cloning of  

CLCuMV ren  

in PVX and 

pJit 163 

PK3 C4 F Hind 

PK3 C4 R Sal 

PK3 C4 F Sma 

TTACAAGCTTATGGGAGCCCTCATCTCCAT 

TCTTGTCGACCTAGTTCCTTAATGACTCT 

TTACCCCGGGATGGGAGCCCTCATCTCCAT 

Amplification/

cloning of  

CLCuMV- c4  

in PVX and 

pJit 163 

β C1 F Sac 

β C1 R Kpn 

ATAAGAGCTC ATGACAACGAGCGGAAC 

TGTTGGTACCTTAAACGGTGAACTTTTTATT 

Amplification/

cloning of  

CLCuMB βc1 

in PVX 

β C1 Sma R 

β C1 Cla F 

TGTTCCCGGGTTAAACGGTGAACTTTTTATT 

ATAAATCGATATGACAACGAGCGGAACAAA 

Amplification/

cloning of  

CLCuMB βc1 

in pJit 163 

Cab BV1 Cla F 

Cab BV1 Sal R 

CTGATCGATATGTATCCTACAAAGTTTAG 

TTATGTCGACTTAACCTAAATAATCAAGAT 

 

Amplification/

cloning of  

CbLCuV nsp 

in PVX 

Cab BC1 Cla F 

Cab BC1 Sal R 

ATTTATCGATATGAATTCTCAGTTAGCGAAT 

ACACGTCGACTTATTGCAATGACTTTGGTTG 

Amplification/

cloning of  

CbLCuV mp 

in PVX 

Cab AC1 Cla F 

Cab AC1 Sal R 

ATACATCGATATGAAGCTCTTCAGATGCTT 

TCTCGTCGACTTATAATTGCGAGAGCCTC 

Amplification/

cloning of  

CbLCuV rep 

in PVX 

Cab AC4 Cla F 

Cab AC4 Sal R 

ATACATCGATATGAAGCTCTTCAGATGCTTC 

TCTCGTCGACTTATAATTGCGAGAGCCTC 

Amplification/

cloning of  

CbLCuV ac4 

in PVX 

Cab AC2 Cla F 

Cab AC2 Sal R 

ACTAATCGATATGCAAAATTCATCACTCTTG 

GCATGTCGACCTACTTAAATATGTCGGCCCA 

Amplification/

cloning of  

CbLCuV trap 

in PVX 
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Table 2.1 contd. 

 

Primer Name Sequence from 5’ to 3’ Used for 

Cab AC3 Cla F 

Cab AC3 Sal R 

TGCGATCGATATGGATTCACGCACCGGGGA 

CGATGTCGACTTAATAAATTTTGAAATTTAT 

Amplification/

cloning of  

CbLCuV ren 

in PVX 

Cab AV1 Cla F 

Cab AV1 Sal R 

ATTTATCGATATGCTTTACTTCGAAATGCC 

TCAAGTCGACTTAATTTGTTATCGAATCGT 

Amplification/

cloning of  

CbLCuV cp in 

PVX 

TYLC V2ClaF 

TYLC V2 SalR 

GTCTATCGATATGTGGGATCCACTTCTAAAT 

ACGGGTCGACTCAGTGCTTCGATACATTCTG 

Amplification/

cloning of  

TYLCV v2 

gene in PVX 

TYLCV1SmaF 

TYLCV1 SalR 

GCCCCCCGGGATGTCGAAGCGACCAGGCGA 

ATAAGTCGACTTAATTTGATATTGAATCATA 

Amplification/

cloning of  

TYLCV cp  in 

PVX 

TYLC C3 ClaF 

TYLC C3 SalF 

TGCAATCGATATGGATTCACGCACAGGGG 

CAATGTCGACTTAATAAAATTTATATTTTAT 

Amplification/

cloning of  

TYLCV ren  

in PVX 

TYLC C2 ClaF 

TYLC C2 SalR 

GCTCATCGATATGCAACCTTCGTCACCCTCT 

AACTGTCGACCTAAATACTTTTAAGAAACG 

Amplification/

cloning of  

TYLCV trap  

in PVX 

TYLC C1 ClaF 

TYLCC1SmaR 

CATTATCGATATGGCTCCCCCTAAGCGCTT 

GTCTCCCGGGTTACGCCTTATTGGTTTCT 

Amplification/

cloning of  

TYLCV rep  

in PVX 

PCLC5 F Cla 

PCLC5 R Sal 

PCLC5 F Hind 

ACCTATCGAT ATGAACATTCTTCACAGTCGC 

GTAAGTCGAC CTAGGAATTATGTCGAAGC 

ACCTAAGCTT ATGAACATTCTTCACAGTCGC 

Amplification/

cloning of  

CLCuKoV- c5  

in PVX and 

pJit 163 

TYLC C4 ClaF 

TYLC4 SmaR 

CTCCATCGATATGGGGAACCACATCTCCAT 

TCTTCCCGGGTTAATTCTTTAATGATTCTAAG 

Amplification/

cloning of  

TYLCV c4   

in PVX 

P GFP Cla F 

P  GFP Sal R 

AGATATCGATATGAGTAAAGGAGAAGAAC 

GGGTCGACTTATTTGTATAGTTCATCCATG 

Amplification/

cloning of  gfp 

V  in PVX 
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2.9 Transformation of competent cells 

2.9.1 Transformation of heat-shock competent E. coli cells 

Transformation of competent E. coli cells was carried out by the methods 

described in Sambrook et al., (1989). The ligation mixture was added to thawed 

competent cells (200μl), mixed gently and incubated on ice for 30 min. The cells were 

heat shocked at 42
o
C in a dry bath. After 1-2 minutes cells were transferred to ice and 

incubated for two minutes. 1ml of LB liquid medium was added to each tube and the 

tubes were placed in a shaker at 37
o
C for 1 hour. Transformed cells were spread on solid 

LB media plates with appropriate antibiotics and kept at 37
o
C in an incubator for 16 

hours. 

 

2.9.2 Transformation of competent Agrobacterium tumefaciens cells 

2μl of the plasmid or ligation mixture was mixed with electro-competent A. 

tumefaciens cells on ice and transferred to a chilled electroporation cuvette. The 

electroporator (ECM 600, BTX, and U.S.A) was set at 1.44kV and the cuvette was 

inserted into the device and the start button was pressed. After the electric shock, 1 ml of 

LB liquid medium was added to the cells and the tube was placed in a shaker at 28
o
C for 

2 hours. The cells were finally spread on Petri plates containing AB minimal medium (3g 

of K2HPO4 , 1g of NaH2PO4, 1g of NH4Cl, 0.15g of MgSO4.7H2O 0.3 g, 0.005g of  KCl, 

0.0025g CaCl2, FeSO4.7H2O , and 20% [w/v] glucose  [pH 7.2] in a 1 liter volume) with 

agar (14g) and appropriate antibiotics, wrapped with aluminum foil and placed in a 28
o
C 

incubator for 48 hours. 

 

2.10 Plasmid isolation 

Using a sterile tooth pick, a single bacterial colony from a plate was picked and 

inoculated into 5ml of LB broth with appropriate antibiotic selection in a sterile culture 

tube. The tube was incubated overnight at 37
o
C with shaking. After about sixteen hours 

the culture was decanted into a 1.5ml microcentrifuge tube and centrifuged at 14000 rpm 

for two minutes in a microfuge to harvest the cells. The supernatant was discarded and the 

pellet was resuspended in 100μl Resuspension solution (50mM Tris-HCl [pH 8.0], 10mM 

EDTA, 100μg/ml RNase A) by vortexing. 200μl Lysis solution (1% [w/v] SDS, 0.2M 

NaOH) was added and mixed gently. 200μl Neutralization solution (3.0M potassium 

acetate [pH 5.5]) was added, mixed thoroughly and centrifuged at 16000×g for 10 

minutes in a microfuge. The supernatant was transferred to a new microcentrifuge tube 

and two volumes chilled absolute ethanol was added, mixed to precipitate the DNA and 
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centrifuged for 10 minutes to pellet the DNA. The DNA pellet was washed with 70% 

ethanol, air dried and dissolved in SDW. 

 

2.10.1 Digestion of plasmid DNA 

Digestion of plasmid preparations and PCR products was achieved using 

restriction endonucleases and their corresponding buffers in accordance with the 

supplier’s (Fermentas/New England Biolab) guidelines. A total volume of 10μl 

(containing 500ng DNA, 3 units restriction enzyme, buffer and SDW) was used when 

screening plasmid preparations for insert size and 20μl (2μg DNA, 10 units restriction 

enzyme, buffer and SDW) for digestions for cloning. Reaction mixtures were kept at the 

optimum temperature for each enzyme for 1-3 hour. Sizes of DNA fragments in digested 

product were determined on ethidium bromide stained agarose gels. 

 

2.11 Agarose-gel electrophoresis 

DNA was mixed with 5X loading dye (for 5μl of DNA 1μl dye) and 

electrophoresed in 1% [w/v] agarose gels containing ethidium bromide (0.5μg/ ml). Gels 

were prepared in a minigel apparatus (12 x 9cm) or midigel apparatus (18 x 15cm), 

containing either 1X TBE (89mM Tris, 89mM boric acid, 2mM EDTA) or 0.5X TAE 

(20mM Tris acetate and 0.5mM EDTA [pH 8.0]) buffer. TBE gels were electrophoresed 

at approximately 40 volts and TAE gels at 100 volts. The ethidium-stained DNA was 

viewed using a short wavelength ultraviolet (UV) transilluminator (Eagle Eye, 

Stratagene) and fragment length estimated by comparison with a co-electrophoresed 1kbp 

DNA ladder (Fermentas). 

 

 2.12 Preparation of glycerol stocks 

To preserve bacterial cultures, glycerol stocks were prepared. In 1.5ml eppendorff 

tubes 300μl filter sterilized glycerol and 700μl of cell culture was mixed and stored at  

-80
o
C. To recover bacterial cultures from glycerol stocks, a small amount of the culture 

was streaked using a sterile loop on culture plates with solid growth media with suitable 

antibiotics and incubated at suitable temperatures. 



CHAPTER 3 

 Host responses to transient expression of individual genes encoded by selected 

begomoviruses in Nicotiana benthamiana 

 

3.1 Introduction 

A gene can be defined as the unit of heredity in a living organism. It expresses 

itself in the form of protein and plays its role. While whole genome sequences are the 

basis of further characterization, the identification of gene functions is needed for further 

functional genomics based on genome sequences. In addition to comprehensive 

expression analysis with a DNA microarray to characterize gene expression, the ectopic 

expression of a target gene in heterologous host cells is useful for understanding gene 

functions. RNA virus based vectors such as Potato virus X [(PVX) (Chapman et al., 

1992; Lu et al., 2003)], Tobacco mosaic virus [(TMV) (Selth et al., 2004)] have proven 

very useful tools for this purpose. The PVX vector (pGR107) itself gives very mild 

symptoms in solanaceous plants such as N. benthamiana and N. tabacum. However, when 

a gene is inserted in the vector under the control of the duplicated coat protein promoter it 

is expressed along with the other PVX proteins during infection and may induce a 

phenotype above and beyond what the virus vector produces. The PVX vector has been 

used to express numerous foreign genes in many host plants (Roggero et al., 2001). For 

example, PVX-mediated expression of the CP gene of Turnip crinkle virus has been 

shown to mediate suppression of RNA silencing (Thomas et al., 2003). Similarly the 

chimeric PVX containing the p22 gene of Tomato bushy stunt virus (TBSV) trans- 

complement a TBSV cell-to-cell movement mutant and the vector containing p19 of 

TBSV induced systemic necrosis in N. benthamiana (Scholthof et al., 1995). 

Apart from over expression of genes to study their functions, gene silencing 

techniques can also be used since the disruption of gene expression often shows a more 

critical phenotype. The geminiviruses which have been used as silencing vectors has been 

discussed earlier. The PVX vector is also used as virus-induced gene silencing (VIGS) 

vector (Faivre-Rampant et al., 2004; Lacomme and Chapman, 2008) in which plant 

endogenous genes are silenced using viruses.  

The study described in this chapter was designed to further investigate the 

possible roles of individual genes encoded by four distinct begomoviruses in the virus 

infection cycle. Four distinct begomoviruses were  selected: ACMV representative of 

bipartite old World  begomoviruses, Tomato yellow leaf curl virus (TYLCV) as a true 

monopartite virus, Cotton leaf curl Multan virus (CLCuMV) as a monopartite virus 
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requiring a betasatellite and Cabbage leaf curl virus (CbLCuV) as a representative the 

New World bipartite begomoviruses.  All genes encoded by these viruses were expressed 

in N. benthamiana using a PVX based vector (pGR107). This episomal expression system 

allows the study the phenotype induced by cloned genes without the time-consuming 

steps associated with transgenic expression.  

 

3.2 Materials and methods 

3.2.1 Production of expression constructs 

In this study a PVX-derived vector (pGR107; Chapman et al., 1992) was used  to 

express the individual genes of each virus in N. benthamiana PVX gene constructs 

(hereafter referred to as, for example, PVX-A-AC1 (for ACMV rep), PVX- Mu-C1 (for 

CLCuMV rep), PVX-Cb-AC1 (for CbLCuV rep),PVX-T-C2 (for TYLCV trap), PVX-

Ko-C5 (for CLCuKoV c5 gene) and PVX-Mu-βC1 (for CLCuMB βc1gene) and so on. 

The primers used for the amplification of the genes and the accession numbers of viruses 

used as a source of gene sequences for amplification are given in Chapter 2, section 2.7, 

and Table 2.1, respectively. 

 

3.2.2 Agroinoculation 

pGR107 and constructs were electroporated into Agrobacterium strain GV3101. 

For agroinoculation, glycerol stocks of Agrobacterium harboring gene constructs were 

streaked on solid AB minimal medium plates containing 12.5μg/ml rifampicin and 

50μg/ml kanamycin and incubated at 28
o
C for 48 hours. A single bacterial colony was 

picked with a sterile wire loop and inoculated into 50ml LB medium containing the 

required antibiotics and placed in a shaker (160 rotations per minute) at 28
o
C until the 

OD600 of the culture was 1. The cells were harvested by centrifugation at 3220×g for 8 

minutes and resuspended in LB medium containing acetosyringone (final concentration 

100μM).  

For agroinoculation to N. benthamiana, plants at the 4 to 5 leaf stage were 

selected and they were not watered for 24 hours before inoculation. Young leaves were 

infiltrated by gently appressing a 5ml syringe to the abaxial surface and depressing the 

plunger until a water-soaked appearance was achieved. 

 

3.2.3 Plant growth conditions and sample collection 

N. benthamiana were grown at 28
o
C with 16 hours dark period/8 hours light 

period and 65% humidity in small 5 inch diameter plastic pots containing clay, silt, sand 
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and compost in equal proportions. All plants were watered on daily basis and with 

Hoagland solution (0.75mM MgSO4.7H2O, 1.5mM Ca(NO3)2.4H2O, 0.5mM KH2PO4, 

1.25mM KNO3, micronutrients [50μM H3BO3, 15μM MnCl2.4H2O, 2.0μM ZnSO4.7H2O, 

0.5μM Na2MnO4.2H2O, 1.5 μMCuSO4.5H2O] and Fe-EDTA [30μM FeSO4.7H2O, 1mM 

KOH, 30μM EDTA.2Na] once a week if required. 

Samples were collected 12 days post inoculation (dpi) and photographed with a 

high resolution camera. Systemic young leaves of inoculated plants were collected, kept 

in plastic bags labeled with permanent marker, transported on ice and stored at -80
o
C 

until utilized. 

 

3.2.4 RNA extraction and RT-PCR 

Total RNA from infected plant was extracted by grinding 100mg of frozen leaf 

tissue with 1ml of TRI REAGENT (Invitrogen/Molecular Research Centre, U.S.A). The 

homogenate was incubated at room temperature for 5min. 0.2ml chloroform was added 

and then it was placed at room temperature for 15min followed by centrifugation at 

12000xg for 15min at 4
o
C. The supernatant was taken in a separate tube and 0.5ml of 

isopropanol was added and the sample was incubated at room temperature for 10min. 

Finally the sample was subjected to centrifugation at 12000xg for 10min and the RNA 

pellet was washed with 75% ethanol. After drying, RNA was dissolved in 

Diethylpyrocarbonate (DEPC) treated water.  

For reverse transcription (RT)-PCR the SuperScript™ III First Strand Synthesis 

Supermix (Invitrogen) was used. 2µg of total RNA, 50µM of oligo(dT) primers and 

annealing buffer were added to RNase/DNase-free water to make the volume 8µl. The 

mixture was incubated at 65°C for 5min, and then immediately place on ice for at least 

1min. After a short spin, 10µl of 2X First-Strand Reaction Mix was added along with 2µl 

of SuperScript™ III/RNaseOUT™ Enzyme Mix. This reaction mixture was incubated at 

50°C for 50 minutes and the reaction was terminated by heating the mixture at 85°C for 5 

minutes. 2-3µl cDNA was used for the RT-PCR and remainder was stored at -80°C. 

 

3.2.5 Experimental design 

A group of 15 N. benthamiana plants of approximately the same age (3 weeks 

old) was agroinfiltrated in two independent experiments. All plants were kept in the same 

green house for duration of each experiment. Leaf samples were collected at 12-14dpi. 

The presences of individual genes were confirmed by using specific primers through RT-

PCR (data not shown).  
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3.3 Results 

3.3.1 PVX-mediated expression of rep 

Inoculation of N. benthamiana with ACMV rep resulted in a severe necrosis of 

the infiltrated tissues, reminiscent of a hypersensitive response (HR), that appeared 

approx. 6dpi (Fig. 3.1, panels C and D; Table 3.1). At approx. 8dpi the youngest tissues, 

developing after inoculation, showed severe leaf curling, vein yellowing and infected 

plants ceased to grow (Fig 3.1, panels C and D). Small necrotic lesions were also 

observed on the leaves developing after inoculation (Fig. 3.1, panel D). PVX-A-AC1 

infected N. benthamiana plants did not recover from the infection. These symptoms 

contrast with those induced by the PVX vector (harboring no gene insert). PVX infection 

of N. benthamiana resulted in mild symptoms including mild vein yellowing, very mild 

vein thickening and a faint mosaic that appeared approx. 10dpi (Fig. 3.1, panels G and H; 

Table 3.1). Additionally, at approx. 15dpi, N. benthamiana plants infected with PVX 

ceased to show symptoms, indicative of recovery (Fig. 3.1, panel G). Infection of N. 

benthamiana  with PVX harboring gfp start showing GFP fluoresce at 3dpi which 

gradually increase and spread till 10dpi and at this stage plants also showed symptoms of 

PVX infection. At 15dpi plants showed signs recovery from the PVX phenotype with no 

GFP fluorescence in the emerging leaves (Fig. 3.8, panels G and H)   

N. benthamiana plants inoculated with PVX-Mu-C1 developed necrosis of the 

infiltrated tissues at approx. 5dpi (Fig. 3.1, panel C). At 7dpi leaves developing 

subsequent to inoculation showed a very mild downward leaf curling as well as small 

necrotic lesions on the veins and between the veins of leaves (Fig. 3.1, panel D). All 

inoculated plants showed complete recovery, with newly developing leaves showing no 

symptoms from approx. 21dpi (Fig. 3.1, panel C).  Inoculation of PVX-Mu-C1 to N. 

tabacum and N. glutinosa produced severe local necrosis resembling a HR at 

approximately 7dpi. Leaves emerging subsequent to inoculation showed no signs of 

symptoms (data not shown).  

PVX-mediated expression of CbLCuV rep in N. benthamiana resulted in necrosis 

in the inoculated tissues and virus was able to move systemically (Fig. 3.1 panel F). 

Leaves developing subsequent to inoculation showed mild curling and necrotic lesions. 

As with PVX-Mu-C1, N. benthamiana plants infected with PVX-Cb-AC1 showed 

complete recovery at 21dpi (Fig. 3.1, panel A; Table 3.1). 

Although TYLCV rep could be cloned into pPGR107 and be maintained in E. 

coli, despite repeated attempts, it proved impossible to transfer the binary vector to A. 
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tumefaciens. For this reason it was not possible to assess the effects of TYLCV rep 

expression in plants. 

 

3.3.2 PVX-mediated expression of trap 

Infection of N. benthamiana with PVX-A-AC2 resulted in symptoms earlier (4-

5dpi) than in plants inoculated with just PVX (7-8dpi). Symptoms consisted of vein 

yellowing, veinal necrosis and mild curling on the leaves emerging after inoculation (Fig. 

3.2, panels A and B; Table 3.1). At approx. 15dpi emerging leaves showed a gradual 

reduction in symptoms, and plants showed a complete recovery at 21 dpi (Fig. 3.2, panel 

A) 

Inoculation of PVX-Mu-C2 to N. benthamiana resulted in necrosis of the 

infiltrated tissue at 7dpi (Fig. 3.2 panel C; Table 3.1). Leaves emerging subsequent to 

inoculation showed mild leaf curling, vein yellowing and necrotic lesions (Fig. 3.5, panel 

D). PVX-Mu-C2 infected plants showed signs of recovery at approx. 15 dpi, 

characterized by a gradual decrease in the symptom severity in the newly emerging leaves 

with later leaves showing no symptoms, not even those typical of PVX. Infected plant 

showed recovery at 21dpi (Fig. 3.2, panel C; Table 3.1). 

Infection of PVX-Cb-AC2 showed symptoms at approx 7dpi. Plants showed mild 

leaf curling, vein yellowing and veinal necrosis in systemic leaves (Fig. 3.2, panels E and 

F; Table 3.1). The severity of the symptoms gradually decreased and plants showed 

recovery at approx. 21 dpi (Fig. 3.2, panel E; Table 3.1) 

Infection of PVX-T-AC2 to N. benthamiana resulted in very mild symptoms. The 

symptoms which appeared at approx. 7dpi included mild vein yellowing, very mild vein 

thickening and mosaic (Fig. 3.2, panel H; Table 3.1). These symptoms were slightly more 

severe than the symptoms produced by the PVX vector with no insert (Fig. 3.1, panels G 

and H).  Recovery was observed at approx. 21dpi (Fig. 3.2, panel G) 

 

3.3.3 PVX-mediated expression of ren 

For all four viruses examined, transient expression of REn from PVX in N. benthamiana 

resulted in very mild symptoms that were qualitatively and quantitatively very similar. 

The symptoms appeared approximately 7dpi and consisted of a mild vein yellowing, very 

mild vein thickening and mosaic in systemic leaves (Fig. 3.3, panels A, B, C, D, E, F, G 

and H; Table 3.1).  In all cases plants showed recovery at approx 21dpi (Fig. 3.3, panels 

A, C, E and F). 
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Fig. 3.1  

Photographs of N. benthamiana plants, and close-up views of leaves, infected with PVX expressing the rep 

of  ACMV (panels A and B), CLCuMV (panels C and D ), CbLCuV (panels E and F). An N. benthamiana 

plant, and close-up view of a leaf, infected with the PVX vector (with no insert) are shown in panels G and 

H. 
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Fig. 3.2   
Photographs of N. benthamiana plants, and close up of leaves, infected with PVX expressing the trap of 

ACMV (panels A and B), CLCuMV (panels C and D), CbLCuV (panels E and F) and TYLCV (panels G 

and H). 
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Fig. 3.3   
Photographs of N. benthamiana plants, and close up of leaves, infected with PVX expressing ren of ACMV 

(panel A and B), CLCuMV (panel C and D), CbLCuV (panel E and F) and TYLCV (panel G and H). 
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3.3.4 PVX-mediated expression of (a)c4 

PVX-mediated expression of ACMV AC4 resulted in a mild phenotype which 

appeared approx. 7 dpi. Symptoms consisted of a mild vein yellowing, very mild vein 

thickening and mosaic (Fig. 3.4, panel B; Table 3.1). N. benthamiana plants inoculated 

with PVX-A-AC4 showed a gradual reduction in symptom severity in systemic leaves 

and plants eventually showed a complete recovery at approx. 21 dpi (Fig. 3.4, panel A; 

Table 3.1)  

Inoculation of PVX-Mu-C4 in N. benthamiana resulted in symptoms aprox. 7dpi 

that consisted of mild leaf curling and vein yellowing. At 10dpi emerging leaves showed 

a pronounced phenotype including inter-veinal yellowing and deformation of the leaves at 

the margins (Fig. 3.4, panels C and D; Table 3.1). No recovery was observed in N. 

benthamiana inoculated with PVX-Cu-C4, with plants showing symptoms on all leaves 

developing subsequent to inoculation until senescence (Fig. 3.4, panel C). 

PVX-mediated expression of CbLCuV AC4 resulted in a distinct phenotype. 

Symptom appeared 7dpi and newly emerging leaves showed interveinal yellowing, vein 

swelling and leaf crumpling (Fig .3.4, panel E). A unique feature was the production of 

dimple-like lesions on systemic leaves (Fig. 3.4, panel F). Plants inoculated with PVX-

Cb-AC4 showed recovery at approx 21dpi (Fig. 3.4, panel E; Table 3.1) 

 Upon infection with PVX-T-C4, N. benthamiana showed symptoms at approx. 

8dpi that included leaf yellowing, petiole and stem elongation (showing an increase in 

inter-nodal distance), mild leaf curling, deformed leaf margins and leaf crumpling (Fig. 

3.4, panel H).  Recovery was observed in N. benthamiana infected with PVX-T-C4 at 

approx. 21 dpi (Fig. 3.4, panel G; Table 3.1). 

 

3.3.5 PVX mediated expression of cp 

Inoculation of the PVX-A-AV1 in N. benthamiana induced mild leaf crumpling 

approx. 10dpi which gradually increased in severity. Emerging leaves were deformed and 

showed a vein yellowing phenotype (Fig. 3.5, panels A and B). There was no effect of 

PVX-Mu-V1 and PX-Cb-AV1 infection on N. benthamiana, with plants only exhibiting 

symptoms typical of PVX. A recovery in the inoculated plant was observed at approx 21 

dpi (Fig. 3.5, panels C, D, E and F). 

N. benthamiana plants infected with PVX-T-V1 showed symptoms approx. 8dpi. 

The symptoms included mild leaf crumpling, downward curling and mosaics that 

continued to increase leaving a few green patches on the systemic leaves (Fig. 3.5, panel 
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H).  Infected N. benthamiana showed recovery at approx. 21 dpi (Fig. 3.5, panel G; Table 

3.1). 

 

 3.3.6 PVX-mediated expression of (a)v2 

N. benthamiana plants inoculated with PVX-A-AV2 showed symptoms at approx 

7 dpi. Systemic leaves showed leaf curling along with vein yellowing at 8dpi (Fig.3.6, 

panel B). Symptom severity decreased at approx. 12 dpi on the newly emerging leaves. 

Infected N. benthamiana showed complete recovery at approx. 21 dpi (Fig. 3.6, panel A; 

Table 3.1). 

Infection of N. benthamiana with PVX-Co-V2 induced an HR-like phenotype, 

characterized by cell death, at the site of inoculation at 5dpi (Fig. 3.6, panel C). The 

symptoms of infection (mild leaf curling) appeared at 7dpi on tissues, developing after 

inoculation. At 10dpi there was severe downward leaf curl of systemic leaves (Fig. 3.6, 

panel D; Table 3.1) and plants exhibited stunted growth along with necrotic lesions on the 

leaves which increased in size (Fig. 3.6, panel D) and eventually led to death of the plant.  

N. benthamiana plants inoculated with PVX-T-V2 showed severe symptoms. 

Symptoms appeared at approx. 7dpi which increased in severity and at 11-12 dpi plants 

showed severe leaf curling, stunting, vein yellowing and necrotic lesions on systemic 

leaves (Fig. 3.6 panel E and F). No recovery was observed in these plants even after 

21dpi (Fig. 3.12, panel E; Table 3.1). 

 

3.3.7 PVX-mediated expression of mp and nsp 

PVX-mediated expression of ACMV mp in N. benthamiana induced symptoms at 

8dpi consisting of very mild leaf curling and necrosis on leaves developing after 

inoculation (Fig. 3.7, panel B; Table 3.1). These plants showed recovery from this 

phenotype at approx. 21dpi (Fig. 3.7, panel A). 

Infection of  N. benthamiana with PVX-A-BV1, PVX-Cb-BC1 and PVX-Cb-BV1 

did not result in a phenotype beyond that induced by the PVX vector with no insert (Fig. 

3.7, panels C and D;  Fig. 3.7, panel E and  Fig. 3.7 panels G and H). Recovery from 

these phenotypes was observed in the infected N. benthamiana in all cases at approx 

21dpi.  
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Fig. 3.4  
Photographs of N. benthamiana plants, and close up of leaves, infected with PVX expressing (a)c4 of 

ACMV (panels A and B), CLCuMV (panels C and D), CbLCuV (panels E and F) and TYLCV (panels G 

and H) . 
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Fig. 3.5   

Photographs of N. benthamiana plants, and close up of leaves, infected with PVX expressing cp of ACMV 

(panels A and B), CLCuMV (panel C and D), CbLCuV (panels E and F) and TYLCV (panels G and H).  
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3.3.8 PVX-mediated expression of CLCuKoV c5 

Infection of  N. benthamiana with PVX-Ko-C5 showed very mild leaf curl and 

light green mosaics across the leaf lamina, in systemic leaves  at approx. 8dpi (Fig. 3.8, 

panel A). Mosaics continued to increase in size with time and fused with each other 

leaving just a few dark green islands (Fig. 3.8, panel B).  Small necrotic lesions were also 

observed near the site of inoculation but in systemic leaves no such lesions were 

observed. All plants showed recovery at 21dpi (Fig. 3.8, panel A; Table 3.1). 

 

3.3.9 PVX-mediated expression of βc1 

PVX-Mu-βC1 infection of N. benthamiana induced symptoms at approx. 7 dpi. 

Leaves developing subsequent to inoculation showed severe leaf curling, stunting, 

swollen veins and vein darkening (Fig. 3.8, panels A and B; Table 3.1). A distinct feature 

was the formation of enations on the underside of the leaves (Fig. 3.8, panels E and F). 

The first signs of symptoms appeared 6 or 7 dpi and became very severe at 14dpi. 

Infected plants did not recover from the infection and continued to show symptoms until 

senescence (Fig. 3.8, panels C and D).   
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Fig. 3.6   
Photographs of N. benthamiana plants, and close up of leaves, infected with PVX expressing (a)v2 of 

ACMV (panels A and B), CLCuMV (panels C and D) and TYLCV (panels E and F). 
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Fig. 3.7  

Photographs of N. benthamiana plants, and close-up views of leaves, infected with PVX expressing ACMV 

mp (panels A and B), ACMV nsp (panels C and D), CbLCuV mp (panels E and F) and CbLCuV nsp (panels 

G and H).  
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Table  3.1 

 Summary of the symptoms induced by the expression of CLCuMV, ACMV, CbLCuV 

and TYLCV genes from a PVX vector in N. benthamiana 

 

  

 

 

* Not determined 
∆ 

 Newly developing leaves showing no symptoms 
▲

Approx. number of days after inoculation that symptom reversion (recovery) started.  
□
 Period between the time inoculation and first sign of appearance of symptom. 

# 
Symptoms are indicated as mild vein yellowing (MYV), vein thickening (VT), mild mosaic (MMo), 

necrosis (Nc), leaf curling (LCu), necrosis at site of inoculation (NcO), systemic necrotic lesions (NcS), 

severe leaf curling (SLCu), Vein yellowing (VY), mild leaf curling (MLCu), veinal necrosis (VNc), inter 

veinal chlorosis (IVC), deformed leaves (DL), leaf crumpling (LCr), etiolation (Et), mosaic (Mos), stunting 

(St), enations (En), vein swelling (VS) and vein darkening (VD) 

 

 

Gene Construct Latent 

period
□ 

(days) 

Recovery
∆ 

(dpi)
▲

 

Symptoms
#
 

- PVX 7 Yes(12-14) MVY, VT, MMo,  

GFP PVX- GFP 6 Yes (12-14) MVY, VT, Mo and GFP  

 

Rep 

[(A)C1] 

PVX-Mu-C1 7 Yes (14-16) Nc, LCu, NcO, NcS 

PVX-A-AC1 7 No NcO, SLCu, VY, NcS 

PVX-Cb-AC1 7 Yes (14-16) NcO, MLcu, NcS 

PVX-T-C1 nd* nd* nd* 

 

TrAP 

[(A)C2] 

PVX-Mu-C2 7 Yes (14-16) NcO, MLCu, NcS 

PVX-A-AC2 5 Yes (12-14) VY, VNc, MLCu 

PVX-Cb-AC2 7 Yes (14-16) VY, VNc, MLCu 

PVX-T-C2 7 Yes (14-16) IVC 

 

REn 

[(A)C3] 

PVX-Mu-C3 7 Yes (14-15) MVY, VT, M Mo 

PVX-A-AC3 7 Yes (14-15) MVY, VT, M Mo 
PVX-Cb-AC3 7 Yes (14-15) MVY, VT, M Mo 

PVX-T-C3 7 Yes (14-15) MVY, VT, M Mo 

 

[(A)C4] 

PVX-Mu-C3 7 No MLCu, VY, DL 

PVX-A-AC4 7 Yes (14-16) MVY, VT, M Mo 

PVX-Cb-AC4 7 Yes (14-16) VY, LCr,VS 

PVX-T-C4 7 Yes (14-16) Et, MLCu, 

 

CP 

[(A)V1] 

 

PVX-Mu-V1 7 Yes (14-15) MVY, VT, M Mo.,  

PVX-A-AV1 7 Yes (14-15) MLCu, Mos 

PVX-Cb-V1 7 Yes (14-15) MVY, VT, MMo 

PVX-T-V1 7 Yes (14-15) LCr, LCu, Mos 

 [(A)V2] PVX-Mu-V2 6 No NcO, SLCu, VNc, 

PVX-A-AV2 8 Yes (16-18) LCu, VY 

PVX-T-V2 7 No SLCu, St, VY, NcS 

MP 

[BC1] 

PVX-A-BC1 7 Yes (14-15) MVY, VT, M Mo,  

PVX-Cb-BC1 7 Yes (14-15) MVY, VT, M Mo,  

NSP 

[BV1] 

PVX-A-BV1 7 Yes (14-15) MLCu, NcS 

PVX-Cb-BV1 7 Yes (14-15) MVY, VT, M Mo  

C5 PVX-Ko-C5 8 Yes (14-16) NcO, Mos, 

βC1 PVX-Mu- βC1 6 No SLCu, St, En, VS, VD 
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Fig. 3.8 
Photographs of N. benthamiana plants, and close-up views of leaves, infected with PVX expressing 

CLCuKoV c5 (panels A and B), CLCuMB βc1 (panels C, D, E and F) and gfp (panels G and H). The 

photograph in panel H was taken under UV illumination to show GFP fluorescence.  
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Fig. 3.9 
Photographs of a healthy N. benthamiana plant  (panel A), N. benthamiana plants, and close-up views of 

leaves, infected with ACMV (panel B), CLCuMV/CLCuMB (panels C and D), CbLCuV (panels E and F) 

and TYLCV (panels G and H).  
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Table 3.2 

 Infectivity of ACMV, CLCuMV, CbLCuV/CLCuMB, TYLCV and PVX constructs for 

the expression of individual virus genes. 

 

 

Inoculum 

Infectivity 

(plants infected/plants inoculated)  

Total Experiment 

I II 

PVX 15/15 15/15 30/30 

PVX-GFP 15/15 15/15 30/30 

PVX-A-AC1 14/15 13/15 27/30 

PVX-A-AC2 14/15 15/15 29/30 

PVX-A-AC3 15/15 15/15 30/30 

PVX-A-AC4 14/15 15/15 29/30 

PVX-A-AV1 14/15 13/15 27/30 

PVX-A-AV2 12/15 14/15 28/30 

PVX-A-BC1 14/15 14/15 28/30 

PVX-A-BV1 15/15 14/15 29/30 

ACMV DNA A and DNA B 10/10 9/10 19/20 

PVX-Mu-C1 14/15 13/15 27/30 

PVX-Mu-C2 15/15 14/15 29/30 

PVX-Mu-C3 15/15 15/15 30/30 

PVX-Mu-C4 13/15 15/15 28/30 

PVX-Ko-C5 15/15 12/15 27/30 

PVX-Mu-V1 14/15 15/15 29/30 

PVX-Mu-V2 12/15 13/15 25/30 

PVX-Mu-βC1 15/15 15/15 30/30 

CLCuMV/CLCuMB 9/10 9/10 18/20 

PVX-Cb-AC1 13/15 14/15 27/30 

PVX-Cb-AC2 14/15 14/15 28/30 

PVX-Cb-AC3 15/15 15/15 30/30 

PVX-Cb-AC4 12/15 15/15 27/30 

PVX-Cb-AV1 13/15 12/15 25/30 

PVX-Cb-BC1 15/15 15/15 30/30 

PVX-Cb-BV1 15/15 15/15 30/30 

CbLCuV DNA A and DNA B 8/9 9/9 17/18 

PVX-T-C2 15/15 15/15 30/30 

PVX-T-C3 15/15 15/15 30/30 

PVX-T-C4 14/15 13/15 27/30 

PVX-T-V1 14/15 14/15 28/30 

PVX-T-V2 13/15 14/15 27/30 

TYLCV 10/10 10/10 20/20 
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Fig. 3.10 
Alignment of the predicted amino acid sequence of Cotton leaf curl Multan virus  (CLCuMV) 

transcriptional activator protein (TrAP) with the homologs encoded by African cassava mosaic virus 

(ACMV), Cabbage leaf curl virus (CbLCuV), Tomato yellow leaf curl virus (TYLCV), and Tomato golden 

mosaic virus (TGMV) (Hamilton et al., 1984). The previously identified basic (box A), NLS (box B) cys-

his (box C), and acidic (box D) domains are indicated. Amino acids which are not conserved are shaded red 

The conserved amino acid sequence in zinc-finger domain is shown by asterisks. Encircled amino acid 

show the difference in zinc-finger domain of CLCuMV AC2. 
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3.4 Discussion 

This is the first comparative study of the phenotypes induced by each gene 

encoded by CLCuMV, ACMV, CbLCuV and TYLCV. The begomoviruses chosen for 

analysis represent each “subtype” of begomovirus; a true monopartite (TYLCV*), a 

bipartite Old World (ACMV), a monopartite betasatellite-associating (CLCuMV) and a 

bipartite New World begomovirus (CbLCuV). The phenotypes induced were by  studied 

expressing each gene from a PVX-based vector (Chapman et al., 1992) in planta in the 

absence of the other gene products and thus may provide an insight into virus-host 

interaction that may not be evident by, for example, mutation of the gene in the virus. The 

host used in this study was N. benthamiana. The results have shown that homologous 

gene products from different viruses may induce distinct phenotypes, suggesting that 

these genes may interact with distinct host factors or with similar host factors but to 

differing degrees. Of all the genes encoded by the four viruses only three genes, ren mp 

and nsp (with the exception of ACMV mp, that induced a noticeable phenotype), did not  

induce a phenotype in N. benthamiana, when expressed from PVX, above and beyond the 

mild vein yellowing symptoms induced by the vector itself.  

REn is a protein encoded by the majority of dicot-infecting geminiviruses for 

optimal genome replication (Settlage et al., 2005). Surprisingly, mutation of the ren of 

TYLCV, in most cases, did not affect virus replication in tobacco protoplasts, suggesting 

that it is not essential for the activity of the Rep. The functional REn protein is a homo-

oligomer that interacts with Rep and at least three host encoded proteins, PCNA,RBR and 

a transcription factor in the NAC family (Selth et al., 2005; Settlage et al., 2005). The 

evidence suggests that REn acts by protein-protein interactions, since no catalytic activity 

has been demonstrated for this protein. TGMV mutants with the REn gene mutated 

replicated far less efficiently than their wild-type counterparts (giving lower viral DNA 

levels) with delayed and attenuated symptoms (Sunter et al., 1990). Expression of the 

REn of ToLCV from a TMV vector caused stunting in N. benthamiana (Selth et al., 

2004) which may attributed to the protein interfering with cell cycle, possibly by 

interactions with RBR. The lack of apparent effect due to similar expression of the 

CLCuMV, ACMV, CbLCuV and TYLCV REn proteins from a PVX vector may thus  

 

* Since this work was initiated, some TYLCV isolates have been shown, in the field, to interact with 

betasatellites (Khan et al., 2008). In addition, (Ito et al., 2009) recently showed that TYLCV isolates not 

associated with betasatellites, nevertheless have the capacity to interact with betasatellites resulting in 

enhanced symptoms. This raises the question as to whether this virus can actually be considered to be a 

truly monopartite begomovirus. However, for the isolate use in the study presented here, no betasatellite 

was identified and the clone was fully infectious, inducing bona fide disease symptoms, in the absence of a 

betasatellite. 
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indicate that these proteins are unable to interact with one or more host factors in the 

experimental host N. benthamiana, or do so less efficiently. The symptomless phenotype 

induced by REn may indicate either that it does not contribute significantly in replication 

of these viruses in N. benthamiana or that it can interact with host factor without affecting 

the normal phenotype of the plant. There is the possibility that the effects of REn 

expression are minor, not evident at the whole plant level, requiring more sophisticated 

techniques to detect. There is thus a need to examine such plants at the microscopic level. 

Similarly, PVX mediated expression of MIMYV REn in N. benthamiana  also failed to 

produce any phenotype other than that of PVX and it was suggested that it may not have a 

significant contribution toward virus replication or phenotype of the plant is not altered 

upon its interaction with other cellular proteins (Ilyas, 2009). 

The geminivirus-encoded Rep plays a pivotal role in the viral infection cycle, 

probably the most important of which are its multiple functions in RCR and interference 

in the host cell-cycle (Hanley-Bowdoin et al., 2004; Hanley-Bowdoin et al., 1999). 

Generally over expression of Rep leads to cell death (Selth et al., 2004; van Wezel et al., 

2002a). This is likely due to the interaction of this protein with RBR which is required to 

repress cell cycle progression. Down regulation of RBR expression by VIGS has been 

shown to induce developmental abnormalities and cell death (Jordan et al., 2007). All 

efforts to transform the PVX vector harboring TYLCV rep into Agrobacterium were 

unsuccessful and this might attributed to the toxicity of this protein. Despite this there are 

several reports of the production of transgenic plants expressing the Rep of various 

begomoviruses without any apparent deleterious effects (Hanley-Bowdoin et al., 1990; 

Hong and Stanley, 1996, Shivaprasad et al., 2006). However, there is also a report of the 

inability to regenerate transgenic plants expressing the rep of ToLCV (Selth et al., 2004). 

Hanley-Bowdoin et al. (1990) reported the production of TGMV rep transgenic plants 

which could support the replication of TGMV clones with the rep mutated, suggesting 

that fully active Rep protein was produced. In contrast, Hong and Stanley (1996) 

produced ACMV rep transgenic plants which, significantly, could not support an ACMV 

rep mutant. They noted full-length transcripts in many, but not all lines. Since none of 

these studies report sequencing the integrated transgene, it is possible that the 

transformation procedure selected for transgenes not express Rep or expressing mutated 

Rep lacking the toxic effect of this product. Recently a single amino acid change in the 

Rep of ACMV has shown to abolish the cell-death response to this protein in plants. It is 

thus possible that earlier results are misleading and that all geminivirus Rep proteins 

induce a cell-death response in plants. 
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The results of the PVX-mediated expression of CLCuMV, ACMV and CbLCuV 

Reps are consistent with earlier reports that this protein elicits cell-death. However, a 

TMV vector expressing ToLCV Rep was localized to the site of inoculation and did not 

spread systemically, whereas the PVX vector expressing Rep of all viruses under study 

here were not restricted and spread systemically, inducing mild necrosis and leaf curling. 

There are a number of possible explanations for this anomaly. Firstly there may be 

different host responses due to the two distinct vectors used or the different host plants 

used. In the study presented here the phenotypes were observed in N. benthamiana while 

the ToLCV Rep response was studied in N. clevelandii. The PVX-mediated expression of 

CLCuMV Rep in N. tabacum and N glutinosa produced local necrosis and the virus was 

unable to move systemically (data not shown). Thus it is possible that this difference in 

response is due to the host used. Another possibility is that the PVX vector that spread 

systemically from the site of inoculation in N. benthamiana  was no longer expressing 

Rep or, more likely, was expressing mutated Rep. It has been demonstrated that virus 

vectors carrying foreign sequences are subject to a high frequency of deletions of the 

inserted sequences (Chung et al., 2007). It is interesting to note that for TYLCCNV Rep  

expressed from a PVX vector, although this induces necrosis at the site of inoculation, the 

product of the overlapping C4 gene was shown to be required for systemic necrosis, 

indicating that a strong host defense mechanism operates to counter Rep-induced necrosis 

(van Wezel et al., 2002a). The constructs used for expression of ACMV, CLCuMV and  

CbLCuV  Rep here also contain an intact (a)c4 and would thus be expected to induce 

systemic necrosis, suggesting either that the host response to ToLCV Rep by N 

clevelandii is very strong or possibly that ToLCV C4 is not efficient at inhibiting the host 

defense response in the systemic phase. Further investigations will need to be conducted 

to answer these questions. It is possibly significant that for all PVX construct rep-

encoding genes, infectivity was reduced in comparison to PVX vector with no insert 

(Table 3.2).  This suggests that the sequence of rep-encoding genes interfere with the 

ability of PVX to establish infection.  

In the study presented here the TrAPs of ACMV, CbLCuV and TYLCV  induced 

vein yellowing and leaf curling in systemic leaves while that of CLCuMV additionally 

induced necrosis. The TrAP of ToLCV induced necrotic lesions and some veinal necrosis 

on inoculated leaves of N. benthamiana. New leaves exhibited severe veinal necrosis 

extending into vascular regions (Selth et al., 2004). The TrAP of MYMIV was found to 

induce HR at the inoculation site, curling of emerging leaves and necrosis and bleaching 

of mature leaves when expressed from a PVX vector (Ilyas, 2009). Similarly, the TrAP of 
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TYLCCNV induced necrotic ringspots on inoculated leaves and necrotic vein banding on 

systemically infected leaves (Van Wezel et al., 2001). In this regard the phenotype 

induced by the expression of the TrAP of CLCuMV is thus consistent with earlier reports. 

The TrAPs of ACMV, TYLCV and CbLCuV induced a profound phenotype which was 

the same as that induced by that of CLCuMV, with the exception of the induction of a 

HR. These results suggest that TrAPs of these viruses interact with the host factors in a 

different manner.  A multiple alignment of the predicted amino acid sequence showed 

that CLCuMV TrAP, in comparison with those of ACMV, CbLCuV and TYLCV, has a 

change in its zinc finger domain (histidine at position 44 is replaced by serine). Moreover, 

there is a replacement of isolucine at the position 33 with valine (Fig. 3.10). This motif is 

important for the nuclear localization of the TrAP (Hartitz et al., 1999). Thus the change 

of amino acids in two important motifs of CLCuMV TrAP may result in production of 

HR at the site of inoculation. This is supported by the earlier report that the nuclear 

localization signals is important for the production of HR (Hussain et al., 2007). 

However, this hypothesis will need to be tested by site-directed mutagenesis of the 

CLCuMV trap. 

  The precise function of the product of the (a)c4 of dicot-infecting geminiviruses 

(with the exception of the dicot-infecting mastreviruses, which do not encode a homolog 

of this gene) remains unclear and may differ between viruses. Disruption of the c4 of 

monopartite begomoviruses results in attenuated symptoms and low infectivity, 

suggesting that it is involved in either symptom development, virus movement, or both 

(Jupin et al., 1994; Rigden et al., 1994). The C4 of curtoviruses is an important symptom 

determinant but is not essential for infectivity, induces cell division (Latham et al., 1997; 

Mills-Lujan and Deom, 2010), interacts with the brassinosteroid signaling pathway 

(Piroux et al., 2007) and up-regulates host RKP, a ring finger protein that may interact 

with cell-cycle inhibitor ICK/KRP proteins, thereby interfering in the cell-cycle (Lai et 

al., 2009). In contrast, early studies of the AC4 of bipartite viruses by mutagenesis 

concluded that his gene is either non-functional, or functionally redundant, since mutants 

were infectious and produced wild-type symptoms (Elmer et al., 1988; Etessami et al., 

1991, Hoogstraten et al., 1996; Pooma and Petty, 1996). 

With exception of CbLCuV, PVX mediated expression of (A)C4 produced mild 

phenotype, with symptoms typical of PVX. These results are consistent with earlier report 

for the expression of AC4 of ACMV and C4 of TYLCCNV from PVX which resulted in 

no symptoms above those induced by PVX (van Wezel et al., 2002a). (A)C4 is highly 

variable among different geminiviruses. C4 of TYLCCNV was found to counter the Rep-
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induced HR in N. benthamiana (van Wezel et al., 2002a) and the C4 of TYLCV was 

shown to possibly be involved in virus movement (Jupin et al., 1994). AC4 has been 

reported to be a suppressor of gene silencing for the bipartite begomovirus ACMV 

(Vanitharani et al., 2004). ACMV AC4 binds single-stranded miRNA and siRNA in vitro 

but does not bind the corresponding duplex forms. Thus, AC4 appears to block 

cytoplasmic RNA silencing, and coincidentally the miRNA pathway, by a mechanism 

that involves binding single-stranded siRNA and miRNA (Chellappan et al., 2005a). This 

suggests that silencing-active AC4 proteins interfere with RISC loading by acting 

downstream of small RNA biogenesis and duplex unwinding, possibly by facilitating the 

degradation of single-stranded miRNAs and siRNAs.  

Expression of the c4 of CLCuMV and TYLCV induced mild symptoms that 

included leaf curling and yellowing of leaves. However, these symptoms were not as 

severe as reported for other viruses. For example, the ac4 of MYMIV expressed from the 

PVX vector induced virus-like symptoms (vein yellowing and leaf curl; Ilyas, 2009). In 

another report, TMV-mediated expression of ToLCV C4 in N. tabacum resulted in virus-

like symptoms including rugosity, blistering and curling of leaf margins (Selth et al., 

2004). Thus the (a)c4 genes of CLCuMV, CbLCuV and TYLCV resemble those of 

ToLCV and MYMIV with respect to the phenotype induced upon expression from a virus 

vector. The induction of this phenotype may be attributed to a possible interference by 

this protein in the cell-cycle. This hypothesis is supported first by the phenotype produces 

by the expression of TYLCV c4 which resulted in etiolation (an increase in inter-nodal 

distance) which might be the result of cell elongation and/or cell division. BCTV upon 

infection of N. benthamiana, sugar beet and spinach induced enations. A c4 mutant 

BCTV failed to induce enations, suggesting the role of c4 gene in cell division 

(hyperplasia) and expansion (hypertrophy) of phloem parenchyma cells (Stanley and 

Latham, 1992; Stanley et al., 1992b).  By using in-situ hybridization it was shown that 

infection of BCTV was closely associated with the vascular system in N. benthamiana 

and sugar beet; although hyperplastic cells associated with wild-type virus infection 

frequently do not contain detectable levels of viral DNA. Extensive hyperplasia was not 

observed in plants infected with a c4 mutant, demonstrating a role for C4 in virus-induced 

cell proliferation. Ectopic expression of c4 in transgenic N. benthamiana resulted in 

abnormal plant development and the production of tumorigenic growths, confirming that 

this gene alone is sufficient to initiate cell division in permissive cells when removed 

from the context of the viral genome (Latham et al., 1997). PVX-mediated expression of 

CbLCuV AC4 resulted in an unusual phenotype including “dents” (dimple-like 



PVX-mediated expression of begomovirus genes 

 

63 

 

structures) on the systemic leaves. These lesions could be the result of hyperplasia caused 

by the expression of AC4. It would be interesting to conduct a microscopic study of these 

structures to examine the nature of the cells involved in the induction of dimple-like 

structures.   

The (a)c5 ORF is not well conserved between begomoviruses and is only 

consistently seen in the bipartite Old World begomoviruses that infect legumes (known as 

“Legumoviruses”; Ilyas, 2009, Qazi et al., 2007b). This is one of the main reasons that 

little attention has been paid to this potential gene. PVX-mediated expression of 

CLCuKoV c5 induced a distinct phenotype including mild leaf curling and mosaic. There 

are only two studies reported that have investigated the possible function of the (a)c5 

product. The first investigated the possible role of MYMIV AC5 in virus infection. In a 

yeast model system it was shown that this may have a role in viral DNA replication, 

although it provided no indication of what that function might be (Raghavan et al., 2004). 

In the second study, expression of the ac5 gene of MYMIV from the PVX vector in N. 

benthamiana induced mild leaf curl and light green mosaics on the leaves of infected 

plants (Ilyas, 2009), symptoms very similar to those obtained for  CLCuKoV c5  here. 

Although ac5 is consistently present in Legumoviruses, it is interesting to note that no 

study has mapped the transcripts of MYMIV. A study of the closely related MYMV did 

not identify transcripts spanning the ac5 ORF (Shivaprasad et al., 2005). However, this 

was not an exhaustive study, aiming to identify only the major transcripts, and it is thus 

possible that minor transcripts suitable for translation of the AC5 were not characterized. 

The phenotype induced by the expression of CLCuKoV c5 indicates that the product of 

the gene has an effect on cellular metabolism but gives no indication of what the basis for 

that effect might be. Nevertheless, the identification of an effect as well as the fact that c5 

appear to reduce PVX expression (Table 3.2) indicates that further studies are warranted 

to investigate the potential contribution this gene product has for the viral infection cycle. 

The affect of mutagenesis of this gene on virus infectivity now needs to be investigated to 

determine whether it has any function in the virus infection cycle and transcript mapping 

to determine whether suitable mRNAs are produced from which it could be translated, 

which would rule out it possibly being an evolutionarily conserved pseudo-gene. 

There are only two published reports on transient expression of CP. The first is the 

expression of the CP of ToLCV from a TMV based vector in Nicotiana spp. which 

induced no discernable phenotype (Selth et al., 2004). The second is a recent report of 

PVX-mediated expression of the MYMIV CP which induced leaf crumpling and vein 

yellowing in N. benthamiana. However, earlier studies of ACMV and TYLCV producing 
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of transgenic N. benthamiana and tomato lines, respectively, constitutively expressing the 

CP encoding genes do not  refer to any phenotype (Frischmuth and Stanley; 1998, Kunik 

et al., 1994). The lack of symptoms induced by the PVX mediated expression of CP of 

CLCuMV and CbLCuV are thus in agreement with these earlier studies. However, 

transient expression of ACMV and TYLCV CP induced leaf crumpling and vein 

yellowing in N. benthamiana, is thus somewhat unusual but still in agreement with report 

of Ilyas (2009) where it was shown that PVX-mediated expression of MYMIV  induced 

leaves deformation and showed a pronounced vein yellowing in N. benthamiana. 

The CP is the only structural protein of geminiviruses; it forms the typical 

geminate particles from which the family derives its name. It is vector determining and 

thus has to interact with both plant hosts and arthropod vectors (Briddon et al., 1990); the 

CP of TYLCSV has recently been shown to interact with a B. tabaci-encoded heat shock 

family protein (Ohnesorge and Bejarano, 2009). It plays a part in virus movement. For 

monopartite begomoviruses it is essential and mutation of this gene abolishes infectivity 

(Boulton et al., 1989b; Briddon et al., 1989; Hormuzdi and Bisaro, 1993; Rigden et al., 

1993). Although it is not essential for the movement of bipartite begomoviruses, viruses 

with mutations in the CP gene show extended latent periods, indicating that even for these 

viruses CP plays a part in movement (Pooma et al., 1996). The CP has sequence non-

specific DNA binding properties (Liu et al., 1997; Palanichelvam et al., 1998, 

Priyadarshini and Savithri, 2009) and it is likely that CP-ssDNA interactions are required 

for particle formation (since no empty, thus lacking DNA, virus particles have been 

reported). Studies with TYLCV have shown that the CP acts as a functional homolog of 

the bipartite begomovirus NSP, having both NLS (Kunik et al., 1998; Rhee et al., 2000)  

and nuclear export signals (Rhee et al., 2000) and interacts in planta with a karyopherin α 

that likely is involved in transport into the nucleus (Kunik et al., 1999). In another 

relevant study, using GFP tagging and N. plumbaginifolia protoplast, it was shown that 

the CP of MYMV contains two NLSs and interacts with karyopherin α (Guerra-Peraza et 

al., 2005). However, none of these earlier studies provides us with any concrete 

indication as to why the CPs of ACMV and TYLCV appear to affect plant development 

or why the CP of these viruses are different from all others so far examined, highlighting 

instead the inconsistency between the transgenically expressed situation (no apparent 

symptoms) and the PVX expressed situation (a mild symptom phenotype).  A possible 

explanation is that CP is a functional homolog of NSP of bipartite viruses which, for 

Tomato leaf curl New Delhi virus, has been shown to be a pathogenicity determinant 

(Hussain et al., 2005). Thus possibly the CPs of ACMV and TYLCV have some of the 
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same interactions, involved in shuttling DNA into/out of the nucleus as NSP. However, 

this would not explain the differences between ACMV/TYLCV and CbLCuV/CLCuMV, 

unless the interactions are host specific. A far more likely explanation is that the 

symptoms are due to tissue specific expression. PVX, in common with many 

phytopathogenic viruses, is transported to the sink leaves via the phloem and is there 

unloaded (in classes I–III veins; Cruz et al., 1998; Roberts et al., 1997). These studies 

also showed that only a limited number of cells are infected, mostly immediately adjacent 

to the phloem, and therefore a gene expressed from a PVX-vector will likely only be 

expressed in a limited number of cells close to the phloem. In contrast, transgenic 

expression of genes driven by the Cauliflower mosaic virus 35S promoter should (at least 

in theory) lead to expression in every cell. Thus this difference in expression pattern may 

be the reason why transgenic and PVX-mediated expression of (at least some) 

begomoviruses CPs contrast with respect to induction of disease-like symptoms. Clearly 

the way to answer this question will be to produce transgenic plants expressing the CPs 

under a tissue-specific (phloem-specific) promoter to see whether this reproduces the 

symptoms seen in plants when expressing the CPs from PVX.  

Infection of N. benthamiana with PVX-A-AV2 resulted in vein yellowing and leaf 

curling. These results are in agreement with the PVX-mediated expression of AV2 of 

EACMCV that similarly induced a mild mottling (Reddy et al., 2008). V2 of TYLCV, 

when expressed from PVX in N. benthamiana, induced symptoms consisting of 

yellowing, leaf curling and stunting. The results presented here are also in line with  Selth 

et al. (2004) where it was shown that expression of the V2 of ToLCV, from a TMV 

vector, caused stunting of and yellowing in N. benthamiana, symptoms reminiscent of 

infections involving this virus The symptoms induced by expression of the TYLCV V2 

from the PVX vector closely mimic the symptoms of TYLCV in N. benthamiana 

(compare Fig. 3.12 panel C with panel E). This suggests that the V2 is possibly the major 

symptom determinant of both TYLCV and ToLCV. Qazi et al. (2007) showed that PVX-

mediated expression of the βc1 of CLCuMB induced all the symptoms in N. benthamiana 

that are typically induced in this host by the viruses associated with CLCuD together with 

CLCuMB. In common with PVX (Cruz et al., 1998), TYLCV is phloem limited (Rojas et 

al., 2001). This thus suggests that TYLCV V2 can induce all the symptoms typical of 

tomato yellow leaf curl disease when expressed in the correct tissues. A similar 

conclusion was reached by Qazi et al. (2007) for the betasatellite-encoded βc1 of 

CLCuMB. This gene was shown to induce all symptoms typical of CLCuD, when 

expressed from the PVX vector, including the characteristic enations 
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PVX mediated expression of CLCuMV V2 resulted in severe leaf curling 

followed by a HR in N. benthamiana. This indicates that the cell death was unable to 

contain PVX. This HR like phenomena upon inoculation of V2 of CLCuMV indicates 

that this gene might be a pathogenicity determinant and a target of host defense 

responses. For both the V2 of CLCuKoV (Mubin et al., 2010) and Tomato leaf curl Java 

virus (ToLCJV; Sharma and Ikegami) this has been shown to be the case. The HR in 

plants is caused by interaction with an incompatible pathogen and is characterized by 

rapid and localized cell death at the site of infection. HR usually results in pathogen arrest 

and prevention of systemic infection. However, resistance and HR can be uncoupled in 

cases where no HR is observed at the site of pathogen host interaction or where HR is 

unable to contain the pathogen and systemic cell death ensues (Balague et al., 2003; 

Clough et al., 2000), as seems to be the case here with the V2 of CLCuMV. It has 

previously been shown that bipartite begomoviruses encode proteins that are elicitors of 

HR. For both ToLCNDV and Bean dwarf mosaic virus the avirulence determinant (the 

product eliciting the HR) was shown to be the NSP, encoded on the DNA B component 

(Garrido-Ramirez et al., 2000; Hussain et al., 2005). It would appear that that for 

monopartite begomoviruses, including CLCuMV, the V2 is the avirulence determinant, at 

least for their interactions with solanaceous hosts (Mubin et al., 2010, Sharma and 

Ikegami, 2009). 

The (a)v2 gene is conserved among begomoviruses from the Old World, but 

absent from viruses originating from the New World. Although both bipartite and 

monopartite begomoviruses occur in the Old World, only a single monopartite 

begomovirus (TYLCV) occurs in the New World, having been introduced from the Old 

World (Polston et al., 1999). It has been suggested that this evolutionary dichotomy may 

be due to the absence of the AV2 in the New World begomoviruses, which may be 

required to complement the missing functions encoded by DNA B for monopartite viruses 

(Ha et al., 2008). The genomes of monopartite begomoviruses are a homolog of the DNA 

A components of bipartite viruses and the V2 protein and CP have been shown to be the 

functional equivalents of the DNA B-encoded NSP and MP, respectively (Rojas et al., 

2005; Rojas et al., 2001). (A)V2 localizes to both the nucleus and the cytoplasm and has a 

limited ability to move between adjacent cells, consistent with its possible role in virus 

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

2007). For MYMIV it has been shown that disruption of the av2 abolishes infectivity to 

legumes and this lack of infectivity was attributed to a requirement for the movement 

function of this gene (Ilyas, 2009). A probable role of (A)V2  therefore, is its involvement  
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in the movement function of the virus.  In contrast, earlier studies showed av2 mutants of 

East African cassava mosaic Zanzibar virus (EACMZV; a bipartite OW begomovirus) to 

be infectious in N. benthamiana and cassava, although symptoms in both hosts were 

attenuated and levels of viral DNA accumulation were reduced. All mutants were unable 

to express detectable levels of CP, even though the point mutations were made in such a 

way that the CP coding sequence remained unaffected (Bull et al., 2007). This suggested 

that expression of AV2 and the CP are coupled, with a close structural and/or functional 

relationship between these coding regions or their products. 

Although PVX mediated expression of ACMV NSP and CbLCuV NSP and MP in 

N. benthamiana did not elicit a phenotype beyond that of PVX, expression of the ACMV 

MP induced mild downward leaf curling and necrosis in systemic leaves. This is 

consistent with a number of previous studies of bipartite NW begomoviruses (Duan et al., 

1997; Hou et al., 2000; Smith and Maxwell, 1994; von Arnim and Stanley, 1992) and 

indicates that MP is a symptom determinant. However, these results differ from a similar 

study of the bipartite OW begomovirus ToLCNDV, which used both PVX expression and 

stable transformation that showed NSP to be a pathogenicity determinant and the MP to 

induce no noticeable effects (Hussain et al., 2005). More recently, PVX mediated 

expression of the MP of the bipartite OW begomovirus MIYVMV N. benthamiana 

resulted in downward curling, and necrosis in systemic leaves (Ilyas, 2009). Thus it seems 

that for OW begomoviruses, interaction of MP with cellular proteins do not follow a 

conserved pattern. However, since relatively few bipartite begomoviruses have been 

identified in the Old World and only these two (MYMIV and ACMV) have been studied 

and it is premature to draw any definite conclusions.  

All functions thus far ascribed to betasatellites have been shown to be mediated by 

the single, complementary-sense gene-product, βC1, they encode. βC1 is a pathogenicity 

determinant (Qazi et al., 2007a; Saeed et al., 2005; Saunders et al., 2004), a suppressor of 

PTGS (Cui et al., 2005; Gopal et al., 2007), binds DNA without size or sequence 

specificity (Cui et al., 2005) and may be involved in virus movement (Saeed et al., 2007). 

Constitutive expression of βC1 in transgenic plants, in the absence of helper virus, 

induces “virus-like” symptoms but these do not resemble the typical symptoms of the 

intact betasatellite in association with its helper begomovirus (Cui et al., 2004; Gopal et 

al., 2007; Saunders et al., 2004). For example, expression of the βc1 gene of Ageratum 

yellow vein betasatellite (AYVB) yielded N. benthamiana plants with severe 

developmental abnormalities (severely twisted stems and petioles) and vein greening 

(Saunders et al., 2004), whereas infection of AYVB in the presence of its cognate helper 
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begomovirus, AYVV, results in plants with a severe downward leaf curling phenotype. 

Similarly PVX-mediated expression of CLCuMB βC1 induced virus like symptoms N. 

tabacum (Qazi et al., 2007a) Thus results for PVX mediated expression of CLCuMB βC1 

in N. benthamiana are consistent with earlier reports. The symptoms induced consisted of 

leaf curling, vein yellowing, stunting and enations; symptoms that are typical of CLCuD 

in cotton (Briddon et al., 2001) and N. tabacum (Mansoor et al., 2003b). This indicates 

that, although the βC1 is the major symptom determinant of the CLCuMV-CLCuMB 

complex, the bona fide disease symptoms are only produced when this is expressed in the 

correct tissues, with the implication that PVX and CLCuMV have similar, phloem 

limited, tissue specificities.  

A recent study has provided an insight into the possible mechanism of induction 

of symptoms by βC1. It was shown that CLCuMB βC1 interacts with host ubiquitin-

conjugating enzyme SIUBC3 (Eini et al., 2009). Ubiquitin-conjugating enzymes (UBC) 

play a major role in the ubiquitin proteosome pathway which is responsible for the 

selective degradation of abnormal and short lived regulatory proteins, including 

transcription factors, cell cycle proteins and signal transducers. Plants infected with a 

betasatellite with a mutated βc1, producing a βC1 that was unable interact with siubc3, 

did not induce symptoms. These result showed that the interaction of βC1 with SIUBC3 

is essential for the production symptoms. However, it is unclear how this interaction may 

result in symptoms. One possibility is that the interaction causes an increase in the level 

of betasatellite replication, resulting in greater levels of βc1 expression and consequently 

enhanced symptoms. Alternatively CLCuMB βC1 may be involved in re-programming 

the infected cell to provide conditions more suitable for begomovirus replication. The cell 

cycle is altered upon infection of geminiviruses in order to produce a cellular 

environment suitable for virus replication and the major mediator of this is Rep (as 

described earlier; (Ach et al., 1997; Hanley-Bowdoin et al., 2004; Xie et al., 1995). For 

the infectivity of TYLCCNB, with its cognate helper begomovirus TYLCCNV, it has 

been shown that the βC1 protein must localize to the nucleus (Cui et al., 2005). A mutant 

of βC1 lacking the NLS failed to localize to the nucleus and did not induce symptoms. 

Another study showed that TYLCCNB βC1 interacts with ASYMMETRIC LEAVES1 (a 

key regulators of leaf polarity located in the nucleus) to alter the levels of miRNAs 

miR165/166 and thus interfere with the cell cycle (Yang et al., 2008). These results 

suggest that, in common with Rep, βC1 can interact with cellular factors which in turn 

can alter the cell cycle and lead to the pronounced symptoms (particularly enations, 

indicative of hyperplasia) shown here.  



PVX-mediated expression of begomovirus genes 

 

69 

 

The host responses observed in the present study result from high level and 

unregulated expression of individual genes of CLCuMV, ACMV, CbLCuV and TYLCV 

from a PVX based vector. The phenotypes induced are thus likely to be exaggerated. In 

actual virus infections transcription of all viral genes is tightly regulated, both spatially 

and temporally. For example, Rep is an early gene required for genome replication that 

represses its own expression at the level of transcription  (Sunter et al., 1993), probably to 

avoid the toxic effects of the protein were it to accumulate to higher than required levels. 

The results presented here suggested that most of the genes encoded by begomoviruses 

interfere with host processes during viral infection. Some unusual symptom phenotypes 

were observed. Although CbLCuV has not previously been associated with the induction 

of hypo- and/or hyperplasia, PVX-mediated expression of AC4 nevertheless was shown 

to induce vein swelling, likely due to hypo-/hyperplasia, pinpointing this genes as a major 

contributor to the leaf curl symptoms seen in CbLCV infections. Similarly, TYLCV V2 

expression induced virus-like symptoms typical of TYLCV infections of N. benthamiana, 

highlighting this gene as the major pathogenicity/symptom determinant. Thus although in 

some cases no meaningful conclusions could be drawn, the results obtained have 

highlighted some interesting effects that warrant further investigation. In particular the 

study demonstrated that some proteins from distinct begomoviruses induce differing 

effects, such as the CP which may indicate that they interact differently with the host. 

Another point to keep in mind is that the four viruses examined have distinct host 

adaptations. CLCuMV/CLCuMB is adapted to hosts in the Malvaceae (specifically 

cotton), TYLCV to hosts in the Solanaceae (specifically tomato), ACMV to 

Euphorbiaceae (specifically cassava) and CbLCV to plants of the Brassicaceae 

(specifically cabbage), and the differences may thus result from expression in a 

heterologous host (N. benthamiana). It is therefore important, in the future, to repeat these 

studies in the natural host to verify the results. This should be possible in tomato and 

cabbage, for which suitable expression vectors are available. However, at this time no 

suitable vectors are available for either cotton or cassava and it is thus not possible to 

repeat these studies in the natural host at this time. 

 

 



CHAPTER 4 

Effect of virus infection and transient expression of individual genes encoded by the 

viruses on the accumulation of selected miRNAs in Nicotiana benthamiana  

 

4.1 Introduction 

4.1.1 miRNA  

MicroRNAs (miRNAs) are endogenous, approx. 22nt RNAs that can play 

important regulatory roles in animals and plants by targeting mRNA for cleavage or 

translational repression (Bartel, 2004). miRNA are the second most abundant class of 

RNA among short RNAs (Voinnet, 2009) that play a very important role in multicellular 

organisms and influence the output of many protein-coding genes. 

 

4.1.2 Discovery of miRNA 

The first miRNA was discovered during a study of nematode larval development. 

Two approximately 22nt RNAs (the lin-4 and let-7 RNAs) control developmental timing 

by binding to their respective mRNA targets preventing their translation (Lee et al., 1993; 

Pasquinelli and Ruvkun, 2002). The let-7 RNA was found to be widespread even across 

phyla (Pasquinelli et al., 2000). In 2001, it was discovered that these two RNAs are 

members of a large class of 21- to 24nt non-coding RNAs found in nematodes, fruit flies 

(Drosophila melanogaster), and humans (Lagos-Quintana et al., 2001; Lau et al., 2001; 

Lee and Ambros, 2001), which are now referred to as miRNAs. Computational and 

molecular analyses indicate that humans have over 200 miRNA genes, nearly all of which 

are conserved in mice, and at least 80% of which are conserved in fish (Lim et al., 2003). 

Although the functions of a large number of metazoan miRNAs are unknown, their 

abundance and evolutionary conservation, along with the analogy to the two founding 

nematode miRNAs (lin-4 and let-7), which have been proven to be posttranscriptional 

gene regulators, suggests that this important mode of metazoan gene regulation had gone 

virtually undetected until the discovery of miRNAs. 

 

4.1.3 miRNA in plants 

In mid-2002, four groups reported RNAs with miRNA characteristics among the 

tiny RNAs present in Arabidopsis (Llave et al., 2002a; Mette et al., 2002; Park et al., 

2002; Reinhart et al., 2002). An important difference between plant and animal miRNAs 

is that the regulatory targets of plant miRNAs can be predicted with a fair degree of 

confidence, simply by identifying mRNAs with near perfect complementarity (Rhoades et 
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al., 2002). This could be attributed to the mode of action of plant and animal miRNAs. 

Plant miRNA tend to degrade mRNA by PTGS where perfect complementarity is 

required, which you can readily be predicted if a genome sequence is available. On the 

other hand, animal miRNAs use translational repression in which there are some 

mismatches of at the 3’UTR which can make it difficult to predict potential targets. 

The discovery of miRNAs in plants is still an ongoing process. Much focus has 

been directed toward miRNA identification in Arabidopsis and rice, but many species 

which are important economically or evolutionary have yet to be examined. Thus a large 

number of miRNAs likely remain to be discovered. One of the major factors limiting the 

discovery of new miRNAs is the lack of availability of genome sequences. This is 

absolutely required for a comprehensive analysis of the potential precursor structures of 

these small RNAs. Initial cloning of small RNAs from Arabidopsis and rice has revealed 

that plants are extremely rich in endogenous small RNAs and that only a small portion of 

cloned small RNAs correspond to miRNAs (Llave et al., 2002b; Mette et al., 2002). The 

majority of endogenous small RNA species represent small interfering RNAs (siRNAs). 

The difference between miRNAs and siRNAs lies in their biogenesis. miRNAs originate 

from the processing of single-stranded precursors that form a hairpin structure, whereas 

siRNAs are generated from long double-stranded RNAs (dsRNAs) or single-stranded 

RNAs that form hairpin structures (Mette et al., 2002).  

Three major approaches have been used to identify miRNAs in Arabidopsis; 

forward genetics, direct cloning and sequencing, and bioinformatics prediction. Though 

the first approach has only resulted in the identification of a small number of miRNA, this 

method has its own advantages which are the identification of the functions of the isolated 

miRNAs (Palatnik et al., 2003; Williams et al., 2005). A second approach to miRNA 

discovery is bioinformatics prediction. A number of published studies have produced 

algorithms to predict miRNAs. The features that the algorithms search for in the genomic 

sequences are based on our current knowledge of plant miRNAs and are largely similar 

among the studies (Adai et al., 2005; Bonnet et al., 2004; Jones-Rhoades and Bartel, 

2004; Wang et al., 2004). These features include the location of the miRNA genes, the 

high degree of sequence complementarity of miRNAs to their mRNA targets, the hairpin 

structures of the precursors, and the conservation of some miRNAs between two species 

(such as Arabidopsis and rice). Most algorithms begin by extracting intergenic sequences, 

and then apply other filters such as conservation between rice and Arabidopsis, or 

complementarity to target mRNAs to further refine the prediction. Some may start by 

extracting all sequence segments that have the potential to form hairpin RNAs, and then 
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apply secondary filters (Chen, 2008). The third, and perhaps the most effective, method 

for miRNA discovery is direct cloning and sequencing. In particular, deep sequencing of 

cloned small RNA libraries using massively parallel signature sequencing or 

pyrosequencing has allowed the identification of numerous small RNAs from Arabidopsis 

and provided a picture of the genomic landscape of small RNAs (Axtell et al., 2006; 

Fahlgren et al., 2007; Henderson et al., 2006; Kasschau et al., 2007; Lu et al., 2006; Lu et 

al., 2005; Rajagopalan et al., 2006; Zhang et al., 2007). 

 

4.1.4 miRNA biogenesis in plants 

4.1.4.1 Transcription 

All Arabidopsis miRNAs analyzed so far have their own transcriptional units such 

that each mir gene is transcribed into a primary precursor referred to as a pri-miRNA. 

This was first suggested by the intergenic location of mir genes and later confirmed by 

the presence of expressed sequence tags (ESTs) corresponding to miRNA precursor 

transcripts. The first indications that plant mir genes are transcribed by RNA polymerase 

II were that pri-miRNAs can be found corresponding to ESTs representing 

polyadenylated transcripts and that some pri-miRNAs that have been characterized 

contain introns. The most conclusive studies showed that 5′ capped transcripts were 

detected for 52 of the 99 tested mir genes (Xie et al., 2005a). Most of the pri-miRNAs 

begin with an adenosine, which is located within 40nt downstream of a conserved TATA 

box-like sequence. A bioinformatics analysis of 800-nt regions upstream of the mapped 

transcription start sites for these genes identified binding motifs for a number of known 

transcription factors (Megraw et al., 2006). 

 

4.1.4.2 Dicer processing 

Plant miRNAs, like their animal counterparts, are released from pri-miRNAs 

through at least two steps by RNase III enzymes. In animals, pri-miRNAs are first 

processed by an RNase III enzyme Drosha to the hairpin RNAs, known as pre-miRNAs, 

which serve as the immediate precursors of miRNAs (Kim, 2005). This processing step 

takes place in the nucleus and requires a dsRNA-binding protein DGCR8.  A protein 

called exportin 5 helps the pre-miRNA enters the cytoplasm through the nuclear 

membrane. After export to the cytoplasm the pre-miRNA is further processed by another 

RNase III enzyme, Dicer, to a duplex of the miRNA and the antisense strand (miRNA*; 

Voinnet, 2009). In contrast, plants do not have Drosha homologs, and the two sequential 

processing steps are both carried out by Dicer-like 1 (DCL1), a Dicer homolog. The 
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Fig. 4.1 
 The biogenesis of a plant miRNAs. miRNAs are  transcribed in the nucleus by RNA polymerase II or III 

and are processed by a nuclear type III RNase DCL1 to form pri-miRNA. Then the pri-miRNAs are cleaved 

by DCL1 to form pre-miRNAs. They are next exported in the cytoplasm with the help of HEN1. After 

unwinding  they are incorporated in the RISC complex where they serve as a guide to target mRNAs and 

silence their expression, either by translation repression or by mRNA degradation 
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requirement for DCL1 in miRNA processing was revealed by the fact that partial loss-of 

function mutants in dcl1 have greatly reduced accumulation of miRNAs and consequently 

exhibit pleiotropic developmental defects (Jacobsen et al., 1999; Park et al., 2002; Ray et 

al., 1996; Reinhart et al., 2002). Null mutations in dcl1 leads to embryonic lethality 

(McElver et al., 2001; Schwartz et al., 1994). Immuno-precipitated DCL1 from 

Arabidopsis was shown to be able to produce 21nt small RNAs from long dsRNAs (Qi et 

al., 2005). That DCL1 converts pri-miRNAs to pre-miRNAs is inferred from the fact that 

pre-miRNAs are reduced in abundance, while pri-miRNAs accumulate to higher levels, in 

dcl1 mutants (Kurihara et al., 2006; Kurihara and Watanabe, 2004).  Two proteins, 

HYPONASTIC LEAVES1 (HYL1) and SERRATE (SE), are required for the processing 

of pri-miRNAs to pre-miRNAs in the cytoplasm. HYL1 belongs to a family of dsRNA-

binding proteins in Arabidopsis (Hiraguri et al., 2005; Lu and Fedoroff, 2000). Loss-of-

function mutations in hyl1 result in reduced accumulation of many miRNAs and elevated 

expression of miRNA target genes (Han et al., 2004; Vazquez et al., 2004). The increased 

accumulation of pri-miRNAs and decreased levels of pre-miRNAs in hyl1 mutants 

suggests that HYL1 is required for the processing of pri-miRNAs to pre miRNAs 

(Kurihara et al., 2006). In fact, HYL1 has been found to interact with DCL1 in vitro and 

in a transient expression assay in N. benthamiana (Hiraguri et al., 2005; Kurihara et al., 

2006). 

SE encodes a C2H2 zinc finger protein that was initially found to specify leaf 

polarity by promoting the accumulation of miR165/166 (Grigg et al., 2005). Later, it was 

shown that SE plays a general role in the biogenesis of many miRNAs (Lobbes et al., 

2006; Yang et al., 2006a). It has been shown that SE interacts with HYL1 (Lobbes et al., 

2006; Yang et al., 2006a). Although there is so far no direct genetic or biochemical 

evidence that DCL1 also processes pre-miRNAs, the fact that mutations in other 

Arabidopsis Dicer homologs (DCL2, DCL3, and DCL4) do not affect the accumulation of 

the great majority of miRNAs (Gasciolli et al., 2005; Xie et al., 2005b; Xie et al., 2004a; 

Yoshikawa et al., 2005) suggests that this is most likely the case. Another study showed 

that HYL1 immuno-precipitated from Arabidopsis was able to process pre-miRNAs in 

vitro (Wu et al., 2007). RNAi-mediated knockdown of dcl1 in rice led to reduced 

accumulation of miRNAs and pleiotropic developmental phenotypes, suggesting that the 

function of DCL1 in miRNA biogenesis is conserved between monocots and dicots (Liu 

et al., 2005). DCL2, DCL3, and DCL4 are mainly responsible for processing long 

dsRNAs into siRNAs and another study has shown that DCL4 also plays a minor role in 

the biogenesis of a small number of miRNAs in Arabidopsis (Rajagopalan et al., 2006). 



Effects of virus infection on miRNA levels 

 

75 

 

4.1.4.3 Hua enhancer 1 (HEN1) 

The biogenesis of plant miRNAs differs from that of animal miRNAs in that 

methylation of miRNAs occurs after Dicer processing. This additional step in plant 

miRNA biogenesis was discovered during the studies of hen1, which was first isolated as 

a gene important in flower development (Chen et al., 2002). The fact that hen1 mutants 

share similar developmental defects with partial loss-of function dcl1 mutants indicated 

that HEN1 could be a general miRNA biogenesis factor. It was shown that most miRNAs 

were reduced in abundance in hen1 mutants, which confirmed this general role of HEN1 

in miRNA biogenesis (Park et al., 2002). Position-iterated basic local alignment search 

tool (PSIBLAST) searches for HEN1 showed that the C-terminal domain (~200 amino 

acids) resembles methyltransferases (Chen, 2008). In particular, a highly conserved S-

adenosyl methionine (SAM)-binding site is found in this region of HEN1. The known 

hen1 mutant alleles that carry point mutations, such as hen1–1, hen1–2, and hen1–4, all 

contain mutations in the methyltransferase region (Bonnet et al., 2004; Chen et al., 2002). 

With the observations that HEN1 serves as a general factor in miRNA biogenesis and that 

it has a potential methyltransferase domain, it was postulated that HEN1 is a miRNA 

methyltransferase. A later study showed this experimentally (Yu et al., 2005). 

A 2nt 3′ overhang in the miRNA/miRNA* duplex is absolutely required for HEN1 

and is a characteristic of Dicer cleavage (Baulcombe, 2004). It was shown that blunt ends 

can be methylated at greatly reduced efficiency whereas miRNA/miRNA* duplexes with 

1 to 5nt overhangs fail to be methylated (Yang et al., 2006b). It was found that the 3′ OH 

but not the 5′ P is a necessary feature of the HEN1 substrates (Yu et al., 2005). The 2′ OH 

of the 3′ terminal nucleotide is also necessary for HEN1-mediated methylation (Yu et al., 

2005). Another characteristic feature of Dicer products is the size specificity; Arabidopsis 

DCL proteins generate 21–24 nt small RNAs (Gasciolli et al., 2005; Xie et al., 2005b) 

and HEN1 has a specificity for such  small RNAs only. Though it was shown that 

duplexes ranging from 19 to 27nt in size can be methylated in vitro by HEN1, 21 to 24nt 

duplexes are methylated with the highest efficiency (Yang et al., 2006b). 

 

4.1.4.4 Methyl group carried by plant miRNAs  

The fact that miRNAs are reduced in abundance in hen1 mutants and that HEN1 

possesses miRNA methyltransferase activity in vitro suggests that plant miRNAs carry a 

methyl group in vivo. It was first demonstrated that plant miRNAs from the wild type but 

not the hen1-1 genotype are resistant to periodate/β elimination reactions, suggesting that 

at least one of the OH groups on the 3′ terminal nucleotides of plant miRNAs is blocked 
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through a process requiring HEN1 (Yu et al., 2005). The molecular mass was found to be 

14Da larger than that of an in vitro synthesized, unmodified miR173, proving the 

presence of a methyl group on miR173 from plants (Yu et al., 2005). 

All types of currently known siRNAs, with the exception of natural cis-acting 

siRNAs (nat-siRNAs), were examined using the periodate/β elimination assay. siRNAs 

from sense transgenes and inverted-repeat transgenes, transacting siRNAs, and 

heterochromatic siRNAs  were resistant to the chemical reactions in a HEN 1-dependent 

manner, suggesting that all siRNAs are methylated in vivo by HEN1 (Li et al., 2005).  

 

4.1.5 RISC Assembly 

A methylated miRNA/miRNA* duplex next participates in RNA-induced 

silencing complex (RISC) assembly, a process in which the miRNA strand is 

incorporated into a protein complex whose major protein component is an Argonaute 

(AGO) protein. AGO proteins contain a PAZ domain that bind RNA and a piwi domain 

that resembles RNase H (Ma et al., 2004; Ma et al., 2005; Parker et al., 2004; Parker et 

al., 2005; Song et al., 2004). Some AGO proteins possess key catalytic residues in the 

piwi domain and cleave the target mRNA in the middle of the complementary region 

between the mRNA and the siRNA or miRNA (Liu et al., 2004; Meister et al., 2004; 

Miyoshi et al., 2005). Other AGO proteins lack the key catalytic residues and cannot 

cause mRNA cleavage. For human and Drosophila AGO2, which possesses the 

endonucleolytic (also referred to as slicer) activity, it has been shown that the slicer 

activity is crucial for RISC loading (Matranga et al., 2005; Miyoshi et al., 2005). The 

passenger strand (miRNA*) is cleaved by AGO2 and the cleaved fragments are released 

to result in the formation of RISC with one miRNA strand. The thermodynamic 

properties of each strand determine which strand of the duplex ends up in RISC. The 

strand in which the 5′ end is less thermodynamically stable in the duplex becomes 

preferentially incorporated into RISC (Khvorova et al., 2003; Schwarz et al., 2003). Plant 

miRNAs and siRNAs appear to follow this asymmetry rule in RISC loading. In fact, most 

plant miRNAs begin with a U residue such that the 5′ end of the miRNAs tends to be 

engaged in A–U, rather than G–C, hydrogen bonding (Rajagopalan et al., 2006; Reinhart 

et al., 2002). There are 10 AGO proteins in Arabidopsis and most of these contain the key 

catalytic residues critical for slicer activity (Herr, 2005). Arabidopsis AGO1 has been 

demonstrated to be associated with most miRNAs and contains the slicer activity that 

cleaves miRNA targets (Baumberger and Baulcombe, 2005; Qi et al., 2005; Qi et al., 

2006). AGO1 is also associated with some siRNAs, such as transgene siRNAs, trans-
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acting siRNAs, and viral siRNAs (Baumberger and Baulcombe, 2005; Zhang et al., 

2006). ago1 mutants have severe developmental defects (Bohmert et al., 1998), 

suggesting that AGO1 probably mediates the functions of many miRNAs. AGO4 is 

required for heterochromatin formation and for the accumulation of repeat associated 

siRNAs (Zilberman et al., 2003). AGO4 also has the slicer activity and this activity is 

required for heterochromatin formation at some but not all loci (Qi et al., 2006). 

 

4.1.6 Export of pre-miRNA from nucleus to cytoplasm 

The production of miRNA/miRNA* duplexes occurs in the nucleus since DCL1 is 

a nuclear protein (Papp et al., 2003). Two processes that act on miRNA/miRNA* 

duplexes are methylation and incorporation of the miRNA into RISC. Since miRISCs are 

known to cause mRNA cleavage, miRISCs should be present in the cytoplasm where 

mRNAs are located. On the other hand a plant miRNA has also been shown to trigger 

DNA methylation at the target genomic locus (Bao et al., 2004); therefore, some miRNAs 

should also be present in the nucleus. The nuclear generation of miRNAs and the 

functionality of miRNAs in the cytoplasm require an export step in miRNA biogenesis. 

HASTY, the Arabidopsis homolog of EXPORTIN 5 plays a role in miRNA 

nuclear export (Bollman et al., 2003; Park et al., 2005). hasty mutants have pleiotropic 

developmental defects and reduced accumulation of most miRNAs. However, it is not 

known whether HASTY exports miRNA/miRNA* duplexes or RISCs. hasty mutants 

show reduced levels of miRNAs in both nuclear and cytoplasmic fractions. In addition, in 

both cellular compartments, miRNA abundance is higher than that of the miRNA*, 

suggesting that detectable miRNAs are present in miRISCs in both compartments. Thus 

two models can be proposed - that RISC loading occurs in the nucleus followed by export 

of miRISC into the cytoplasm or RISC loading occurs in the cytoplasm following the 

export of miRNA/miRNA* duplexes (Chen, 2008). A recent study showed that a 

sequence motif in an animal miRNA specifies nuclear import of the miRNA (Hwang et 

al., 2007). If RISC loading occurs in the nucleus, then the methylation of the 

miRNA/miRNA* duplex should also occur in the nucleus because the singled-stranded 

miRNA in RISC cannot be methylated by HEN1. In the scenario, whereby RISC loading 

occurs in the cytoplasm, methylation can theoretically occur in either the nucleus or the 

cytoplasm. The actual sub cellular location where miRNA methylation occurs is currently 

unknown. 
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 4.1.7 Mode of action of plant miRNAs 

Plant miRNAs have a high degree of sequence complementarity to their target 

mRNAs and direct the slicing of the target mRNAs in the middle of the complementary 

regions (Llave et al., 2002b; Tang et al., 2003). This has been demonstrated by the 

detection of 3′ cleavage products that have 5′ ends that start in the middle of the 

complementary regions. While this is probably mediated by AGO1 (Baumberger and 

Baulcombe, 2005; Qi et al., 2005), other AGO proteins may also play a role in this 

process. For example, immuno-purified AGO4 is able to cleave some miRNA targets in 

vitro (Qi et al., 2006). 

The mRNA cleavage products are then further degraded by other mechanisms. 

The 3′ cleavage products of some miRNA targets are degraded by the 5′ to 3′ exonuclease 

XRN4 such that they accumulate in xrn4 mutants (Souret et al., 2004). It was found that 

the 5′ cleavage products tend to acquire a poly U tail, which correlates with shortening of 

the RNAs from the 5′ end. This leads to the conclusion that the poly U tail causes 5′ to 3′ 

exonucleolytic degradation of the 5′ cleavage products (Shen and Goodman, 2004). 

Plant miRNAs also regulate gene expression by translational repression. It was 

shown that over expression of miR172 did not lead to decreased accumulation of the 

target ap2 mRNA, instead it lead to the reduction of AP2 protein levels (Aukerman and 

Sakai, 2003; Chen, 2004). This suggested that miR172 inhibits the translation of its target 

mRNA. It was also found that miR172 can lead to the cleavage of target mRNAs 

including ap2 mRNA (Aukerman and Sakai, 2003; Schwab et al., 2005). It has been 

shown that miR156/157 and miR854 lead to reduced protein but not mRNA levels of 

their target genes (Arteaga-Vazquez et al., 2006; Gandikota et al., 2007). 

Based on the fact that most plant miRNAs lead to characteristic RISC-mediated 

cleavage of target mRNAs, it has been widely assumed that plant miRNAs primarily 

cause target mRNA cleavage. This assumption, however, is unfounded since the levels of 

target proteins have not been examined for all plant miRNAs except for the four miRNAs 

mentioned earlier. It is possible that most plant miRNAs also have a role in translational 

control. 

 

4.1.8 Role of plant miRNA 

In plants, miRNAs have an ability to pair to mRNAs with near-perfect 

complementarity, enabling convincing targets to be readily predicted for most known 

plant miRNAs (Bartel and Bartel, 2003; Rhoades et al., 2002). Evolutionary conservation 

of the miRNA-mRNA pairing in Arabidopsis and rice, together with experimental 
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evidence showing that miRNAs can direct cleavage of targeted mRNAs, supports the 

validity of these predictions (Kasschau et al., 2003; Llave et al., 2002a; Rhoades et al., 

2002; Tang et al., 2003). A list of miRNA, and their potential targets, used in the study 

conducted here are given in Table 2. 

The known plant miRNAs have an affinity for targeting transcription factor gene 

families, particularly those with known or suspected roles in developmental patterning or 

cell differentiation (Rhoades et al., 2002). This also explains the pleiotropic 

developmental phenotypes of plants with mutations of dcl1 and hen1, genes known to 

influence miRNA accumulation, and ago1, a gene that might be involved in miRNA 

function (Bohmert et al., 1998; Jacobsen et al., 1999; Park et al., 2002; Reinhart et al., 

2002; Schauer et al., 2002). Of the few predicted plant targets that are not transcription 

factors, two are DCL1 and AGO1, suggesting a negative feedback mechanism that 

controls the expression of these genes with known or suspected roles in miRNA 

biogenesis and function (Bartel and Bartel, 2003; Rhoades et al., 2002; Xie et al., 2003).  

Several plant miRNAs function during cellular differentiation by mediating the 

degradation or repression of key regulatory gene transcripts in specific daughter cells 

(Rhoades et al., 2002). For example, during differentiation, certain genes might need to 

be turned off. This can be achieved by repressing transcription. However, a gene is not 

fully silenced until its message stops making protein. Thus, to more quickly stop 

expression of such a gene, the differentiating cell can deploy a miRNA that can cause the 

cleavage of that mRNA. The active silencing of the lingering regulatory messages (or of 

new messages generated by continued transcription) could enable rapid daughter cell 

differentiation. In this respect, miRNA regulation would be equivalent to ubiquitin-

dependent protein degradation, except that specific mRNAs, rather than proteins, are 

targeted for degradation. 

 

4.1.9 Plant viruses and miRNA 

Plant virus infections can result in disease symptoms that can include chlorosis 

and/or necrosis, curling, stunting and altered plant stature and morphology, presumably 

caused by interference of the infection with developmental processes (Zaitlin and Hull, 

1987). In recent years, it has been proven experimentally that short RNA (sRNA), and 

particularly miRNAs, play important roles in plant development and are implicated in 

host–pathogen interactions (Finnegan and Matzke, 2003; Voinnet, 2005a).  

Recent studies in plants and animals suggest that viruses can suppress gene 

expression and use endogenous RNA-silencing pathways to regulate host gene 



Effects of virus infection on miRNA levels 

 

80 

 

expression, presumably to benefit virus replication (Dunoyer and Voinnet, 2005; Pfeffer 

and Voinnet, 2006; Roth et al., 2004; Voinnet, 2005a). However, the underlying 

mechanisms that control these activities remain unclear. Epstein–Barr virus and other 

DNA viruses encode miRNAs that directly down- or up-regulate host and/or viral 

mRNAs (Pfeffer and Voinnet, 2006). 

Several studies have demonstrated that viral suppressors of RNA silencing can 

interfere with miRNA-mediated regulation of host genes (Chapman et al., 2004; 

Kasschau et al., 2003). These studies showed that viral proteins interfere with miRNA 

pathways, although it is unclear whether it is part of the virus replication strategy or a side 

effect due to the overlap of the siRNA and miRNA pathways.  

Transgenic expression in plants of the AC4 protein from ACMV, a suppressor of 

PTGS (Vanitharani et al., 2004), was correlated with decreased accumulation of host 

miRNAs and increased development abnormalities in Arabidopsis (Chellappan et al., 

2005a). Down- regulation of miRNA correlated with an up-regulation of target mRNA 

level. In vitro binding assays revealed the ability of AC4 of ACMV but not EACMV AC2 

to bind single-stranded forms of miRNAs and siRNAs but not double-stranded RNA 

forms. Normally, a labile intermediate during the miRNA biogenesis RNA-induced 

silencing complex assembly, miRNA* was below the level of detection, indicating that 

AC4 might interfere at a point downstream of the miRNA duplex unwinding process. It 

was also shown that AC4 of ACMV can bind to and presumably inactivate mature 

miRNAs and thus blocks the normal miRNA-mediated regulation of target mRNAs that 

leads to the developmental defects in Arabidopsis (Chellappan et al., 2005a). 

Another study showed that infection of N.  tabacum by plant RNA viruses representative 

of the Tobamoviridae, Potyviridae, and Potexviridae families altered accumulation of 

certain miRNAs (Bazzini et al., 2007). A correlation was observed between symptom 

severity and alteration in levels of miRNAs 156, 160, 164,166, 169, and 171 that is 

independent of viral PTGS suppressor activity. Hybrid transgenic plants that produced 

Tobacco mosaic virus (TMV) MP and CP exhibited disease-like phenotypes, including 

abnormal plant development. It was shown that disease-like phenotypes were due to the 

co-expression of CP and MP. In hybrid MPxCP plants and TMV-infected plants, 

miRNAs 156, 164, 165, and 167 accumulated to higher levels compared with non-

transgenic and uninfected tissues. Thus, it was concluded that PTGS suppression activity 

was not essential for virus induced changes in amounts of miRNAs, and that viruses may 

exploit or use the miRNA pathway independent of suppression of PTGS. 
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Table 4.1 Arabidopsis miRNAs and their targets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*
(Park et al., 2002) 

#
(Kasschau et al., 2003)  

∆ 
(Rhoades et al., 2002) 

□ 
(Tang et al., 2003) 

 

 

 

 

miRNA Target Family 
Predicted 

Target Gene 

Validated 

target 

miR156 

SQUAMOSA-

PROMOTER 

BINDING 

PROTEIN (SBP)-

like-proteins 

10 spl genes
∆#

 
 

spl2 

miR159 

MYB transcription 

factors 

Unknown protein 

5myb genes 

At1g29010 
∆*

 
 

miR160 
Auxin response 

factors 

arf10 

arf16 

arf17 
#
 
∆
 

arfF10 

arf17 

miR164 NAC domain protein 

cuc1, cuc2, 

nac1, 2 

others
#
 
∆
 

cuc1, cuc2 

miR165 
HD-Zip transcription 

factors 

pvh, phb, rev, 

athb8
∆ □

 
phv 

miR166 
HD-Zip transcription 

factors 

 

athb-15* 
 

miR167 
Auxin response 

factors 

arf6 

arf8
#
 
∆
 

 

arf8 

 

miR168 Argonaute 
 

ago1
#
 
∆
 

 

miR169 

CCAAT binding 

factor (CBF)-HAP2-

like proteins 

at1g17590, 

at1g54160 
∆
 

 

miR170 

GRAS domain or 

SCARECROW-like 

proteins 

scl6-II, scl6-

III, scl6-IV 
∆
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The study presented here has analyzed the accumulation of ten miRNAs following 

the expression of individual genes of four begomoviruses. Each gene encoded by 

CLCuMV (and βC1 from its associated betasatellite, CLCuMB), ACMV, CbLCuV and 

TYLCV were expressed from a PVX vector in N. benthamiana and compared with the 

accumulation of the miRNAs in virus infected and healthy control plants The experiments 

were designed to give a fuller understanding of the role played by each virus-encoded 

gene in virus pathogenicity/mode of action as they relate to the miRNA pathway and to 

allow comparison between distinct begomovirus types.  

 

4.2 Materials and methods   

4.2.1 Viral infections 

N. benthamiana plants were inoculated with Agrobacterium cultures harboring 

constructs for the infectivity of CLCuMV/CLCuMB, TYLCV, ACMV and CbLCuV as 

described earlier (Chapter 2, section 2.7). Similarly Agrobacterium cultures harboring 

recombinant PVX vector constructs for the expression of individual begomovirus genes 

were inoculated as described earlier (Chapter 3, section 3.2.2). Three leaves per plants 

were inoculated and tissues from the infected plants were collected 14dpi. The whole 

experiment was conducted twice. 

  

4.2.2 miRNA analysis 

Total RNA was isolated from leaves using TRI REAGENT (Invitrogen/Molecular 

Research Center, U.S.A) as described in Chapter 3, section 3.2.4. 1/5 volume of 5X RNA 

loading buffer (95% [v/v] deionized formamide, 0.025% [w/v] bromophenol blue, 

0.025% [w/v] xylene cyanol, 5mM EDTA (pH8), 0.025% [v/v] formaldehyde and 20µl of 

10 mg/ml ethidium bromide per 2ml of loading buffer) was added to 30g of total RNA. 

After heating at 65
o
C for 5min, samples were placed on ice for 2min before loading on 

TBE gels (15% TBE, 7M urea). Gels were electrophoresed in 1X TBE buffer at 150-180 

volts for 2 to 2.5 hours. After electrophoresis, gels were photographed under UV trans-

illumination and. RNA then was transferred from gels to Hybond N+ (Amersham) using a 

semi-dry blotting system (Bio-Rad) at 10-12 Volts for 45-60 min. The membrane was air 

dried, UV cross-linked and stored at 4
o
C between two sheets of wet (water) Whatman 

filter paper.  

Oligonucleotide primers complementary to Arabidopsis miRNAs (as detailed in 

Table 4.2) were end-labeled using a DIG oligo-labeling kit according to the manufacturer 

instructions (Roche). Blots were hybridized with DIG-labeled oligonucleotide probes at 
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42
o
C for 12-16 hours (overnight). After hybridization, blots were washed with 2XSSC, 

0.1% [w/v] SDS followed by 1XSSC, 0.1% [w/v] SDS for 30min each. Blots were treated 

with CDP-Star and exposed to X-ray film (Hyper film, Amersham) according to the 

manufacturer instruction (Roche). 

Band intensities on X-ray film were quantified using imagJ software (a public 

domain, Java-based image processing program developed at the National Institutes of 

Health; http://rsbweb.nih.gov/ij/). Data from these analyses were used to normalize the 

intensity of each band, based on rRNA loaded in each well. For samples from virus 

infected plants the value for the miRNA species in healthy, non-infected N. benthamiana 

plants were taken as 1 and other data calculated relative to this value. For PVX-mediated 

expression of individual begomovirus genes the value for the miRNA species in PVX 

(vector with no insert) infected N. benthamiana plants were taken as 1 and other data 

calculated relative to this value. The data shown in Figs. 4.2 to 4.11 are the means of two 

independent replicates. The standard deviation (SD) between the experiments is indicated 

with error bars. 

 

Table 4.2 Oligonucleotides used for miRNA detection 

 

miRNA Sequence 

miR156 5’-TGACAGAAGAGAGTGAGCAC-3’ 

miR159 5’- TTTGGATTGAAGGGAGCTCTA-3’ 

miR160 5’- TGCCTGGCTCCCTGTATGCCA-3’ 

miR164 5’-TGGAGAAGCAGGGCACGTGCA-3’ 

miR165 5’- TCGGACCAGGCTTCATCCCCC -3’ 

miR166 5’- TCGGACCAGGCTTCATTCCCC -3’ 

miR167 5’- TGAAGCTGCCAGCATGATCTA -3’ 

miR168 5’- TCGCTTGGTGCAGGTCGGGAA -3’ 

miR169 5’- CAGCCAAGGATGACTTGCCGA -3’ 

miR170 5’- TGATTGAGCCGTGTCAATATC -3’ 

 

 

4.2.3 Experimental design 

 A group of 15 N. benthamiana plants per construct were agro infiltrated with 

PVX harboring the individual genes encoded by ACMV, CLCuMV/CLCuMB., CbLCuV 

and TYLCV (Chapter 2, section 2.7) in two independent experiments. All plants were 
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kept in the same green house for the duration of each experiment. The numbers of plants 

exhibiting symptoms of infection was recorded (Chapter 3, Table 3.2).  

 

4.3 Results 

4.3.1 Effects of virus infection and PVX mediated expression of begomovirus genes 

on the expression levels of - miR156 

 Upon infection of N. benthamiana by the bipartite begomoviruses ACMV and 

CbLCuV, the levels of miR156 were decreases in comparison to healthy, non-inoculated 

N. benthamiana plants. In contrast infection with the monopartite begomoviruses TYLCV 

and CLCuMV, as well as with PVX, resulted in an increased accumulation of miR156 

(Fig. 4.2, panels A and B). Expression of individual genes from PVX vector with the 

exception of those of ACMV showed a general increase in the accumulation of miR156. 

PVX-mediated expression of TrAPs resulted in a significant increase in the accumulation 

of miR156 (Fig. 4.2, panels A, C, D, E and F and Fig. 4.12, panel B) relative to PVX 

infected  N. benthamiana plants. Expression of CLCuMB βC1 resulted in a significant 

decrease in the level of miR156 (Fig. 4.2, panel D). PVX mediated expression of GFP 

resulted in no change in the accumulation of miRNA156 when compared with PVX 

inoculated plants (Fig. 4.2, panels A and C). 

 

4.3.2 - miR159 

 Infections of all four begomoviruses as well as PVX resulted in an increase in 

the accumulation of miR159 when compared with healthy N. benthamiana plants. The 

highest increase was observed for CbLCuV (Fig 4.3, panels A and B). PVX mediated 

expression of individual gene of ACMV showed a general trend to decrease the 

accumulation of miR159, with the exception of the CP, whereas expression of 

CLCuMV/CLCuMB and TYLCV genes showed the opposite trend leading to an increase 

in the level of miR159, except for V2 of both viruses which caused a significant decrease 

in the level of miR159 (Fig. 4.2, panels D and F). Expression of CbLCuV genes from the 

PVX vector showed that Rep, TrAP and REn caused an increase, while C4, CP, MP and 

NSP resulted in a significant decrease in accumulation of miR159 (Fig. 4.3, panels A and 

E). PVX mediated expression of GFP also led to a decrease in the accumulation of 

miR159 (Fig. 4.2, panels A, C, D, E and F) 
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Fig. 4.2  
Effects of virus infection and PVX-mediated expression of begomovirus genes on the levels of miR156. 

Northern blot analysis to detect the accumulation of miR156 after infection with begomoviruses, PVX and 

PVX expressing begomovirus-encoded genes (panel A). Shown below this is the rRNA band of the 

ethidium bromide stained agarose gel that was used to normalize the data for loading. The bar graphs show 

the average (with standard error) calculated miR156 levels for N. benthamiana plants infected with ACMV, 

CLCuMV/CLCuMB, CbLCuV, TYLCV and PVX (panel B), and a PVX vector expressing genes encoded 

by ACMV (panel C), CLCuMV and CLCuMB (panel D), CbLCuV (panel E) and TYLCV (panel F). The 

relative levels of miRNA for virus infected plants were calculated by taking the levels in healthy N. 

benthamiana as 1.0. For plants infected with the PVX vector expressing begomovirus genes, levels were 

calculated relative to plants infected with PVX taken as 1.  
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4.3.3 - miR160  

 Infection of N. benthamiana with CbLCuV, TYLCV and CLCuMD resulted in a 

slight increase, while ACMV resulted in a decrease in the levels of miR160 when 

compared with healthy control plants (Fig. 4.4, panels A and B). PVX infection also 

resulted in a slight decrease in the level of miR160 (Fig 4.4, panels A and B). PVX-

mediated expression of the majority of genes of ACMV, CLCuMV/CLCuMB and 

TYLCV resulted in an increase in the accumulation of miR160 (Fig 4.4, panels A, C, D 

and F). In contrast expression of CbLCuV genes from PVX showed a general trend to 

decrease the accumulation of miR160 with the exception of TrAP (Fig. 4.4, panels A and 

E). A significant decrease in the accumulation of miR160 was also observed upon 

infection of PVX expressing GFP (Fig. 4.3, panels A, C, D, E and F). 

 

4.3.4 -miR164 

 N. benthamiana plants infected with ACMV, CLCuMV/CLCuMB, CbLCuV 

and TYLCV showed an increase in the level of miR164 when in comparison to non 

inoculated healthy plants. The greatest increase was observed for the infection with 

CbLCuV (Fig. 4.5, panels A and B). Similarly, PVX infection also resulted in an increase 

accumulation of mir164 (Fig. 4.5, panels A and B). PVX mediated expression of 

individual genes encoded by CbLCuV showed a general trend to increase the 

accumulation of miR164 whereas TYLCV encoded genes showed  a non significant 

effect with the exception of  TrAP, where an increase in the level of miR164 was 

observed (Fig. 4.5, panels A, E and F). A mixed trend was observed for genes encoded by 

ACMV and CLCuMV (Fig. 4.5, panels A, C and D). A common feature was the decrease 

in the accumulation of miR164 upon expression of (A)V2 proteins  from all the viruses 

that encode this gene product (Fig. 4.5, panels A, C, D and F; Fig. 4.13, panel D). There 

was no change in the level of miR164 upon PVX-mediated expression of GFP in N. 

benthamiana plants (Fig. 4.5, panels A, C, D, E and F). 
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Fig. 4.3 
Effects of virus infection and PVX-mediated expression of begomovirus genes on the levels of miR159. 

Northern blot analysis to detect the accumulation of miR159 after infection with begomoviruses, PVX and 

PVX expressing begomovirus-encoded genes (panel A). Shown below this is the rRNA band of the 

ethidium bromide stained agarose gel that was used to normalize the data for loading. The bar graphs show 

the average (with standard error) calculated miR159levels for N. benthamiana plants infected with ACMV, 

CLCuMV/CLCuMB, CbLCuV, TYLCV and PVX (panel B), and a PVX vector expressing genes encoded 

by ACMV (panel C), CLCuMV and CLCuMB (panel D), CbLCuV- (panel E) and TYLCV (panel F). The 

relative levels of miRNA for virus infected plants were calculated by taking the levels in healthy N. 

benthamiana as 1.0. For plants infected with the PVX vector expressing begomovirus genes, levels were 

calculated relative to plants infected with PVX taken as 1.  
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Fig. 4.4  
Effects of virus infection and PVX-mediated expression of begomovirus genes on the levels of miR160. 

Northern blot analysis to detect the accumulation of miR160 after infection with begomoviruses, PVX and 

PVX expressing begomovirus-encoded genes (panel A). Shown below this is the rRNA band of the 

ethidium bromide stained agarose gel that was used to normalize the data for loading. The bar graphs show 

the average (with standard error) calculated miR160 levels for N. benthamiana plants infected with ACMV, 

CLCuMV/CLCuMB, CbLCuV, TYLCV and PVX (panel B), and a PVX vector expressing genes encoded 

by ACMV (panel C), CLCuMV and CLCuMB (panel D), CbLCuV (panel E) and TYLCV (panel F). The 

relative levels of miRNA for virus infected plants were calculated by taking the levels in healthy N. 

benthamiana as 1.0. For plants infected with the PVX vector expressing begomovirus genes, levels were 

calculated relative to plants infected with PVX taken as 1.  
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Fig. 4.5  
Effects of virus infection and PVX-mediated expression of begomovirus genes on the levels of miR164. 

Northern blot analysis to detect the accumulation of miR164 after infection with begomoviruses, PVX and 

PVX expressing begomovirus-encoded genes (panel A). Shown below this is the rRNA band of the 

ethidium bromide stained agarose gel that was used to normalize the data for loading. The bar graphs show 

the average (with standard error) calculated miR164 levels for N. benthamiana plants infected with ACMV, 

CLCuMV/CLCuMB, CbLCuV, TYLCV and PVX (panel B), and a PVX vector expressing genes encoded 

by ACMV (panel C), CLCuMV and CLCuMB (panel D), CbLCuV (panel E) and TYLCV (panel F). The 

relative levels of miRNA for virus infected plants were calculated by taking the levels in healthy N. 

benthamiana as 1.0. For plants infected with the PVX vector expressing begomovirus genes, levels were 

calculated relative to plants infected with PVX taken as 1.  
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Fig. 4.6  
Effects of virus infection and PVX-mediated expression of begomovirus genes on the levels of miR165. 

Northern blot analysis to detect the accumulation of miR165 after infection with begomoviruses, PVX and 

PVX expressing begomovirus-encoded genes (panel A). Shown below this is the rRNA band of the 

ethidium bromide stained agarose gel that was used to normalize the data for loading. The bar graphs show 

the average (with standard error) calculated miR165 levels for N. benthamiana plants infected with ACMV, 

CLCuMV, CbLCuV, TYLCV and PVX (panel B), and a PVX vector expressing genes encoded by ACMV 

(panel C), CLCuMV and CLCuMB (panel D), CbLCuV (panel E) and TYLCV (panel F). The relative 

levels of miRNA for virus infected plants were calculated by taking the levels in healthy N. benthamiana as 

1.0. For plants infected with the PVX vector expressing begomovirus genes, levels were calculated relative 

to plants infected with PVX taken as 1.  
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4.3.5 -miR165 and miR166 

 Infection of N. benthamiana plants with ACMV, CLCuMD, CbLCuV and 

TYLCV resulted in an increase in the accumulation of miR165/166 in comparison to  

healthy control plants. The highest increase was observed for plants infected with 

CLCuMV/CLCuMB (Fig. 4.6, panels A and B; Fig. 4.7, panels A and B; Fig 4.12, panel 

A). Similarly PVX infection also results in an increase in the accumulations of 

miR165/166 when compared with healthy N. benthamiana plants (Fig. 4.6, panels A and 

B; Fig. 4.7, panels A and B). However, this increase was less than that induced by 

begomovirus infection (Fig. 4.6, panels A and B) 

 With the exception of four genes (REn and βC1 of CLCuMV/CLCuMB ; CP 

and MP of CbLCuV) all genes encoded by CLCuMV/CLCuMB and CbLCuV when 

expressed from PVX showed an increase in the accumulation of miR165/166(Fig 4.6, 

panels A, D and E; Fig 4.7, panels A, D and E ). With the exception of TrAP and CP of 

ACMV, all genes of this virus upon PVX-mediated expression showed a decrease in the 

levels of miR165/166 (Fig.4.6, panels A and C; Fig.4.7, panels A and C) while a mixed 

trend was observed in case of individual genes encoded by TYLCV where the greatest 

increase was observed in the case of TrAP and greatest decrease for V2 (Fig. 4.6, panels 

A and F; Fig. 4.7, panels A and F). A common feature among all the viruses was that 

PVX-mediated expression of TrAPs resulted in an increase in the levels of miR165/166 

(Fig. 4.6, panels A, C, D, E and F; Fig. 4.7, panel A, C, D, E and F; Fig. 4.12, panel B). 

PVX mediated expression of GFP resulted either no change or a slight decrease in the 

accumulation of miR165/166 (Fig. 4.6, panels A, C, D, E and F; Fig. 4.6, panels A, C, D, 

E and F). 

 

4.3.6 -miR167 

 N. benthamiana plants infected with ACMV, CLCuMV/CLCuMB, CbLCuV 

and TYLCV showed an increase in the accumulation of miR167 when compared with 

healthy control. Plants inoculated with PVX showed an increase in the level of miR167, 

though the increase was less than that caused by ACMV, CLCuMV/CLCuMB and 

CbLCuV infections (Fig 4.8 panel A and B). There was a mixed trend of accumulation of 

mir167 upon infection with PVX expressing individual genes encoded by all the viruses. 

Expression of TrAPs of all viruses showed an increase, while expression of the (A)V2 

proteins resulted in a decrease in the accumulation of miR167 (Fig 4.8, panels A, C, D, E 

and F). PVX-mediated expression of ACMV and CbLCuV MPs resulted in a significant 

increase in the levels of miR167 (Fig. 4.8, panels A, C and E).  There was no significant 
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effect on the level of miR167 upon infection of PVX-GFP (Fig 4.8, panels A, C, D, E and 

F). 

 

4.3.7 - miR168 

  N. benthamiana plants infected with ACMV, CbLCuV, CLCuMV and TYLCV 

showed an increase in the level of miR168. Infection with PVX also resulted in increased 

accumulation of miR167 which was comparable with ACMV and CLCuMV infections. A 

significant increase was observed in case of CbLCuV and TYLCV infections (Fig 4.9, 

panels A and B)  

 Individual genes from all the viruses, when expressed from PVX, generally 

showed a decrease in the accumulation of miR168 with a few exceptions (Fig. 4.9, panels 

A, C, D, E and F).  Expression of TrAPs of all the viruses from the PVX vector resulted 

in  an increase in the accumulation of miR168 and a decrease in the level of this miRNA 

was observed upon inoculation of PVX harboring (a)v2 genes (Fig 4.9, panels A, C, D,E 

and F ; Fig 4.12 panel B). A decrease in the level of miR168 was observed in N. 

benthamiana plants inoculated with PVX-GFP (Fig 4.9, panels A, C, D, E and F). 

 

4.3.8 - miR169 and miR170 

 ACMV infection did not alter the level of miR169 significantly in N. 

benthamiana plants (Fig. 4.10, panels A and B). A slight increase in miR169 was 

observed in case of the infections with CLCuMV, CbLCuV and TYLCV (Fig. 4.10, 

panels A and B). PVX infection in N. benthamiana also resulted in an increase in level of 

miR169 (Fig. 4.10, panels A and B).  A mixed trend for the accumulation of miR169 was 

observed upon expression of individual genes encoded by all four begomoviruses (Fig. 

4.10, panels A, C, D, E and F). As a result of PVX-mediated expression of the TrAPs of 

ACMV and TYLCV, as well as the CPs of CLCuMV and CbLCuV the highest increase 

in the levels of miR169 were observed (Fig. 4.10, panels A, C, D, E and F). 

 N. benthamiana plants infected with ACMV and TYLCV failed to show a 

significant change in the levels of miR170, while CbLCuV and CLCuMV infection 

resulted in an increase the levels of miR170. The same was also observed for PVX (Fig. 

4.11, panels A and B). With the exception of ACMV Rep and CLCuMV/CLCuMB TrAP, 

all the genes expressed from PVX resulted in a decrease in the accumulation of miR170. 

Infection of PVX-GFP in N. benthamiana did not result in a significant change in the 

accumulation of miR170 (Fig. 4.11, panels A, C, D, E and F). 
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Fig 4.7  
Effects of virus infection and PVX-mediated expression of begomovirus genes on the levels of miR166. 

Northern blot analysis to detect the accumulation of miR166 after infection with begomoviruses, PVX and 

PVX expressing begomovirus-encoded genes (panel A). Shown below this is the rRNA band of the 

ethidium bromide stained agarose gel that was used to normalize the data for loading. The bar graphs show 

the average (with standard error) calculated miR166 levels for N. benthamiana plants infected with ACMV, 

CLCuMV, CbLCuV, TYLCV and PVX (panel B), and a PVX vector expressing genes encoded by ACMV 

(panel C), CLCuMV and CLCuMB (panel D), CbLCuV (panel E) and TYLCV (panel F). The relative 

levels of miRNA for virus infected plants were calculated by taking the levels in healthy N. benthamiana as 

1.0. For plants infected with the PVX vector expressing begomovirus genes, levels were calculated relative 

to plants infected with PVX taken as 1.  
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Fig. 4.8 
Effects of virus infection and PVX-mediated expression of begomovirus genes on the levels of miR167. 

Northern blot analysis to detect the accumulation of miR167 after infection with begomoviruses, PVX and 

PVX expressing begomovirus-encoded genes (panel A). Shown below this is the rRNA band of the 

ethidium bromide stained agarose gel that was used to normalize the data for loading. The bar graphs show 

the average (with standard error) calculated miR167 levels for N. benthamiana plants infected with ACMV, 

CLCuMV/CLCuMB, CbLCuV, TYLCV and PVX (panel B), and a PVX vector expressing genes encoded 

by ACMV (panel C), CLCuMV and CLCuMB (panel D), CbLCuV (panel E) and TYLCV (panel F). The 

relative levels of miRNA for virus infected plants were calculated by taking the levels in healthy N. 

benthamiana as 1.0. For plants infected with the PVX vector expressing begomovirus genes, levels were 

calculated relative to plants infected with PVX taken as 1.  
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Fig. 4.9 
Effects of virus infection and PVX-mediated expression of begomovirus genes on the levels of miR168. 

Northern blot analysis to detect the accumulation of miR168 after infection with begomoviruses, PVX and 

PVX expressing begomovirus-encoded genes (panel A). Shown below this is the rRNA band of the 

ethidium bromide stained agarose gel that was used to normalize the data for loading. The bar graphs show 

the average (with standard error) calculated miR168 levels for N. benthamiana plants infected with ACMV, 

CLCuMV/CLCuMB, CbLCuV, TYLCV and PVX (panel B), and a PVX vector expressing genes encoded 

by ACMV (panel C), CLCuMV and CLCuMB (panel D), CbLCuV (panel E) and TYLCV (panel F). The 

relative levels of miRNA for virus infected plants were calculated by taking the levels in healthy N. 

benthamiana as 1.0. For plants infected with the PVX vector expressing begomovirus genes, levels were 

calculated relative to plants infected with PVX taken as 1.  
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Fig. 4.10 
Effects of virus infection and PVX-mediated expression of begomovirus genes on the levels of miR169. 

Northern blot analysis to detect the accumulation of miR169 after infection with begomoviruses, PVX and 

PVX expressing begomovirus-encoded genes (panel A). Shown below this is the rRNA band of the 

ethidium bromide stained agarose gel that was used to normalize the data for loading. The bar graphs show 

the average (with standard error) calculated miR169 levels for N. benthamiana plants infected with ACMV, 

CLCuMV/CLCuMB, CbLCuV, TYLCV and PVX (panel B), and a PVX vector expressing genes encoded 

by ACMV (panel C), CLCuMV and CLCuMB (panel D), CbLCuV (panel E) and TYLCV (panel F). The 

relative levels of miRNA for virus infected plants were calculated by taking the levels in healthy N. 

benthamiana as 1.0. For plants infected with the PVX vector expressing begomovirus genes, levels were 

calculated relative to plants infected with PVX taken as 1.  
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Fig. 4.11 
Effects of virus infection and PVX-mediated expression of begomovirus genes on the levels of miR170. 

Northern blot analysis to detect the accumulation of miR170 after infection with begomoviruses, PVX and 

PVX expressing begomovirus-encoded genes (panel A). Shown below this is the rRNA band of the 

ethidium bromide stained agarose gel that was used to normalize the data for loading. The bar graphs show 

the average (with standard error) calculated miR170 levels for N. benthamiana plants infected with ACMV, 

CLCuMV/CLCuMB, CbLCuV, TYLCV and PVX (panel B), and a PVX vector expressing genes encoded 

by ACMV (panel C), CLCuMV and CLCuMB (panel D), CbLCuV (panel E) and TYLCV (panel F). The 

relative levels of miRNA for virus infected plants were calculated by taking the levels in healthy N. 

benthamiana as 1.0. For plants infected with the PVX vector expressing begomovirus genes, levels were 

calculated relative to plants infected with PVX taken as 1.  
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Fig. 4.12 
A heat diagram summarizing miRNA accumulation in response to infection of N. benthamiana by selected 

viruses (A), PVX-mediated expression of TrAPs (B), (A)C4 genes (C) and  (A)V2 genes (D). 
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4.4 Discussion  

 Recent studies of both animal and plant viruses have shown that viruses alter the 

RNAi pathway to regulate host gene expression (Baulcombe, 2005; Voinnet, 2005b). One 

of the limitations at present is that the mechanisms controlling such activities are unclear. 

However, a generally accepted concept is that RNAi is a natural defense response of 

plants against invading viruses. To counter RNAi viruses encode certain proteins that can 

block the RNAi pathway and these are referred to as suppressor of gene silencing 

(Voinnet, 2001; Voinnet, 2005b; as detailed in Chapter 5). It has been demonstrated that 

viral suppressors of RNA silencing can interact/interfere with the miRNA pathway 

(Chapman et al., 2004; Kasschau et al., 2003), although it remains unclear whether these 

interactions are the part of the survival strategy of viruses or just side effects (collateral 

damage) of their infection cycle. In the work presented here the interaction of each gene 

encoded by the begomoviruses ACMV, CLCuMV and its associated CLCuMB, TYLCV 

and CbLCuV with selected host miRNAs was studied. With the exception of CbLCuV, 

these viruses are well characterized as far as suppressors of gene silencing are concerned.  

TrAP and AC4 encoded by ACMV (Vanitharani et al., 2004), the V2 protein encoded by 

TYLCV (Zrachya et al., 2007), the TrAP, C4 andV2 proteins of CLCuMV and βC1 

encoded CLCuMB have been shown to have suppressor of gene silencing activity (as 

described in Chapter 5). Here, in addition to the known suppressors, the potential of 

begomovirus genes which are not suppressors were examined for their ability to interfere 

with the RNAi pathway by affecting miRNA accumulation.  

 In the study presented here ten miRNAs were selected for analysis (Table 4.3). 

These miRNAs play important roles in various developmental stages of the host plant 

(Table 4.3). It has previously been shown that PVX causes very mild symptoms in N. 

benthamiana (Fig. 3.1, panels G and H; Table 3.1) and also causes only moderate changes 

in the accumulation of miR156, miR159, miR160, miR164, miR165, miR166, miR167 

and miR169 (Bazzini et al., 2007). Thus, PVX provides a reliable means to express genes 

and study their phenotypes and also their interaction with the miRNAs.  

 miR156 has been shown to  act on  SQUAMOSA PROMOTER BINDING 

PROTEIN (SPL), which is believed to be a transcription factor (Riechmann et al., 2000; 

Wu and Poethig, 2006). The accumulation of miR156 upon infection by selected 

begomovirus showed that these viruses can be divided into two groups. Infections by the 

bipartite viruses (ACMV and CbLCuV) lead to a decrease in miR156 while infections by 

the monopartite viruses (CLCuMV and TYLCV) lead to an increase. For the bipartite 

viruses PVX-mediated expression of TrAPs resulted in an increase accumulation of the 
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miR156 but in both cases virus infection was associated with a decrease in the levels of 

miR156. Therefore infection by these viruses, with respect to miR156 levels, appears to 

be determined by NSP, rather than TrAP. It has been shown that SPL3 is a target of 

miR156 and constitutive expression of miR156 results in a prolonged juvenile vegetative 

phase and delayed flowering (Wu and Poethig, 2006). 

  miR159 was identified independently by two groups (Mette et al., 2002; Reinhart 

et al., 2002) and is thought to target mRNAs coding for MYB proteins which are known 

to bind to the promoter of the floral meristem identity gene LEAFY  (LFY; Rhoades et 

al., 2002). The LFY genes play an important role during the transition from the vegetative 

to the reproductive phase, as it is both necessary and sufficient for the initiation of 

individual flowers (Parcy et al., 2002). LFY is extensively expressed during the 

vegetative phase of plant growth (Blazquez et al., 1997). Thus the reduction in the 

expression of the LFY gene plays an important role in the transition from the vegetative 

phase to the sexual phase. A uniform pattern of up-regulation was observed for the 

accumulation of miR159 as a result of the infection of begomoviruses.   These findings 

are in contrast to our current understating of virus infection in which a vegetative phase 

(thus a growth phase) is preferred over flowering phase. However, it has been shown that 

more than one gene are responsible for the transition from the vegetative to flowering 

phase. There are several transcription factors that play an important role in this transitions 

which are also regulated by miRNAs, such as FRUITFULL (FUL), and APETALA1 

(AP1; Yamaguchi et al., 2009).  

Based on the behavior of the individually expressed gene it is clear for ACMV the 

CP is mainly responsible for the increase in the accumulation of miR159, as this is the 

only gene in which transient expression resulted in an increase accumulation, all others 

resulting in a decrease in miR159 levels.  For CLCuMV/CLCuMB this role may be 

attributed to the βC1, for which the highest increase in miR159 was detected.  

PVX- mediated expression of TYLCV REn resulted in a significant increase in the 

accumulation of miR159. TYLCV REn interacts with at least two host-encoded proteins, 

PCNA and the RBR that play an important role in altering the cell cycle (Settlage et al., 

2005). A major function of RBR proteins is to control the expression of many genes 

required for cell cycle progression, by regulating the activity of E2F transcription factors 

(Sabelli and Larkins, 2009). The study here has shown a further way that REn may 

influence the cell-cycle of the host, by up-regulating miR159. CbLCuV has been shown 

to altered expression of cell cycle-associated genes, preferentially activating genes 

expressed during the S and G2 phases as well as inhibiting genes active in G1 and M 
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phases. A limited set of core cell cycle genes associated with cell cycle reentry, late G1, 

S, and early G2 had increased RNA levels, while core cell cycle genes linked to early G1 

and late G2 had reduced transcripts (Ascencio-Ibanez et al., 2008). 

miR160 is encoded on chromosome 2 in Arabidopsis (Reinhart et al., 2002) and 

targets mRNAs coding for auxin response factor (ARF) proteins (Kasschau et al., 2003; 

Rhoades et al., 2002). ARFs are a major class of transcription activators and repressors 

that facilitate the auxin signal by binding to specific cis-elements in the upstream regions 

of auxin-inducible genes (Guilfoyle and Hagen, 2001). The study presented here has 

shown a basic difference in the infection patterns of OW bipartite and monopartite 

viruses. ACMV infection resulted in decreased accumulation of miR159, with AC4 or 

AV2 apparently responsible for the effect, whereas for the OW monopartite viruses 

infection resulted in the increased accumulation of miR160, with βC1 of 

CLCuMV/CLCuMB and TrAP/V2 of TYLCV playing the major role. The phenotypes 

produced by V2 of TYLCV and βC1, when expressed from the PVX vector in N. 

benthamiana, produced virus-like symptoms (Chapter 3, sections 3.3.6 and 3.3.9 

respectively). These symptoms suggest that the auxin response has been disturbed. The 

finding that CLCuMV/CLCuMB, TYLCV and CbLCuV infections of N. benthamiana 

resulted in an increase in the levels of miR160 also suggest a general behavior of 

begomoviruses infection in reducing  the response to auxin in infected plants, although 

this was not the case for ACMV. This suggestion will need further experimental 

confirmation. Earlier studies with the Curtovirus BCTV showed that infection reduces 

auxin levels, but the authors were unable to show a correlation between reduced auxin 

and visible symptoms (Smith et al., 1968). Here, despite the fact that PVX-mediated 

expression of the TrAP genes of ACMV and CbLCuV significantly reduced miR160 

levels, thus theoretically increasing auxin responsiveness, only mild symptoms were 

induced following PVX-mediated expression (Chapter 3, section 3.3.2). 

The miRNA miR164 negatively regulates several genes that encode NAC-like 

transcription factors (Baker et al., 2005; Guo et al., 2005; Kasschau et al., 2003; Laufs et 

al., 2004; Mallory et al., 2004a; Park et al., 2002). These genes include CUP-SHAPED 

COTYLEDON  1 (CUC1) and CUC2, which are expressed in, and are necessary for, the 

formation of boundaries between meristems and emerging organ primordia (Aida et al., 

1999; Heisler et al., 2005; Takada et al., 2001). Failure to establish organ boundaries 

leads to severe developmental consequences (Aida et al., 1997). Infections of all four 

begomoviruses resulted in an increased accumulation of miR164, suggesting that the 

viruses down regulate the NAC-like transcription factors. This effect upon miR164 may 
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be one of the contributing factors to the induction of disease symptoms for these viruses. 

With the exception of CLCuMV, a significant increase in the levels of miR164 was 

observed upon PVX-mediated expression of the TrAP genes of all viruses. These results 

indicate that TrAP might be the gene responsible for this interaction of viruses with 

miR164. It has been shown that the TrAPs of  ToLCNDV, Papaya leaf curl virus 

(PaLCuV) and CLCuKoV can counter a HR induced by NSP (ToLCNDV) or V2 

(PaLCuV and CLCuKoV;  Hussain et al., 2007; Mubin et al., 2010). Virus up-regulation 

of miR164 may provide a possible explanation of this phenomenon. A recent study has 

shown that oxygen responsive elements 1 (ORE1), which is a NAC-like transcription 

factor, positively regulates aging-induced cell death in Arabidopsis leaves. ORE1 

expression is up-regulated concurrently with leaf aging by ethylene insensitive 2 (EIN2) 

but is negatively regulated by miR164. miR164 expression gradually decreases with 

aging through negative regulation by EIN2, which leads to the up-regulation of ORE1 

expression (Kim et al., 2009) and thus to the cell death. Up-regulation of miR164 thus 

will counter the cell death, and thus possibly also HR associated cell death due to NSP 

and V2.  

A uniform pattern of up-regulation was observed with relation to the accumulation 

of miRNA165/166. miR165 is found on chromosome 1 in Arabidopsis (Reinhart et al., 

2002) and regulates HD-ZIPIII transcription factor genes, PHABULOSA (PHB) and 

PHAVOLUTA (PHV; Rhoades et al., 2002). It has been shown in Arabidopsis that the 

establishment of leaf polarity requires the generation and perception of positional 

information along the radial axis of the plant (Mallory et al., 2004b). The results 

presented here also showed that in general, the TrAPs of all the viruses when expressed 

from PVX result in the increased accumulation of miR165/166 indicating that this protein 

might be responsible. These results are in line with the earlier reports that transgenic 

Arabidopsis expressing the TYLCCNB βC1 exhibited virus-like symptoms. These 

morphological changes were paralleled by a reduction in miR165/166 levels and an 

increase in PHB and PHV transcript levels. Two factors, ASYMMETRIC LEAVES 1 

(AS1) and ASYMMETRIC LEAVES 2 (AS2), are known to regulate leaf development as 

an AS1/AS2 complex (Xu et al., 2006). βC1 is  able to partially complement as2 

mutation (Yang et al., 2008). Though there was a significant decrease in the levels of 

miR165/166 upon PVX-mediated expression of CLCuMB βC1, CLCuMV/CLCuMB 

infection led to an increased accumulation. 

The results show  that begomovirus infection generally increases the accumulation 

of miR167. PVX-mediated expression of the TrAPs of CLCuMV, TYLCV and CbLCuV 
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induced a significant increase in the accumulation of miR167 and for ACMV NSP 

appeared to play this role. It has been shown that miR167 targets ARF 6 and ARF8 

(Rhoades et al., 2002; Wang et al., 2005b). ARF proteins regulate embryogenesis, root 

development and floral organ formation (Hardtke and Berleth, 1998; Hardtke et al., 2004; 

Mallory et al., 2005; Sessions et al., 1997; Wang et al., 2005b). ARF6 and ARF8 regulate 

flower maturation (Nagpal et al., 2005). Infection of plants with some begomoviruses, as 

well as constitutive expression of some of their genes in plants results in severe 

developmental defects. For example, transgenic expression of ACMV AC4 in 

Arabidopsis resulted in stunted plants with severe developmental defects, such as narrow 

rosette leaves and lack of development of reproductive tissue (Chellappan et al., 2005a). 

Similarly the transgenic expression of βC1 in N. benthamiana  as well as expression on 

βC1 from PVX resulted in severely twisted plants (Qazi et al., 2007; Saeed et al., 2005; 

Saunders et al., 2004).  Thus the results presented here suggest a possible mechanism for 

the induction of these virus-like symptoms.  

 Begomovirus infection results in an increased accumulation of miR168 and the 

TrAPs appear to be the main virus-encoded product responsible. miR168 directs the 

cleavage of AGO1 mRNAs, indicating that these miRNAs themselves regulate the 

activity of the miRNA pathway (Vaucheret et al., 2004; Xie et al., 2003). AGO1-

dependent miRNA target cleavage has been documented extensively in plants (Chapman 

and Carrington, 2007; Ramachandran and Chen, 2008; Vaucheret, 2008). The general 

increased in miRNA levels is difficult to reconcile with an increase in miR168 that would 

lead to increased AGO1 mRNA cleavage and thus less AGO1 (and lower levels of 

cleavage of miRNA target mRNAs). It has been shown that some miRNAs likely are able 

to associate with other AGO in the absence of AGO1. Therefore, it is possible that 

additional proteins can complement the functions of AGO1. This is supported by the 

findings that 4m-AGO1 plants that have increased AGO1 levels exhibit unchanged 

accumulation of most miRNAs but strongly increased accumulation of miR168 

(Vaucheret et al., 2006). Thus an increase in AGO1 is possible along with increase in the 

accumulation of miR168. Similarly AGO1 level can also be maintained along with an 

increase in the level of miR168. In this study the levels of AGO 1 were not studied. It 

would be interesting to study the levels of AGO 1 following PVX–mediated TrAP 

expression to clarify the situation. 

With the exception of CbLCuV, infection of N. benthamiana plants with all 

viruses under study resulted in a slightly increased accumulation in the levels of both 

miR169 and miR170 which suggests that begomovirus infection does not significantly 
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affect the levels of these miRNAs. It has been shown that miR169 and related miRNAs 

are strongly dependent on P or N status in Arabidopsis and rapeseed (Brassica napus) 

phloem sap, flagging them as candidate systemic signaling molecules (Pant et al., 2009).  

   The study presented here has shown that, in general, begomovirus infection 

(assuming that the four viruses originating from distinct classes of begomoviruses [NW, 

OW, bipartite, monopartite and betasatellite requiring] are representative) increases the 

accumulation of miRNAs. This finding is in agreement with an earlier study of RNA 

viruses from three distinct families (Tobamoviridae, Potyviridae, and Potexviridae) that 

examined a similar range of miRNAs (Bazzini et al., 2007).  However, it is difficult to 

reconcile the presence for all these viruses (both the begomoviruses and the RNA viruses) 

of proteins that apparently bind (and presumably inactivate/down-regulate) miRNAs with 

a system that ultimately leads to miRNA up-regulation. For example, the AC4 protein of 

ACMV resulted in the decreased accumulation of three host miRNAs when expressed 

transgenically in Arabidopsis (Chellappan et al., 2005a). These results suggest that 

miRNA binding by suppressors such as TrAP and (A)C4 are “collateral damage”; thus 

that they are unintentional and result merely from the overlap of the siRNA and miRNA 

pathways (suppressors that bind sRNAs being unable to distinguish si- and miRNAs). 

This suggestion is supported by the fact that there is, at least as far as has been shown so 

far, no specificity in the interactions between suppressors and sRNAs. Thus suppressors 

that bind sRNAs do so in a sequence non-specific manner and the only possible 

distinguishing features between siRNAs and miRNAs, that a suppressor could use to 

distinguish them, are that in plants miRNAs are  methylated (Yu et al., 2005), tend to be 

larger and are generated in the nucleus (Bartel, 2004; Voinnet, 2009). So far there is no 

evidence that suppressors encoded by plant viruses can utilize these differences to 

specifically bind miRNAs in preference to siRNAs. 

As well as the begomovirus-encoded proteins previously shown to have 

suppressor activity and, at least in some cases, to bind small RNAs [(A)V2, TrAP and 

(A)C4)] the analysis has shown that the other (non-suppressor) proteins can affect 

miRNA levels, the first time this has been shown to be the case. Nevertheless, at least 

four of these proteins (MP, NSP, Rep and CP) have nucleic acid binding activities, of 

which only one (Rep) is sequence-specific. However,  there is no evidence to suggest that 

they can directly bind either si- or miRNAs . Since these apparently do not have a direct 

effect on miRNAs, by binding them so as to remove them from the system and thereby 

up-regulate the genes they control, the implication is that their effects on miRNA levels is 

indirect, by affecting host factors that in turn affect miRNA levels. Consistent with the 
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idea, Bazzini et al. (2009) recently showed that Oilseed rape mosaic virus (ORMV) 

infection up-regulates transcription from the miR164a promoter. Only one begomovirus-

encoded protein, TrAP, acts as a transcription factor. For many begomoviruses TrAP acts 

to up regulate the promoter of the late, virion-sense genes and also up or down regulates 

numerous host genes (Trinks et al., 2005). Additionally the Rep of MYMV has been 

shown to up regulate 162 Arabidopsis genes in a microarray analysis (Trinks et al., 2005) 

and all begomovirus-encoded proteins have been shown to interact with one or more host 

proteins (as detailed earlier). There is thus a multitude of possible ways for 

begomoviruses to affect miRNA levels and the results presented here suggest that all 

begomovirus-encoded proteins may play a part in this.  

 



CHAPTER 5 

Identification of the suppressors of gene silencing encoded by CLCuMV/CLCuMB 

 

5.1 Introduction 

5.1.1 RNA silencing 

RNA silencing has only emerged as a topic of general interest in the past ten 

years, but as a matter of fact the first paper dealing with RNA silencing effect may have 

been published as long ago as 1928. In that research paper tobacco plants were described 

in which only the initially infected leaves were necrotic and diseased owing to Tobacco 

ringspot virus [(TSRV) (Wingard, 1928)]. The upper emerging leaves showed immunity 

to virus infection and consequently were asymptomatic and resistant to secondary 

infection (Fig. 5.1). At the time this „recovery‟ was a mystery, since there was no obvious 

way to explain this phenomenon. 

The details of the TSRV example remain to be worked out but now it is known 

that recovery from virus disease involves RNA silencing that is targeted specifically at 

the viral RNA (Baulcombe, 2004; Covey et al., 1997; Ratcliff et al., 1997). There was no 

information about this mechanism in 1928, nor was it realized that the viral genome in 

this case is RNA. However, Wingard‟s paper is an appropriate starting point for the 

current interest in RNA silencing because it showed a role for RNA silencing in defense 

against viruses which may have been one of its original functions in primitive eukaryotes.  

The phenomenon of RNA silencing [also referred to as RNA interference (RNAi)] was 

first discovered in the nematode worm Caenorhabditis elegans as a response to double-

stranded RNA (dsRNA), which results in sequence-specific gene silencing (Fire et al., 

1998). RNA silencing is a term often used to refer to related mechanisms that are also 

known as post-transcriptional gene silencing (PTGS) in plants, quelling in fungi, and 

RNAi in animals (Bisaro, 2006). RNA silencing pathways are involved in several 

fundamental biological processes that include cellular defense against viruses, control of 

transposon mobility, gene regulation via miRNAs, de novo histone and DNA methylation, 

and the establishment of heterochromatin (Baulcombe, 2004; Carrington and Ambros, 

2003; Lippman and Martienssen, 2004; Voinnet, 2005b). There are several players in the 

RNA silencing machinery including the ribonuclease Dicer, RNA-dependent RNA 

polymerase (RDR), and Argonaute (AGO). The RNAi machinery in plants has been 

defined more elaborately than in the fungal or animal systems. The Arabidopsis genome 

encodes four Dicer-like (DCL) enzymes, six RDRs, and 10 AGO proteins (Baulcombe, 

2004). Various genetic studies have shown that all these factors partner in a specific  
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Fig. 5.1 

Recovery in tobacco plants infected with Tobacco ringspot virus. The original legend to the Fig.ure reads 

“Turkish tobacco plant 23 days after inoculation with ringspot. Note the gradual decline in the development 

of ringspot symptoms on the upper leaves until finally the top leaves appear perfectly normal”. (Picture 

reproduced from Journal of Agricultural Research) 
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manner to effect distinct but partially overlapping pathways that are commonly triggered 

by double-stranded RNA (dsRNA; Hannon, 2002). 

Plants have at least three silencing pathways (Baulcombe, 2004). The first 

pathway identified was post transcriptional gene silencing (PTGS) which has also been 

referred to as cytoplasmic RNA silencing. PTGS results in the degradation of target 

mRNA (or the genome of an RNA virus). A characteristic feature of PTGS is the 

production of 21–24nt short interfering RNA species (siRNA) which are generated from 

inducing dsRNA (Hamilton and Baulcombe, 1999). Apart from some functional 

redundancy among the DCL proteins, it is believed that siRNAs are possibly generated by 

DCL-2 and DCL-4 (Gasciolli et al., 2005; Xie et al., 2004b). The dsRNA that leads to the 

PTGS may come from exogenous or endogenous sources, such as RNA virus replication 

intermediates synthesized by viral RDRs (vRDR), structured ssRNA or annealed 

overlapping transcripts of opposite polarity that can serve as Dicer substrates, or products 

of RDR acting on certain transcripts or on aberrant or over-expressed mRNAs (Gazzani et 

al., 2004; Molnar et al., 2005; Szittya et al., 2002). Duplex siRNA is subsequently 

unwound and one strand is incorporated into an RNase-containing effecter complex 

known as the RNA induced silencing complex (RISC), which contains at least one AGO 

protein (Hammond et al., 2000; Hannon, 2002). 

Cleavage specificity of RISC is the result of complementary base-pairing between 

the siRNA and the target mRNA. By analogy to the mammalian system, an AGO protein 

in RISC is most likely the „„slicer‟‟ that carries out transcript cleavage (Liu et al., 2004). 

RDRs play multiple roles in the RNAi pathway. Apart from the initial generation or 

processing of the dsRNA trigger, RDRs also play a major role in the amplification and 

transitive spreading of siRNAs (Himber et al., 2003; Vaistij et al., 2002). One of the 

remarkable features of RNAi is its ability to spread from cell-to-cell and systemically 

throughout the plant (Palauqui et al., 1997; Voinnet and Baulcombe, 1997). Although 

there is no direct evidence of the nature of the mobile systemic silencing signal, its 

sequence specificity strongly suggests that it is nucleic acid, and most likely a small RNA 

(Hamilton et al., 2002). 

  The second RNAi pathway is involved with the endogenous, 21–22 nucleotide 

miRNAs that are processed by DCL-1 from larger miRNA precursors. The miRNAs 

negatively regulate their target mRNAs, either by inhibiting translation (primarily in 

animal systems) or by degradation (primarily in plant systems; see Chapter 4 for details). 

The third RNAi pathway leads to siRNA-directed transcriptional gene silencing (TGS) 

and heterochromatic silencing (Lippman and Martienssen, 2004). TGS may be triggered 
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by transcription of inverted repeats or tandemly repeated sequences, and it can also be 

induced experimentally by ectopic expression of RNA corresponding to promoter regions 

(Jones et al., 1999; Jones et al., 2001; Mette et al., 2000). TGS differs from PTGS in 

involving slightly larger siRNAs (24–26nt) that are generated by DCL-3 which acts in 

conjunction with AGO4 and RDR2 (Hamilton et al., 2002; Qi et al., 2005; Xie et al., 

2004b; Zilberman et al., 2003). TGS-mediated suppression of gene activity is as a result 

of the methylation of cytosine residues in DNA (RNA-directed DNA methylation 

[RdDM]) and specific post-translational modifications of histone proteins, including 

methylation of histone H3 at lysine 9 [(H3mK9) (Bender, 2004)]. Various studies have 

shown that there are multiple links between siRNA and these two epigenetic marks 

(Bisaro, 2006). It is believed that TGS maintains genome integrity by preventing 

rearrangement in centromeric and telomeric repeats and by suppressing transposons and 

other invasive DNAs (Djupedal and Ekwall, 2009; Gracheva et al., 2009). 

 

5.1.2 Suppressors encoded by plant viruses 

The existence of virus-encoded silencing suppressors strongly suggests that RNAi 

acts as an adaptive defense against viruses (Ding et al., 2004; Li and Ding, 2001; Roth et 

al., 2004). Viruses have acquired variety of suppressors and some even encode multiple 

suppressors that interfere at different steps of the silencing pathway. The first suppressor 

of gene silencing encoded by a virus to be identified was the helper component protease 

(HC-Pro) of Tobacco etch virus (TEV).  It has been shown that HC-Pro is able to reverse 

established silencing in plants and block local silencing in transient assays 

(Anandalakshmi et al., 1998; Brigneti et al., 1998; Kasschau and Carrington, 1998; Llave 

et al., 2000). It was also shown that this protein interacts with the cellular calmodulin-

related protein (rgsCaM) that is itself a silencing suppressor, suggesting that HC-Pro 

stimulates an endogenous mechanism that negatively regulates RNA silencing 

(Anandalakshmi et al., 2000). HC-Pro has also been shown to interfere with dsRNA 

processing by Dicer and inhibit the unwinding of duplex siRNA (and miRNA/miRNA*), 

thereby preventing the incorporation of targeting information into RISC (Chapman et al., 

2004; Dunoyer et al., 2004). In contrast, the p19 protein of Cymbidium ringspot virus 

(CymRSV) cannot suppress established silencing, although it can suppress local silencing 

and block production of the systemic silencing signal. p19 has the ability to bind and 

sequester siRNAs (and miRNA/miRNA*), preventing their incorporation into RISC 

(Lakatos et al., 2004; Silhavy et al., 2002; Vargason et al., 2003). The ability of 

suppressors such as p19 and HC-Pro to interfere with both siRNA and miRNA 
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metabolism shows the overlapping nature of these pathways (Chapman et al., 2004; 

Dunoyer et al., 2004). On the other hand Turnip crinkle virus coat protein (TCV-CP) does 

not interfere the miRNA pathway. The suppressor activity of this protein is attributed to 

its ability to interfere with the activity of DCL-2 that does not play major role in 

processing miRNA precursors (Xie et al., 2004b). The 2b protein of Cucumber mosaic 

virus (CMV) cannot inhibit the initiation of silencing but effectively prevents its systemic 

spread to neighboring tissues (Brigneti et al., 1998; Guo and Ding, 2002). Thus RNA 

viruses have adopted many different counter-defense strategies aimed at different aspects 

of RNA silencing. 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). Information of viral suppressor can provide a powerful tool for 

the analysis of the mechanisms of RNA silencing and the relationships between the 

different silencing pathways (Bisaro, 2006). 

 

5.1.3 Geminiviruses and RNAi 

Theoretically geminiviruses should lack a particular vulnerability of RNA viruses, 

whose genome can be degraded by PTGS, because of their replication takes place in 

nucleus. In fact this is not the case, since geminivirus transcripts are exposed to this 

pathway. The first evidence that virus-specific siRNAs are induced by geminivirus 

infection came from an analysis of RNA extracts from TYLCV infected tomato plants 

(Lucioli et al., 2003). The results of this experiment showed that siRNAs of both sense 

and antisense polarity were present corresponding to the viral rep. The susceptibility of 

geminiviruses to suppression by RNA silencing was subsequently confirmed by the 

demonstration that synthetic siRNAs, designed to target the coding region of ACMV Rep, 

were able to interfere with Rep mRNA and thus lead to reduced viral DNA replication in 

cultured cells (Vanitharani et al., 2003). This technology has been used to develop 

transgenic plants expressing various rep sequences for the purpose of producing virus-

resistant plants. Some level of success has been achieved using this approach (Abhary et 

al., 2006; Asad et al., 2003; Chellappan et al., 2004a). These examples show the potential 

of RNA silencing to control virus infection: cells primed for an RNA silencing response 

to a specific virus are able to at least partially resist infection by that virus, and sometimes 

also others that are very closely related with respect to the target sequence (Lindbo et al., 

1993). However, there are cases where rep transgene silencing has been overcome, 

presumably by the action of viral suppressors (Lucioli et al., 2003; Noris et al., 2004). 
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Further information that geminivirus transcripts are targeted by RNAi came from 

DNA-VIGS (virus-induced gene silencing; Ruiz et al., 1998). It was shown that by using 

the DNA A of bipartite begomoviruses as episomal replicons carrying sequences 

corresponding to transgenes or endogenous genes were able to induce silencing 

efficiently in N. benthamiana and Arabidopsis (Kjemtrup et al., 1998; Muangsan et al., 

2004; Peele et al., 2001). Other vectors based on the begomovirus associated alpha- and 

betasatellites have also been used to suppress the expression of target genes (Huang et al., 

2009; Shahid, 2010; Tao and Zhou, 2004). A piece of information about the genetic 

requirements for DNA-VIGS in Arabidopsis is particularly informative (Muangsan et al., 

2004). It was shown that effective target gene suppression requires suppressor of gene 

silencing 2/silencing defective 1 (SGS2/SDE1, which is also known as RDR6) and SGS3, 

but not SGS1 or AGO1. These requirements are different from RNA-VIGS and inverted 

repeat-induced silencing, which do not need RDR6 to generate an initial dsRNA trigger 

(Beclin et al., 2002; Dalmay et al., 2000). Also genes such as defective DNA methylation 

1 (DDM1), maintenance of methylation 1 (MOM1), and methyltransferase 1 (MET1), 

which are essential for TGS, were not required. These results indicate DNA-VIGS 

appears to use a somewhat different branch of the pathway in comparison to RNA 

silencing (Bisaro, 2006). It has been shown that sgs2/sde1 and sgs3 mutants are only 

slightly more susceptible to geminivirus infection than wild-type plants (Muangsan et al., 

2004), suggesting either that silencing is not a major factor in defense against 

geminiviruses or, more likely, that cytoplasmic RNA silencing (PTGS) is only one 

component of the silencing response to geminivirus infection. 

Geminiviruses, being DNA viruses, are potential targets of siRNA-directed 

epigenetic modification, a complication not faced by RNA viruses. The implication of 

such silencing is a reduction viral transcription. There is evidence suggesting that 

geminiviruses are susceptible to this nuclear pathway. It has been demonstrated that 

transgenes driven by geminivirus promoters can be transcriptionally silenced following 

infection of transgenic plants with the homologous virus. It was also shown that this 

hyper methylation of the promoter sequences was caused by the infection of homologous 

viruses, whereas heterologous virus infection failed to cause promoter methylation 

(Seemanpillai et al., 2003). A second study reported that geminivirus infected plants can 

recover from infection following the later introduction, by particle bombardment, of a 

construct designed to express dsRNA specific for the IR, which contains the origin of 

replication and bidirectional promoters (Pooggin et al., 2003). This suggests that TGS 

signals generated by the dsRNA construct can negatively regulate the homologous 
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promoter sequences of replicating viral genomes. However, a direct effect on replication 

is also possible. 

Geminiviruses have circular ssDNA genomes and thus lack a dsRNA phase. The 

question thus arises as to how the initial inducing dsRNA is produced during infection. 

There are several possibilities including Dicer-catalyzed processing of structured regions 

in viral mRNA, the action of host RDR on aberrant or over-expressed viral transcripts, 

overlapping read-through transcription from the divergent promoters in the IR, or some 

combination of these mechanisms. A study of siRNA accumulation following infection of 

N. benthamiana and cassava with begomoviruses associated with cassava mosaic disease 

(CMD) that induced symptoms of varying severity has given some clues (Chellappan et 

al., 2004b). An inverse correlation was found between the severity of disease and the 

amount of virus-specific siRNA that accumulated in infected plants, and recovery from 

infection was associated with the highest levels of siRNA accumulation. Transcript 

overlap regions were at best weak siRNA hotspots. Thus, while transcript overlap might 

contribute to the production of initiating dsRNA, the role of host RDR activity, possibly 

acting on over-expressed viral mRNAs, is likely to be highly significant. This is 

consistent with the requirement of RDR6 for DNA-VIGS (Muangsan et al., 2004). 

However, siRNA was preferentially directed against different genome components. In the 

case of a mild recovery-type virus, more siRNA was directed against DNA A (which 

provides genes required for replication) than DNA B (which encodes genes required for 

virus spread), while the reverse was true for a more severe, non-recovery type virus. In 

addition, hotspots corresponding to the Rep and the BC1 were apparent in the more 

highly targeted DNA A and DNA B components, respectively (Chellappan et al., 2004b). 

Why these particular regions might be preferred for siRNA production is not clear, 

although transcript secondary structure might play a role.  

 

5.1. 4 TrAP and silencing suppression  

The 15kDa (A)C2 protein is encoded by all begomoviruses (Chapter 1, section 

1.5.2) with the exception of CLCuBV (Amrao et al., 2010). Using a PVX vector to infect 

N. benthamiana plants carrying a GFP transgene (line 16c), it was first shown that 

ACMV TrAP expressed from the vector was capable of reversing established silencing 

(Voinnet et al., 1999). This was followed by similar studies with wild-type and mutant 

TYLCV TrAP, which confirmed suppressor activity and suggested that it depended on an 

intact NLS, as well as on cysteine and histidine residues in the zinc finger, and thus on the 

zinc and non-specific DNA binding activities (Dong et al., 2003; Van Wezel et al., 
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2002b). However, ACMV TrAP did not bind with siRNA or miRNA, ruling out the 

possibility that this might act by a mechanism similar to p19 (Chellappan et al., 2005a; 

Wang et al., 2005a).  

Studies with the TrAP of Mungbean yellow mosaic virus (MYMV) have shown 

that an intact zinc finger and NLS is absolutely required, and further demonstrated a 

requirement for the activation domain (Trinks et al., 2005). Evidence for transcription-

independent silencing suppression has also been obtained. In a yeast two-hybrid screen, 

TGMV TrAP (lacking the activation domain) and BCTV C2 (the curtovirus homolog of 

the begomovirus-encoded TrAP) were found to specifically interact with adenosine 

kinase (ADK), a nucleoside kinase that is essential for the synthesis of 5‟-AMP from 

adenosine and ATP (Wang et al., 2003b). Both proteins inactivated ADK in vitro and 

following co-expression in E. coli and yeast. ADK activity is reduced in transgenic plants 

expressing these proteins, and is also significantly reduced in virus-infected tissue in a 

TrAP/C2 dependent manner (Wang et al., 2003b). A link between ADK, silencing, and 

viral pathogenesis comes from the observation that ADK plays a key role in sustaining 

the methyl cycle and S-adenosyl-methionine (SAM)-dependent methyltransferase activity 

(Lecoq et al., 2001; Moffatt et al., 2002; Weretilnyk et al., 2001). Methyl group transfer 

from SAM to a methyl acceptor produces S-adenosyl-homocysteine (SAH), which is 

hydrolyzed to homocysteine (Hcy) and adenosine by S-adenosyl-homocysteine hydrolase 

(SAHH). An important regulatory factor is that this equilibrium lies strongly toward 

synthesis and the reaction is driven in the direction of hydrolysis only by the metabolism 

of both the products (Hcy and adenosine). Therefore, adenosine phosphorylation by ADK 

is important for the removal of SAH because it promotes flux through the methyl cycle 

which in turn helps in the regeneration SAM. Additionally, SAHH can also act as a 

competitive inhibitor of SAM due to its greater affinity for methyl transferases. That 

ADK-deficient plants display silencing defects showed an indirect role for the methyl 

cycle in the silencing pathway (Moffatt et al., 2002; Wang et al., 2003b). 

In order to study the potential of TGMV TrAP and BCTV C2 to suppress 

silencing, and also to determine if ADK is involved in the RNAi pathway, a three-

component transient Agrobacterium-based system was used in conjunction with wild-type 

or N.  benthamiana line 16c plants. In this system, mixed Agrobacterium cultures were 

used to simultaneously deliver constructs expressing GFP, dsGFP (a strong silencing 

inducer)  and a test construct (Johansen and Carrington, 2001). The results demonstrated 

that TGMV TrAP, TGMV TrAP lacking the activation domain, and BCTV C2 were able 

to suppress silencing, with increased GFP mRNA accumulation and reduced 
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accumulation of GFP-specific siRNAs of both the small and large size classes (Wang et 

al., 2005a). It was also shown that silencing was suppressed by an ADK inverted repeat 

construct (dsADK) and an adenosine analogue that inhibits ADK (Wang et al., 2005a). 

ADK activity was shown to be reduced in tissues showing silencing suppression and in 

tissues infiltrated with GFP-dsGFP and TrAP/C2, dsADK, but not control constructs. 

These findings are direct evidence that TrAP/C2 of these viruses can suppress silencing in 

a transcription-independent manner, and that ADK activity is needed for silencing (Wang 

et al., 2005a). In support of this conclusion, transgenic tobacco lines expressing antisense 

RNA to SAHH, a dedicated methyl cycle enzyme, show DNA hypo-methylation of 

HRS60 repeats (Tanaka and Masuta, 1997). ACMV TrAP also interacts with ADK, 

although its ability to inhibit the enzyme has not yet been examined (Wang et al., 2003b). 

In addition to ADK, TrAP/C2 proteins also interact with and inhibit SNF1-related kinase 

in vitro and in vivo. Inhibition of SNF1 activity in transgenic N. benthamiana and tobacco 

plants results in an enhanced susceptibility phenotype, characterized by a reduction in the 

concentration of virus required to elicit infection (Hao et al., 2003). This suggests that 

SNF1-mediated responses constitute a novel defense pathway in plants, which is inhibited 

by TrAP and C2. TrAP/C2 suppression of SNF1 does not appear to be involved in 

silencing suppression (Wang et al., 2005a). 

 

5.1.5 Suppression of RNAi and (A)C4  

The (a)c4 gene lies entirely within the Rep coding region, but in a different 

reading frame (Chapter 1, section 1.5.4). The suppression activity of AC4 from four 

different cassava-infecting begomoviruses was examined using the Agrobacterium based 

transient assay in N. benthamiana 16c plants (Vanitharani et al., 2004). Two of the AC4 

proteins, from viruses associated with recovery-type symptoms in cassava, showed 

suppressor activity with increased accumulation of GFP mRNA and inhibition of GFP-

specific siRNAs. Two other AC4 proteins, from non-recovery-type viruses, showed little 

or no activity in this assay. Conversely, the TrAP proteins of the non-recovery viruses 

were found to be silencing suppressors, while those from recovery-type viruses were less 

effective in the same assy. This study showed not only a new function of (A)C4 but also 

gave an insight into the molecular basis for synergistic disease that can result from mixed 

infection. Specifically, mixed infection of cassava by ACMV (recovery-type, with a 

relatively strong AC4 suppressor) and East African cassava mosaic Cameroon virus 

(EACMCV; non-recovery-type, with a relatively strong AC2 suppressor) causes an 

unusually severe disease in the field (Vanitharani et al., 2004). ACMV AC4, but not 
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EACMCV AC4, have also been shown to bind single-stranded miRNA and siRNA in 

vitro but do not bind the corresponding duplex forms (Chellappan et al., 2005a). 

Furthermore, a single-stranded, complementary miRNA oligonucleotide (miR159*) acted 

as bait to pull down ACMV AC4 from protoplast extracts, and the cognate miR159 co-

purified with AC4 by immunoprecipitation (Chellappan et al., 2005a).  

 

5.1.6 Silencing suppression by (A)V2 protein 

The (a)v2 is encoded by Old World begomoviruses (with two exceptions, as 

mentioned earlier) but is absent from New World viruses  (Chapter 1, section 1.5.5l). It 

has been shown that the TYLCV V2 protein can acts as a suppressor of RNA silencing. 

Specifically, V2, but not other proteins of TYLCV, inhibited RNA silencing of a reporter 

transgene, GFP. This inhibition elevated the cellular levels of the GFP transcript and the 

GFP protein, but it had no apparent effect on the accumulation of GFP-specific short 

interfering RNAs (siRNAs), suggesting that TYLCV V2 targets a step in the RNA 

silencing pathway which is subsequent to the Dicer-mediated cleavage of dsRNA. 

Visualization of the sub-cellular localization of TYLCV V2 in plant protoplasts and 

tissues showed that this protein is associated with cytoplasmic strands and inclusion 

bodies in the cortical regions of the cell (Zrachya et al., 2007). Recently it has been 

shown that the V2 encoded by Tomato leaf curl Java virus (ToLCJV) is a suppressor of 

gene silencing and elicitor of HR. A V2 deletion mutant lacking the N-terminal 58aa did 

not elicit HR and also was not able to suppress silencing (Sharma and Ikegami, 2009)  

Further light was shed on the functioning of V2 protein when it was shown that it 

interacts directly with SlSGS3, the tomato homolog of the Arabidopsis SGS3 protein 

(AtSGS3), which is known to be involved in RNA silencing. SlSGS3 genetically 

complemented an AtSGS3 mutation and restored RNA silencing, indicating that SlSGS3 

is indeed a functional homolog of AtSGS3. A point mutant of V2 that is unable to bind 

SlSGS3 also lost its ability to suppress RNA silencing, suggesting a correlation between 

the V2–SlSGS3 interaction in planta and the suppressor activity of V2 (Glick et al., 

2008). 

 

5.1.7 βC1 protein and RNAi  

The βC1 protein encoded by TYLCCNB has been shown to act as a silencing 

suppressor in N. benthamiana 16c plants (Cui et al., 2005). TYLCCV in conjunction with 

TYLCCNB, but not TYLCCV alone, could prevent silencing in newly emerging leaves of 

infected plants that were silenced for GFP expression. Expression of βC1 also interfered 
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with local silencing in transient Agrobacterium-based assays. The recombinant protein 

was shown to bind ssDNA and dsDNA in vitro in a sequence nonspecific fashion, and 

βC1 fusion proteins were primarily localized in the nucleus in insect and plant cells. A 

putative NLS of βC1 was shown to be required for silencing suppression activity (Cui et 

al., 2005). Similarly the βC1 proteins of Bhendi yellow vein mosaic betasatellite 

(BYVMB; Gopal et al., 2006) and Tomato leaf curl Java betasatellite (ToLCJAB; Kon et 

al., 2007) have suppressor of gene silencing activity. 

 

5.2 Materials and methods 

5.2.1 RNA extraction and northern blot analysis of GFP  

Total RNA was isolated as described earlier (Chapter 3, section 3.2.4). RNA 

(10µg) was denatured with denaturing buffer (Lewandowski and Dawson, 1998) for 

10min at 65
o
C and then cooled on ice. Samples were then mixed with loading buffer 

(95% Deionized Formamide, 0.025% bromophenol blue, 0.025%Xylene cyanol, 5mM 

EDTA (pH8), 0.025% Formaldehyde; 20µl of 10mg/ml ethidium bromide was added per 

2ml of dye) and electrophoresed on 1.2% agarose MOPS gels containing 2M 

formaldehyde. RNA was transferred to Hybond N
+
 (Amersham, UK) using 2X SSC (1X 

SSC is 0.15M NaCl and 0.015M sodium citrate). Blots were  hybridized with DIG-

labeled probes specific to GFP gene synthesized using a DIG PCR labeling kit (Roche, 

Switzerland) . Membranes were washed three times under medium stringency conditions 

using 2X SSC, 0.1%SDS [w/v] and exposed to X-ray film after treatment with CDP-Star 

(Roche, Switzerland) according to the manufacturer‟s instructions.   

 

5.2.2 siRNA analysis  

Samples of  30µg of total  RNA diluted with loading dye were  heated at 95
o
C for 

2min and loaded on 15% polyacrylamide gels (19:1 ratio of acrylamide to bis-acrylamide, 

8 M urea). The gels were run at 150-250V for 3h and then the RNA was transferred to 

Hybond N+ membranes by using a semi-dry electro-blotting apparatus (Bio-Rad) in 1X 

TBE buffer (Chapter 2, section 2.9) at 10V for 2 hours. Hybridization was performed at 

42
o
C for 14–24h in DIG Easy Hyb buffer using a hydrolyzed in vitro transcribed GFP 

probe. A GFP probe was prepared by first cloning the GFP gene in pTZ57R/T 

(Fermentas). In vitro transcription was performed using a DIG in vitro transcription kit 

(Roche) after linearizing the GFP clone with EcoRI. DIG labeled transcripts was 

hydrolyzed using 1X alkaline lysis buffer (50mM sodium carbonate buffer [pH9.2], 1mM 

EDTA) and heating at 95
o
C.  Aliquots of 20µl were taken after 5, 10, 15 and 20min and 
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were run on an agarose gel. The aliquot that showed an even distribution of hydrolyzed 

product was used to probe blots.  Following hybridization, blots were washed three times 

at medium stringency in 2X SSC, 0 .1% SDS [w/v] and processed as described earlier 

(Chapter 4, section 4.2.2). 

 

5.2.3 Agroinfiltration  

After transformation of  A. tumefaciens GV3101 cells with pGreen0029 constructs 

(Chapter2, section 2.6.2), cells were grown for 48 hours on LB agar containing the 

appropriate antibiotics.  A single colony was picked and was grown in LB broth 

containing appropriate antibiotics to an optical density at 600nm of 0.6. After 

centrifugation cells were resuspended in 10mM MgCl2, 150µM acetosyringone and were 

stored at room temperature for 2 to 3 hours. Young, fully expanded leaves were infiltrated 

with a mixture of Agrobacterium cultures containing the RNAi GFP (dsRNA of GFP 

corresponding to the first 200bp of gfp in pGreen0029) construct along with the 

constructs containing viral genes under the control of the CaMV 35S promoter by gently 

appressing a 5ml syringe to the abaxial surface of N. benthamiana line 16c leaves and 

depressing the plunger until a water-soaked appearance was achieved. Three leaves of 

approximately equal size on a single plant were inoculated for each construct to be tested. 

 

5.2.4 GFP visualization  

  Plants were observed under UV light after 72 hours. Visual detection of GFP 

fluorescence in the inoculated patch of the plant was performed using a 100 W hand-held 

long-wave ultraviolet lamp (BLAK-RAY Model B100 Upland, CA, U.S.A) and pictures 

were taken under UV illumination using a high resolution digital camera with a yellow 

filter. 

 

5.2.5 Real-time PCR for quantification of suppression activity  

Real time PCR was performed using cDNA produced from total RNA isolated 

from inoculated plant tissues using the protocol mentioned earlier (Chapter 3, section 

3.2.3). Primers GFP-F1 (5‟-CCAGATCATATGAAGCGGCACGAC -3‟)/GFP-R1 (5‟- 

ATCCTGTTGACGAGGGTGTCACC -3‟) were designed to amplify an approximately 

120bp fragment of gfp. 

For the absolute quantification of gfp mRNA, a standard curve was obtained by 

using a serial dilution of a plasmid containing the full-length gfp gene. The amount of the 

gfp gene was calculated based on the size of vector (2.8kbp) and the size of gene (720bp). 
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Thus 10ng of the plasmid contained 2.57ng of gfp. An appropriate amount of plasmid was 

use to yield 10ng of gfp and then five 10 fold serial dilutions were used in order to 

produce the template for a standard curve. The standard curves were obtained by linear 

regression analysis of the threshold cycle (Ct) value of each of the three standard-dilution 

replicates over the log of the total DNA amount present in each sample. Data acquisition 

and analysis were handled by the BioRad iCycler software (version 3.06070) that 

automatically calculates the Ct values and the parameters of the standard curves. The 

reaction mix (25μl) consisted of 1XiQ SYBR Green Supermix, 0.4μl of each primer 

(GFP-F1 and GFP-R1; 4 picomole) and 2μl cDNA sample (prepared from 2µg of total 

RNA; described in Chapter 3, section 3.2.3). PCR reactions were carried out in 96-well 

optical plates in the iCycler iQTM Real-Time PCR Detection System (BioRad). PCR was 

programmed for 1 cycle at 94
o
C for 5min followed by 40 cycles each consisting of 10sec 

at 94
o
C (denaturation) 15sec at 60

o
C (annealing) and 20sec at 66

o
C (extension) followed 

by a melt curve analysis starting from 50
o
C with a decrease of 0.5

o
C/10sec (84 cycles). 

PCR of each sample was conducted in triplicate. For each amplification run, standards 

were loaded on the same plate to produce the appropriate standard curve. 

5.2.6 Experimental design 

A group of 5 N. benthamiana plants of approx. the same age (3 weeks old, 4 true 

leaf stage) were agroinfiltrated with the RNAi GFP construct along with 35S driven genes 

encoded by CLCuMV and  controls (pGreen0029 with no insert and RNAi GFP alone) in 

three independent experiments. The constructs will be referred as 35S-C1 (for expression 

of Rep), 35S-C2 (TrAP), 35S-C3 (REn), 35S-C4 (C4), 35S-V1 (CP), 35S-V2 (V2) and 

35S-βC1 (βC1 gene of CLCuMB). Three positive controls were used in this study. These 

were 35S driven HC-Pro, P19 and TCV-CP (these were kindly provided by Dr. Peter 

Moffett). All plants were kept in the same green house for the duration of each 

experiment. Samples for analysis were collected 72 hours after inoculation.  

 

5.3 Results 

Inoculation of 16c plants with RNAi-GFP led to silencing of the GFP transgene 

(seen as an absence of green fluorescence and the appearance of red chlorophyll 

autofluorescence) in the infiltrated tissue 72 hours after inoculation (Fig. 5.2, panel C). 

Northern analysis showed a decrease in GFP transcript and an increased accumulation of 

siRNA in comparison to control N. benthamiana 16c plants (Fig. 5.3, panels A and B).  

Systemic spread of the silencing (red veins) was also observed into leaves above the site 
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of inoculation at 8 dpi and further spread into younger leaves by 16 dpi (data not shown). 

Co-inoculation of Agrobacterium cultures harboring the binary vector with no insert 

(pGreen0029)  along with RNAi-GFP construct resulted in silencing of GFP transgene in 

the infiltrated patch after 72 hours. These results were comparable to the results with just 

RNAi-GFP (Fig. 5.2, panel D). Northern analysis showed a decrease in GFP transcript 

and an increased accumulation of siRNA in comparison to 16c plants (Fig. 5.3, panels A 

and B). 

Co-inoculation of the RNAi-GFP construct with constructs for the expression of  

HC-Pro, P19 and TCV-CP showed suppression of GFP silencing in the inoculated patch 

after 72 hours (Fig. 5.2, panels E, F and G) as evident from an enhanced GFP 

fluorescence under UV illumination. Northern analysis showed an increased level of GFP 

mRNA with the greatest increase for TCV-CP (Fig. 5.3, panel A). The accumulation of 

gfp siRNA was reduced in all three cases (Fig. 5.3, panel B). The siRNA accumulation in 

presence of HC-Pro was slightly higher than the for P19 and TCV-CP (Fig. 5.3, panel B) 

 The results for GFP fluorescence analysis upon co-inoculation of 35S driven 

genes encoded by CLCuMV/CLCuMB with RNAi-GFP construct is shown in Fig. 5.2. A 

decrease in GFP fluorescence was observed after 72 hours for 35S-C1, 35S-C3 and 35S-

V1 (Fig. 5.1, panels H, J and L respectively). Northern analysis showed a decrease in 

GFP transcript levels and an increased accumulation in GFP siRNA levels in comparison 

to non-inoculated 16-c plants (Fig. 5.3, panels A and B). In contrast 35S-C2, 35S-C4, 

35S-V2 and 35S-βC1 inoculated plants showed an enhance level of GFP fluorescence 

under UV illumination in comparison to the non-inoculated control (Fig. 5.3, panels I, K, 

M and N, respectively). Northern analysis of these plants showed an increase in the level 

of GFP mRNA.  The greatest increase was detected for 35S-V2 followed by 35S-C4 (Fig.  

 5.3, panel A). Analysis of siRNA levels showed a decrease in GFP derived siRNAs in 

these plants. The level of GFP derived siRNA was slightly higher in plants inoculated 

with 35S-C2 and 35S-βC1 than the plants inoculated with 35S-V2 and 35S-C4 (Fig. 5.3, 

panel B). 
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Fig. 5.2  

 RNA-silencing suppression activity of CLCuMV-encoded genes in N. benthamiana 16c plants. Shown are 

a leaf from a non transgenic N. benthamiana plant (A) and a leaf from 16-c plant (B).  The leaf in panel  C 

was inoculated with RNAi-GFP. The leaves in panels D-N were co-inoculated with RNAi GFP and either 

pGreen0029 (D) or constructs 35S-Hc-Pro (E), 35S-P19 (F), 35S-TCV-CP (G), 35S-AC1 (H), 35S-AC2 (I), 

35S-AC3 (J), 35S-AC4 (K), 35S-AV1 (L), 35S-AV2 (M) or 35S-βC1 (N).  Photographs were taken under 

UV illumination 72 hours after inoculation. Suppression activity is indicated by “+”whereas a lack of 

suppression is indicated by “-”. 
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Fig. 5.3 
Northern blot analysis for GFP mRNA (A) and siRNA (B). RNA samples were extracted from the leaves of 

wild-type N. benthamiana (Nb) or N. benthamiana line 16c (16c) plants. The remaining RNA samples were 

extracted from the infiltrated tissues of N. benthamiana line 16c plants inoculated with Agrobacterium 

cultures harboring a construct to induce silencing (RNAi GFP),  the binary vector pGreen0029  or co-

inoculated with RNAi GFP and constructs for the expression of CLCuMV/CLCuMB-encoded genes. Total 

RNA was isolated from a pool of infiltrated tissues obtained from three plants for each sample. The 

experiment was conducted three times and the results shown are the mean with standard deviation. The 

values shown are normalized against the mRNA loading (shown in each case below the northern blot) and 

the value for N. benthamiana is in each case set at zero. 

 

 

 

βC1 

βC1 



Suppressors of gene silencing encoded by CLCuMV/CLCuMB 

 

122 

 

 

 

 

Fig. 5.4 
 Real time quantitative PCR analysis of GFP RNA extracted from f N. benthamiana 16c leaves infiltrated 

inoculated with Agrobacterium cultures harboring a construct to induce silencing (RNAi GFP),  the binary 

vector pGreen0029  or co-inoculated with RNAi GFP and constructs for the expression of 

CLCuMV/CLCuMB-encoded genes. Total RNA was isolated from a pool of infiltrated tissues obtained 

from three plants for each combination. (A) Bar graph showing the amplification of GFP RNA in different 

treatments as mentioned.  The units are pg mentioned on the Y- axis(B) Bar graph showing the 

amplification of GFP RNA along with thresh hold cycles (Ct) in different treatments as mentioned. Blue 

bars represent the Ct cycle and red bars represent the concentration in pg. The experiment was conducted 

three times and the results shown are the means with standard deviation 
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Fig. 5.5 
An example of one of the real time quantitative PCR data for the amplification of GFP mRNA. (A)  

Standard curve obtained with a PCR efficiency of 98.9%, slope -3.348 and correlation coefficient 0.997. (B) 

Melt curve data analysis showing single peak indicative of  the single product amplification.  
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The quantitative PCR analysis had a high efficiency rate (98.9%) and the melt 

curve data showed the production of only a single peak, indicative of the specific 

amplification of only a single product (Fig. 5.5, panels A and B). By reference to the 

calculated standard curve for GFP RNA, 16c plants were calculated to contain approx. 

11pg/µg total gfp mRNA (Fig. 5.4, panel A). The plants inoculated the vector control 

(RNAi-GFP), 35S-C1 and 35S-C3 showed no gfp. An amount of 4pg/µg RNA, 5.5pg/µg 

RNA and 9pg/µg RNA was calculated for plants inoculated with 35S-P19, 35S- Hc-Pro 

and 35S-TCV-CP respectively (Fig. 5.4, panel A). An amount of 3.5pg/µg RNA, 

4.75pg/µg RNA, 8pg/µg RNA and 4pg/µgRNA was calculated as a result of the 

inoculation with 35S-C2,  35S-C4, 35S-V2 and 35S-βC1 (Fig. 5.4, panel A). Thus these 

results showed a maximum increase in GFP transcripts for plants inoculated with 35S-V2. 

 

5.4 Discussion 

Silencing is believed to be a major part of plant‟s defenses against viruses and 

consequently viruses have evolved a counter-defense strategy consisting of proteins 

which are capable of suppressing silencing.  For plant infecting viruses, numerous distinct 

suppressors have been identified (Bisaro, 2006) and virtually all classes of viruses have 

been shown to encode at least one suppressor, highlighting the importance of silencing in 

host defense against viruses. However, the study presented here is the first to examine all 

genes products encoded by a single virus for suppressor activity. Earlier studies have 

assessed only single, or at most four, gene products. The literature thus contains only 

fragmentary data with which to compare the results obtained here.  Surprisingly the 

results show that the CLCuD complex, that is CLCuMV with CLCuMB, encodes four 

gene products with suppressor activity. The greatest number of suppressors reported 

previously is for Citrus tristeza virus (CTV) which encodes three (Lu et al., 2004). The 

gene products not analyzed previously, or at least not reported to have been analyzed 

previously, for begomoviruses (the Rep, CP and REn) are here for the first time shown 

not to have suppressor activity, at least under the conditions of the analyses conducted 

here.    

Several geminivirus-encoded proteins, as well as βC1 encoded by begomovirus-

associated betasatellites, have previously been shown to have suppressor of RNA 

silencing activity (Bisaro, 2006). The AV2 protein of bipartite begomoviruses (which is a 

homolog of the V2 protein of monopartite begomoviruses and is not encoded by the 

genomes of NW begomoviruses) has been shown to possibly play a role in virus 

movement in plants; viruses with mutated AV2 genes induce mild symptoms and 
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accumulated greatly reduced levels of viral DNA in plants (Bull et al., 2007; Padidam et 

al., 1996). In contrast, the V2 gene of monopartite begomoviruses was found to be 

essential for infectivity (Wartig et al., 1997) or to yield a phenotype very similar to the 

bipartite begomoviruses when mutated (attenuated symptoms and reduced viral DNA 

levels; Rigden et al., 1993). The V2 protein of TYLCV was shown to target silencing 

subsequent to the Dicer-mediated cleavage of dsRNA (Zrachya et al., 2007). Thus the 

results presented here are consistent with the previous findings for other begomoviruses 

and additionally showed that V2 is the strongest suppressor among all the suppressors 

encoded by the CLCuMV/CLCuMB complex. Real time quantitative PCR showed the 

highest levels of GFP mRNA accumulation for plants inoculated with the construct 

expressing V2. This was confirmed by northern blot analysis which showed high levels of 

GFP mRNA accumulation as well as the lowest levels GFP siRNA accumulation (Fig. 

5.2, panels A and B).    

In a recent study it has been shown that CLCuMV V2 binds long, but not short 

RNA (K. Hussain, unpublished results). These findings suggest that CLCuMV V2 may 

interfere with silencing by sequestering long dsRNA, thus preventing Dicer mediated 

cleavage and siRNA production. These findings, however, contrast with the earlier 

findings of Zrachya et al. (2007), who showed that TYLCV V2 did not suppress the 

accumulation of siRNAs.  The difference could be that the TYLCV study only considered 

the early stages of silencing, whereas the CLCuMV V2 study considered systemic 

silencing, making it difficult to compare the two studies. Another point to note here is that 

for TYLCV the V2 was suggested to be the only suppressor encoded by the virus, clearly 

contrasting with the results obtained here. This suggests that the V2 proteins of these two 

viruses may have different modes of action. In addition, the Zrachya et al. (2007) study 

showed that the AV2 protein of Watermelon chlorotic stunt virus (a bipartite 

begomovirus) had no detectable suppressor activity, suggesting that bipartite and 

monopartite begomoviruses may differ in their utilization of this gene product as a 

suppressor.  

All studies so far published, that have considered the TrAP/C2 products of 

geminiviruses, have concluded that they have suppressor activity, although they differed 

in the levels of activity (Bisaro, 2006). The CLCuMV TrAP is thus not an exception to 

this rule. TrAP is a multifunctional protein that is required for transactivation of the late, 

virion-sense encoded genes (Dry et al., 2000; Hussain et al., 2007; Rajeswaran et al., 

2007; Sunter and Bisaro, 1992) and, importantly, also appears to modulate host encoded 

genes. The ACMV TrAP did not show any ability to bind siRNA or miRNA, ruling out 
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the possibility that they might act by a mechanism similar to p19 (Chellappan et al., 

2005a; Wang et al., 2005a). Transcriptional profiling in Arabidopsis protoplasts 

following transient expression of ACMV and MYMV TrAP showed that these proteins 

induced the expression of about 30 genes, including Werner exonuclease-like 1 (WEL1). 

Subsequent analysis of WEL1 indicated that it is capable of suppressing RNA silencing in 

N. benthamiana line 16c (Trinks et al., 2005). These remarkable findings suggest that 

TrAP suppresses silencing indirectly by activating the expression of a cellular protein that 

may function as an endogenous negative regulator of the system. The mechanism by 

which suppression occurs is not yet clear. Since genes encoding other Werner-like 

exonucleases have been implicated as positive regulators of silencing, it is possible that 

WEL1 might exert a dominant negative effect (Trinks et al., 2005).  Since the study 

presented here did not shed light on the mode of action of CLCuMV TrAP, it would be 

interesting to determine whether this suppressor directly or indirectly interferes with the 

RNAi pathway. Further studies will be required to answer this question. 

The precise function of the begomovirus-encoded (A)C4 product remains unclear. 

For monopartite begomoviruses the C4 can be an important symptom determinant 

(Rigden et al., 1993) and has been implicated in virus cell-to-cell movement (Rojas et al., 

2001). For the bipartite begomoviruses the function of AC4 appears redundant, although 

van Wezel et al.(2002) have provided evidence to suggest that the protein may counter a 

hypersensitive response triggered by Rep. The AC4 protein of ACMV has been shown to 

act as a suppressor of RNA silencing by binding single-stranded but not double-stranded 

miRNAs and siRNAs (Chellappan et al., 2005a). The same study also showed that the 

AC4 of EACMCV had no such small RNA binding activity. For CLCuMV it has been 

shown that C4 binds both long and short RNAs, with a preference for the dsRNA form in 

each case. Also, for each assay (ds and ssRNA binding), the C4 was shown to have the 

highest affinity of the proteins examined in each case (K. Hussain, manuscript in 

preparation). These findings differ from the findings of Chellappan et al. (2005) for 

ACMV, which suggested that AC4 might interfere with silencing downstream of the ds 

siRNA duplex unwinding process prior to incorporation into RISC. The study with 

CLCuMV suggests that its C4 protein may act both to sequester siRNA from 

incorporation into RISC, prior to duplex unwinding, as well as sequestering long dsRNA 

from Dicer-mediated cleavage. The results presented here are entirely consistent with this 

suggestion. 

The βC1 proteins encoded by begomovirus-associated betasatellites have been 

shown to have suppressor of RNA silencing activity (Cui et al., 2005; Gopal et al., 2007; 
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Kon et al., 2007) and the results of the study presented here has shown for the first time 

that for the CLCuD-associated satellite, CLCuMB, this is also the case. Betasatellites 

encode only a single product (βC1; Saeed et al., 2005; Saunders et al., 2004) which, in 

addition to being a suppressor, is a pathogenicity determinant, possibly binds DNA and 

may be involved in virus movement in plants (Briddon et al., 2001; Gopal et al., 2007, 

Kon et al., 2007; Saeed et al., 2005; Saunders et al., 2000; Saunders et al., 2004). It has 

been shown that βC1 binds both long and short RNA, with a preference for long RNA 

and the ds form (K.Hussain, unpublished results). This suggests that, in common with C4, 

βC1 may act both to interfere with long dsRNA cleavage by Dicer and sequester siRNA 

from incorporation into RISC.  

ACMV and EACMCV are two bipartite begomoviruses that are responsible for an 

epidemic of severe cassava mosaic disease (CMD) in Cameroon (Fondong et al., 1998). 

The interaction between the viruses is synergistic, with cassava plants infected with both 

viruses showing more severe symptoms than plants infected with either virus individually 

(Fondong et al., 2000). The basis for this synergism was shown to be cooperative, with 

each virus providing a distinct suppressor of silencing able to enhance the accumulation 

of the other virus; specifically the AC4 of ACMV and the TrAP of EACMCV 

(Vanitharani et al., 2004). The authors concluded that the ACMV encoded suppressor 

provides strong suppression at the early stages of infection, symptoms of ACMV-

infection typically appear earlier than for EACMCV, but that this is transient and plants 

then rapidly recover from infection (a well known phenomenon for CMD ; Gibson and 

Otim-Nape, 1997). In contrast, the EACMCV suppressor was slower acting but persisted 

until plants senesced; typically plants infected by EACMCV do not recover from the 

infection. The situation with the CLCuD complex is in many respects similar. CLCuMV 

is infectious to both N. benthamiana and G. hirsutum, but yields plants with mild 

symptoms (for N. benthamiana) or no discernable symptoms (for G. hirsutum; Briddon et 

al., 2001). Thus the CLCuD-complex can be seen as a synergistic interaction in which 

CLCuMB provides efficient access to cotton for the begomoviruses with which it is 

associated, which the viruses cannot achieve effectively in the absence of the betasatellite. 

All begomoviruses occurring in the OW (with two notable exceptions that have been 

mentioned previously) which infect plants of the family Malvaceae identified so far are 

associated with betasatellites; these include the viruses causing CLCuD in southern Asia 

and North Africa (Briddon et al., 2001; Idris et al., 2005), the viruses causing diseases of 

okra and hollyhock in southern Asia and north Africa (Briddon et al., 2003; Idris et al., 

2002; Jose and Usha, 2003), the viruses causing diseases of Kenaf in southern Asia (Paul 
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et al., 2006) and viruses infecting Malvastrum and Sida spp. in China (Guo and Zhou, 

2006; Xiong et al., 2005; Zhou et al., 2003). Monopartite begomoviruses and 

betasatellites are not native to the NW where bipartite begomoviruses commonly infect 

malvaceous species. These include some of the earliest begomoviruses known, such as 

Abutilon mosaic virus and Sida golden mosaic virus (Höfer et al., 1997; Jovel et al., 

2004; Wege et al., 2000), as well as Cotton leaf crumple virus that infects cotton in the 

southern United States (Idris and Brown, 2004). Thus the begomoviruses appear to have 

followed two distinct evolutionary paths with respect to overcoming the hurdle of 

infecting the Malvaceae. In the NW it appears they have found the capacity to infect the 

Malvaceae within their usual complement of genes. The OW begomoviruses, in contrast, 

have instead found it necessary to seek an external source to achieve this, by recruiting a 

specific group of closely related Malvaceae-adapted betasatellites (Briddon and Stanley, 

2006). The two notable exception to this mentioned earlier, two bipartite begomoviruses 

occurring in the OW, are CoYVV and CoGMV that infect the malvaceous species jute 

mallow (Corchorus capsularis) and originate from Vietnam  (Ha et al., 2006; Ha et al., 

2008), and possibly also India (Ghosh et al., 2008). These viruses have all the 

characteristics of NW begomoviruses and are possibly the last remaining remnants of 

viruses which were introduced to the NW and subsequently diverged to yield all NW 

begomoviruses known today (Ha et al., 2006). This scenario explains the ability of extant 

NW begomoviruses to infect malvaceous species but not why bipartite begomoviruses of 

the OW-type do not, or no longer, infect the Malvaceae without the assistance of 

betasatellites. Possibly the betasatellite-requiring monopartite begomoviruses infect 

malvaceous species more efficiently than the bipartite viruses, which were out-competed, 

and the introduction of begomoviruses to the NW occurred prior to evolution of the 

association of OW viruses with betasatellites or the introduction was very limited and did 

not include betasatellites, thus protecting these from competition with betasatellite-

associated begomoviruses. The inability of the CLCuD-associated begomoviruses, such 

as CLCuMV, to infect cotton in the absence of the betasatellite suggests that this provides 

some activity that is required by the virus to achieve infection (Bridddon et al., 2000; 

2001). Betasatellites have been shown to encode only a single product (βC1) for which 

possible movement, pathogenicity and suppressor (shown for CLCuMB here) functions 

have been demsonstrated. It is thus tempting to speculate that the requirement for the 

betasatellite is for its specific, Malvaceae-adapted suppressor. If this is correct it would 

indicate that not all suppressors are equal (for example only few, not all, betasatellites can 

assist begomoviruses to infect the Malvaceae) and that they show host adaptation. 
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However, further studies will be needed to ascertain whether it is the suppressor function, 

or some other function encoded by βC1, that is required. Thus far all efforts to genetically 

dissect CLCuMB βC1, so as to yield a protein which lacks suppressor activity but retains 

the ability to assist infectivity of begomoviruses to cotton, have failed (J. Qazi, 

unpublished results). This may suggest that the suppressor activity, thus overcoming a 

host defense, is the essential activity provided by the betasatellite to cotton-infecting 

begomoviruses. However, these results were far from conclusive.    

  Real time quantitative data have shown that V2 is the strongest suppressor of 

gene silencing encoded by CLCuMV followed by C4, TrAP and βC1. By no means 

should the relative strength of the suppressor, as determined by the study presented here, 

be used as an indication of the importance of a particular gene. These are the result of the 

constitutive expression of a particular gene and do not represent the level of expression, 

and thus total suppressor activity, of the gene that occurs during a bona fide virus 

infection where gene expression is tightly regulated, both spatially and temporally, 

according to the requirements of the virus at the particular stage of infection.  For 

example, although TrAP is highly conserved between all begomoviruses, and might thus 

be considered essential, recently a begomovirus associated with CLCuD (CLCuBV; the 

only begomovirus presently found causing CLCuD in the field in Pakistan) lacks an intact 

trap (Amrao et al., 2010) and thus appears to be capable of infecting cotton without the 

suppressor activity it provides despite the fact that, at least for CLCuMV, it is the second 

strongest suppressor encoded. A further complication is that all these suppressor analyses 

are conducted in the model host N. benthamiana, and the activities of the protein may 

thus differ, qualitatively or quantitatively, in the natural host of the virus.  Clearly further 

studies, preferably in the natural host, to more accurately define the requirement for, and 

relative contribution of, each suppressor are required. 

It is becoming evident that even quite similar begomoviruses have evolved quite 

distinct strategies with respect to overcoming the host-mediated defense based on the 

recognition of foreign nucleic acid sequences. These range from a single suppressor of 

silencing in the case of TYLCV (Zrachya et al., 2007), through having two suppressors 

that differ in their potency (Fondong et al., 1998), to the results described here; four 

suppressor. This is the first report of a virus apparently requiring four suppressors to 

establish infections in plants (CLCuMV has an absolute requirement for CLCuMB to 

infect cotton). These findings may also explain why efforts to generate transgenic 

resistance to the viruses causing CLCuD based on RNAi have thus far been less than 

successful. Multiple suppressors, acting at distinct stages in the RNAi pathway may 
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possibly compromise any resistance based upon siRNA production. A further detailed 

study is required to understand the role and activity of each suppressor encoded by the 

CLCuMV/CLCuMB complex. A further question that needs to be addressed is whether 

the CLCuD complex is typical of betasatellite associating begomoviruses and particularly 

whether the begomovirus-betasatellite complexes that do not infect malvaceous hosts 

similarly utilize four suppressors.  

 



CHAPTER 6 

Effect of light intensity and temperature on PVX infection and HR induced by PVX 

expression of V2 

 

6.1 Introduction 

Plant virus replication and spread requires specific interactions between the 

obligate parasite, the virus, and its host, the plant. Both virus and plant factors, whether 

they are involved in virus accumulation or in defense against virus accumulation, require 

specific environmental conditions to maximize their activity (Liu et al., 2009). Living 

organisms are subject to fluctuating environmental conditions. While most animals are 

able to move away from unfavorable conditions, plants are sessile (and plant viruses are 

obligate parasites of plants) and so must cope with whatever comes their way. As part of 

their coping strategy, plants and their infecting viruses have evolved an exquisite array of 

mechanisms to sense environmental signals coupled with an extraordinary degree of 

developmental plasticity that enables them to modulate their growth and development in 

response to external factors. 

            The dynamics of plant virus epidemics and the losses they cause are likely to be 

influenced greatly by two factors, one is direct and other is indirect. The direct factor 

includes consequences of climate variables such as altered rainfall patterns, temperature 

fluctuations, light intensities and speed of wind. The indirect factors include regional 

alterations in the areas cropped and the ranges of crops grown, and changes in the 

distribution, abundance and activity of vectors (Jones, 2009). Such influences are likely to 

alter the geographic ranges and relative abundance of viruses, their rates of spread, the 

effectiveness of host resistances to virus infection, the physiology of host–virus 

interactions, the rate of virus evolution and host adaptation, and the effectiveness of 

control measures. However, the magnitude of such effects on the frequency and duration 

of virus epidemics will dependant on the pathosystem and geographical region concerned 

(Garrett et al., 2006; Norse and Gommes, 2003).  

Of all the environmental factors that challenge the developing plant, light is one of 

the most important and probably the least investigated, at least with respect to host-

pathogen interactions. In addition to its key role in plant metabolism, and hence almost all 

life on earth, where it drives the process of photosynthesis, light energy also acts to 

regulate plant growth and development. Light quantity, quality, direction and diurnal and 

seasonal duration regulate processes from germination, through seedling establishment to 

the architecture of the mature plant and the transition to reproductive development. These 
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developmental responses of plants to light constitute photo-morphogenesis (Whitelam 

and Halliday, 2007). Regulatory light signals are detected by an array of specialized, 

information transducing photoreceptors, including the red/far-red light-absorbing 

phytochromes, the blue/ultraviolet-A light-absorbing cryptochromes and phototropins as 

well as one or more, as yet unidentified, ultraviolet-B-absorbing photoreceptor molecules. 

Light mediated signal transduction in plants starts with the perception of light by these 

specialized photoreceptors leading to altered expression of up to several thousand genes 

(Whitelam and Halliday, 2007), thus enabling the plant to respond at the physiological 

level. Plant viruses under these conditions also interact with the host in an altered manner 

to use those conditions usefully to complete the infection cycle and flourish in that 

environment. 

Light intensity and duration affect virus production and disease expression in 

different ways with different viruses, but, generally, higher light intensities and longer 

days favor virus replication. It was shown that local lesions formed in 17 hours under 

continuous illumination at 25
o
C on detached Proteus vulgaris leaves inoculated with 

Alfalfa mosaic virus (AMV) maintained in moist petri dishes, whereas they took nearly 

30h under low light intensity on the laboratory bench (Hull, 2002).  

It has long been recognized that temperature greatly influences plant virus-host 

interactions. Over the range of temperatures at which plants are normally grown, 

increasing temperature usually increase the rate at which viruses replicate and move 

through the plant. Like other biological phenomena, however, increasing temperature 

above a certain point leads to a reduction in the rate of replication associated with 

attenuated symptoms (known as “heat masking”) and with low virus content (Johnson, 

1922). Conversely, low temperature is often associated with rapid spread of virus diseases 

and the development of severe symptoms (Gerik et al., 1990; Hine et al., 1970). 

Thermotherapy has been a method of choice to free vegetative material from viruses 

(Manganaris et al., 2003). The species of host plant, strain of virus and age of the leaves 

in which virus is replicating may have a major effect on the way virus behaves with 

changes in temperature (Hull, 2002). 

The temperatures at which plants are grown frequently affect the kind of disease 

that develops. It was shown that for subterranean clover (Trifolium subterraneum) plants 

inoculated with Subterranean clover red leaf virus and uninoculated control plants, when 

grown under natural light at five different day/night temperature regimes, that the 

development of red pigmentation and time for development thereof was related to 

temperature. At 20/15, 25/20, and 30/25
o
C the older leaves of inoculated plants developed 
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a bright red pigmentation, whereas at 15/10 and 33/28
o
C they developed mottled reddish-

brown or brown pigmentation. The red-pigmented leaves developed earlier at 20/15, 

25/20, and 30/25
o
C than at 15/10 or 33/28

o
C. The maximum percentage of red leaves was 

higher (80%) at 20/15 and 25/20
o
C than at other temperatures. At harvest (60 days after 

inoculation), the numbers of leaves per plant and fresh weights of both tops and roots of 

inoculated plants were lower than those of control, non-inoculated plants at all 

temperatures. The temperature response pattern in relation to number of leaves per plant 

and fresh weight differed for inoculated and control plants. For inoculated plants, the 

maximum number of leaves per plant and fresh weight of both tops and roots was at 

33/28
o
C. For control plants, the maximum number of leaves per plant and fresh weight of 

both tops and roots was at 20/15 and 25/20
o
C. The temperature response pattern for 

relative virus concentration, as measured by enzyme-linked immunosorbent assay 

(ELISA), was inversely related to fresh weight. At 15/10, 20/15, and 25/20
o
C, relative 

virus concentrations were greater than that at 30/25
o
C and this in turn was greater than 

that at 33/28
o
C. The yield of virus was approximately 400 to 700ng/g fresh weight for 

plants grown at 15/10, 20/15, and 25/20
o
C (Helms et al., 1985). 

A severe stem tip necrosis developed in certain soybean cultivars held at 24
o
C 

following infection with Soybean mosaic virus (SMV). At 28
o
C most plants developed 

typical mosaic disease (Tu and Buzzell, 1987). In another  study the effect of temperature 

on symptom expression and detection of Banana streak virus (BSV) by immunosorbent 

electron microscopy (ISEM) and ELISA of 12 in vitro-propagated plantain hybrids 

(genome AAB ´ AA), 3 ABB cooking banana, and 3 AAB plantain landraces was shown. 

Experiments were done for 2 years under two temperature regimes, 28 to 35°C in a screen 

house and 22°C in a temperature-controlled room. Most BSV infected plants of plantain 

hybrids expressed symptoms under both conditions. Symptom expression was enhanced 

when plants were continuously grown at 22°C, but later became indiscernible when plants 

were continuously grown at 28 to 35°C. Plants grown at 22°C and showing severe 

symptoms contained significantly higher virus titer than plants grown at 28 to 35°C. 

When asymptomatic plants with very low virus titer at 28 to 35°C were transferred back 

to 22°C, there was a significant increase in both symptom severity and concentration of 

virus (greater than 3 to 5 times) in leaf tissues after 9 months. In contrast, the 

concentration of virus and symptom severity decreased in plants after transfer from 22°C 

to 28 to 35°C. Micropropagated plants of AAB plantain landrace cv. Mimi Abue and 

ABB cooking bananas (cvs. Bluggoe, Cardaba, and Pelipita) did not express visible 

symptoms under either temperature regime, but BSV was detected by ISEM in 23% of 
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the plants. After 2 years at 22°C, virus was detected in 64% of the plants, but the 

concentration of virus remained low.  

High temperatures may reduce the effect of some hypersensitivity genes. In N. 

benthamiana cultivars with the N gene, TMV causes systemic disease at 36
o
C, whereas at 

28
o
C or lower it gave hypersensitive response (Kassanis, 1952). On the other hand, there 

are reports showing no effect of temperature on hypersensitive response. In potato 

cultivars reacting non-hypersensitively, systemic mosaic symptoms were obvious at 10-

20
o
C for PVX isolate DX, and at 10 and 15

o
C for PVX isolate B: systemic movement was 

slowest at 10
o
C especially with DX. Viral antigen accumulation in non-inoculated leaves 

was greatest at 15 and 20
o
C with B, but with DX accumulation was as greatest at 25

o
C. 

The highest viral antigen concentrations reached were less with B than with DX. No PVX 

was detected in plants grown at 30
o
C. In potato cultivars carrying the Nx gene, necrotic 

local lesions appeared at 10-25
o
C in DX-inoculated leaves within 8 days; systemic 

necrosis developed soon after at 15 and 20
o
C but was very slow to appear or even failed 

to develop at 10 and 25
o
C. Necrosis was more conspicuous when the Nb gene (a gene for 

hypersensitivity) was also present. Except at 10
o
C in the Nx:nb cultivar used, the presence 

of Nx decreased the accumulation of DX antigen. Although numerous necrotic lesions 

developed in B-inoculated leaves at 10
o
C in the presence of Nb, very few formed at 15 

and 20
o
C, and none at 25

o
C. In B-inoculated leaves from plants at 15-25

o
C, no new 

lesions were induced by temperature shock treatments and no starch lesion formation was 

detected. Nb completely prevented movement of isolate B out of inoculated leaves at all 

temperatures regardless of whether infection was symptomless or necrotic local lesions 

developed. The concentration of B-antigen was considerably decreased by Nb. Unlike 

hypersensitivity genes for TMV in tomato and tobacco, Nb  and Nx  in potato did not lose 

their effectiveness with increasing temperature (Adams and Jones, 1986). 

The role of RNAi in plant-virus interactions has been described in Chapter 5. 

Environmental conditions also play a major role in the RNAi pathway, which ultimately 

influences the virus infection. In the case of Cymbidium ringspot virus (CymRSV) it was 

reported that at low temperature both virus and transgene triggered RNA silencing was 

inhibited. To test whether temperature plays a role in transgene-induced silencing, 

agroinfiltration assays were carried out at different temperatures. Infiltration of non-

transgenic N. benthamiana leaves with a strain of Agrobacterium tumefaciens carrying a 

GFP gene construct (35S-GFP) resulted in transient GFP expression but also lead to 

induction of GFP RNA silencing (Johansen and Carrington, 2001; Silhavy et al., 2002). 

Reduction in GFP mRNA levels and accumulation of GFP-specific siRNAs in the 
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infiltrated patches reflected the intensity of transgene-induced cell autonomous RNA 

silencing. It was shown that at 3 dpi, GFP mRNA levels were high at 15°C and decreased 

with increasing temperature. Thus, in the cold, plants become more susceptible to viruses, 

and the RNA silencing based phenotypes of transgenic plants are lost. The levels of virus 

and transgene derived siRNAs were reduced at low temperature. In contrast, RNA 

silencing was activated and the amount of siRNAs gradually increased with rising 

temperature. However, temperature does not influence the accumulation of miRNAs, 

which play a role in developmental regulation, suggesting that the two classes of small (si 

and mi) RNAs are generated by different nuclease complexes (Szittya et al., 2003) 

In another study, the effect of temperature on geminivirus-induced gene silencing 

by quantifying virus-derived siRNAs and by evaluating their distribution along the virus 

genome for isolates of five species of cassava-infecting begomoviruses in cassava 

(Manihot esculenta Crantz) and N. benthamiana was reported. Virus-induced RNA 

silencing increased by raising the temperature from 25
o
C to 30

o
C , with the appearance of 

less symptomatic newly developing leaves, irrespective of the nature of the virus. 

Consequently, non-recovery type geminiviruses behaved like recovery-type viruses at 

higher temperatures. The distribution of virus derived siRNAs on the respective virus 

genomes were assessed at three temperatures (25, 25 and 30
o
C). For recovery-type 

viruses, siRNAs accumulated at moderately higher levels during virus-induced PTGS at 

higher temperatures, and there was no change in the distribution of the siRNA population 

along the virus genome. For non-recovery-type viruses, siRNAs accumulated at strikingly 

higher levels than those observed for infections with recovery-type viruses at high 

temperatures (Chellappan et al., 2005b).  

Recently a silencing vector for cotton (Gossypium hirsutum) was developed from 

the bipartite begomovirus Cotton leaf crumple virus (CLCrV). The CLCrV coat protein 

gene was replaced with two endogenous genes, the magnesium chelatase subunit I gene 

(ChlI) or the phytoene desaturase gene (PDS). Cotyledons of cotton bombarded with viral 

vectors showed chlorosis in approximately 70% of inoculated plants after 2 to 3 weeks. 

Use of the GFP gene showed that replication of viral DNA was restricted to vascular 

tissue. It was also found that temperature had profound effects on vector DNA 

accumulation and the spread of endogenous gene silencing. It was shown that silencing 

against the virus increased with increasing temperature. (Tuttle et al., 2008).  

As mentioned earlier, plants continuously face fluctuations in light and  

temperature in the field.  Upon virus infection the extent of silencing in new growth could 

be altered by changing temperature/light regimes at various times following the onset of 
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silencing. In the study described here two parameters (light and temperature) were 

examined for their effects on the infectivity of a PVX vector carrying a marker gene 

(either CLCuMV v2  or gfp). Finally the phenotypes or GFP fluorescence observed under 

the different conditions were correlated with RNAi by examining siRNA accumulation.    

 

6.2 Materials and methods 

6.2.1 Plant growth conditions 

N. benthamiana seed were sown in a pot and kept in a humidifying chamber. After 

one week, seedlings were transplanted into individual pots containing a mix of Scotts 360 

with Coir. The plants were maintained in a greenhouse for 3 to 4 weeks before they were 

inoculated with PVX carrying v2 encoded by CLCuMV or gfp. 

Plants were maintained in three temperature conditions: 25
o
C, 28

o
C and 30

o
C. 

Each temperature was maintained over four light intensities (600µM, 450µM, 300µM and 

150µM). Systemically infected leaves were observed, photographed and sampled at 4, 7 

and 10dpi.  

Samples were taken separately from inoculated and systemic leaves. Total RNA 

(10µg) isolated from a pool of leaf tissue collected from N. benthamiana plants grown in 

three temperature conditions and four light conditions was blotted and hybridized to 

specific probes for v2 and gfp as described previously (Chapter 4, section 4.2.2). 

Similarly 30µg of total RNA was used for siRNA analysis as described earlier (Chapter 4, 

section 4.2.2.) 

 

6.2.2 Light intensity adjustment 

Light intensity (µmoles/meter
2
/second) was measured using a Spectro-Radiometer 

(Apogee Instrument Inc. U.S.A.). The four light intensities were maintained by 

manipulating the type of light and distance between the source and the plants before the 

experiments. During the experiment, light intensity was monitored twice daily. 

 

6.3 Results 

6.3.1 Effect of temperature on PVX-V2 induced symptom severity 

PVX-V2 induces symptoms in N. benthamiana at 3-4dpi and is characterized by a 

HR-like phenotype at the site of inoculation (Chapter 3, section 3.3.9). At 7dpi symptoms 

were clearly visible consisting of downward leaf curling, stunting, vein yellowing and a 

HR-like necrotic response on systemic leaves that eventually spread to the whole plant 

killing it. To assess the effect of temperature on PVX-V2 infection, N. benthamiana 
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seedlings were inoculated with PVX-V2. The plants developed symptoms approximately 

3dpi at all three temperatures (25
o
C, 28

o
C and 30

o
C) and four light intensities (600µM, 

450µM, 300µM and 150µM). 

N. benthamiana plants kept at 25
o
C showed the most severe symptoms at approx. 

7dpi.  However, the symptoms were much more severe in plants kept at 300µM and 

150µM light (Fig. 6.1, panels H and K). At 10dpi plants kept at 600µM showed a 

complete recovery (no symptoms in the newly developing leaves) while signs of recovery 

were observed in plants kept at 450µM (Fig 6.1, panels C and F). A full recovery was 

observed in plants kept at 450µM light at approx. 13-14 dpi (data not shown). A striking 

difference was that inoculated and systemic leaves of plants kept at 150µM light showed 

necrosis and collapsed at 10dpi while the same was observed with a delay of 3-4 days (at 

13-14 dpi) in plants kept at 300µM light (data not shown).  

Plants kept at 28
o
C exhibited the most severe symptoms at approx. 7dpi but no 

cell death was observed at the site of inoculation (Fig. 6.3). The severity of symptoms 

was less than for the plants kept at 25
o
C (Fig. 6.1). At 10 dpi plants kept at 600 and 

450µM light recovered while there was no sign of a HR at the site of inoculation (Fig. 

6.3, panels C and F). Plants kept at 300 and 150µM light showed downward leaf curling 

and severe symptoms. The HR-like response was also observed under these conditions at 

the site of inoculation (Fig. 6.3, panels I and L). No recovery was observed in these plants 

even after 20dpi (data not shown). Northern analysis showed that virus accumulation in 

systemic leaves was higher (as judged by the presence of PVX-V2 RNA) under low light 

conditions and was low under high light conditions and increased as the light intensity 

decreased (Fig. 6.9, panel A). There was no difference in virus accumulation in 

inoculated leaves. One point to mention here is that it was difficult to extract good quality 

RNA from the inoculated patches of N. benthamiana infiltrated with PVX-V2 because 

this induced a HR (cell death) at the site of inoculation.  
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Fig. 6.1   
Effect of temperature and light intensity on symptom development and virus spread for PVX-V2 infected 

plants. Virus-infected N. benthamiana plants were grown at 25
o
C, at 600µM (A, B and C), 450µM (D, E 

and F), 300µM (G, H and I) and 150µM (J, K and L) light intensity. The plants were photographed at 4, 7 

and 10dpi as indicated. 
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Fig. 6.2  
Effect of temperature and light intensity on symptom development and virus spread for PVX-GFP infected 

plants. Virus-infected N. benthamiana plants were grown at 25
o
C, at 600µM (A, B and C), 450µM (D, E 

and F), 300µM (G, H and I) and 150µM (J, K and L) light intensity. The plants were photographed at 4, 7 

and 10dpi under UV light. 
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Fig. 6.3  
Effect of temperature and light intensity on symptom development and virus spread for  PVX-V2 infected 

plants. Virus-infected N. benthamiana plants were grown at 28
o
C,  at 600µM (A, B and C), 450µM (D, E 

and F), 300µM (G, H and I) and 150µM (J, K and L) light intensity. The plants were photographed at 4, 7 

and 10dpi as indicated. 
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Fig. 6.4   
Effect of temperature and light intensity on symptom development and virus spread for PVX-GFP infected 

plants. Virus-infected N. benthamiana plants were grown at 28
o
C, at 600µM (A, B and C), 450µM (D, E 

and F), 300µM (G, H and I) and 150µM (J, K and L) light intensity. The plants were photographed at 4, 7 

and 10dpi as indicated under UV light. 
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Fig. 6.5  
Effect of d temperatures and light intensity on symptom development and virus spread for PVX-V2 infected 

plants. Virus-infected N. benthamiana plants were grown at 30
o
C, at 600µM (A, B and C), 450µM (D, E 

and F), 300µM (G, H and I) and 150µM (J, K and L) light intensity. The plants were photographed at 4, 7 

and 10dpi as indicated. 
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Fig. 6.6 
Effect of temperature and light intensity on symptom development and virus spread for  PVX-GFP infected 

plants. Virus-infected N. benthamiana plants were grown at 30
o
C,  at 600µM (A, B and C), 450µM (D,E 

and F), 300µM (G, H and I) and 150µM (J, K and L). The plants were photographed at 4, 7 and 10dpi as 

indicated under UV light. 
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Fig. 6.7 
 Effect of temperatures and light intensities on symptom development and virus spread for PVX-V2 

infected plants. Virus-infected N. benthamiana plants were grown at 25
o
C, 28

o
C and 30

o
C and at four light 

intensities for each temperature. All photographs were taken at 10dpi (this diagram is a rearrangement of 

photographs from earlier diagrams to highlight temperature effects). 
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Fig. 6.8 
 Effect of temperatures and light intensities on symptom development and virus spread for  PVX-GFP 

infected plants. Virus-infected N .benthamiana plants were grown at 25
o
C, 28

o
C and 30

o
C and at four light 

intensities. All plants were photographed at 10dpi (this diagram is a rearrangement of photographs from 

earlier diagrams to highlight temperature effects). 
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For N. benthamiana plants kept at 30
o
C the most severe symptoms were observed 

at approx 7dpi, although the severity of the symptoms was much less than for the plants 

kept at lower temperatures. No HR-like phenotype was observed at the site of inoculation 

under all four light intensities (Fig. 6.4). At 10dpi plants showed a gradual increase in 

symptom severity as the light intensity decreased (Fig. 6.4, panels C, F, I and L). All 

plants showed recovery at approx 20dpi (data not shown). Northern analysis confirmed 

the visual observation with an increasing accumulation of virus with decreasing light 

intensities (Fig. 6.11, panel A). These results indicate that symptom severity and virus 

accumulation are high at low light intensities and low at high light intensities (an inverse 

correlation). 

 

6.3.2 Effect of temperature and light intensity on PVX mediated expression of GFP 

 Fluorescence was detected in the inoculated patch of N. benthamiana plants 

infiltrated with an Agrobacterium culture harboring PVX-GFP at approx. 2-3dpi. At 6-7 

dpi the fluorescence was observed in systemic leaves and plants also exhibited the mild 

symptoms typical of PVX (Chapter 3, section 3.3.1).  At 14 dpi plants showed a recovery 

from PVX symptoms in newly emerging leaves, which appeared normal, and GFP 

fluorescence was not observed in these leaves. Thus GFP can serve as a marker for PVX 

replication and spread in N. benthamiana plants, as noted previously (Baulcombe et al., 

1995). 

  N. benthamiana plants kept at 25
o
C upon infection with PVX-GFP showed the 

same pattern of virus accumulation as that of  PVX-V2. GFP fluorescence was higher for 

plants kept under low light intensities whereas it was lower under higher light intensities 

(Fig. 6.2).  At 7dpi scattered GFP spots were visible on plants kept at 300 and 150µM  

(Fig. 6.2, panels H and K) indicating the spread of PVX in those leaves while no GFP 

spots were observed on the systemic leaves of N. benthamiana  kept at 600µM light 

intensity (Fig. 6.2, panels B and E ). Northern analysis showed an increase in the 

accumulation of PVX-GFP RNA at decreasing temperature and light intensities (Fig. 

6.12, panel A)  

N. benthamiana plants kept at 28
o
C and 30

o
C showed similar infection patterns to 

plants at the other temperatures, with an increase in GFP fluorescence observed in plants 

kept under low light conditions (Fig. 6.4 and Fig. 6.6). Northern analysis confirmed the 

visual observation with a low accumulation of GFP transcript in systemic leaves under 

high light intensity and vice versa (Fig. 6.13, panel A; Fig. 6.14, panel B). 
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 Fig. 6.9 
Effect of temperature and light intensity on virus accumulation and virus-induced RNA silencing. Virus 

accumulation in inoculated and systemic tissues of N. benthamiana infected with PVX-V2 when plants 

were kept at 25
o
C at four light intensities 600, 450, 300 and 150µM (A), siRNA accumulation in inoculated 

and systemic tissues of N. benthamiana infected with PVX-V2 when plants were kept at 25
o
C at four light 

intensities as indicated (B). A photograph of the ethidium bromide stained agarose gel is shown below each 

blot to confirm equal loading of total RNA. 
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Fig. 6.10 
Effect of temperatures and light intensities on virus accumulation and virus-induced RNA silencing. Virus 

accumulation in inoculated and systemic tissues of N. benthamiana infected with PVX-V2 when plants 

were kept at 28
o
C at four light intensities 600, 450, 300 and 150µM  (A), siRNA accumulation in inoculated 

and systemic tissues of N. benthamiana infected with PVX-V2 when plants were kept at 28
o
C  at different 

light intensities as indicated (B). A photograph of the ethidium bromide stained agarose gel is shown below 

each blot to confirm equal loading. 

 

 

 



Effect of temperature and light on virus infection 
 

149 

 

 

 

 

 

 

Fig. 6.11 
 Effect of temperatures and light intensities on virus accumulation and virus-induced RNA silencing. Virus 

accumulation in inoculated and systemic tissues of N. benthamiana infected with PVX-V2 when plants 

were kept at 30
o
C at four light intensities 600, 450, 300 and 150µM  (A), siRNA accumulation in inoculated 

and systemic tissues of N. benthamiana  infected with PVX-V2 when plants were kept at 30
o
C  at different 

light intensities as indicated (B). A photograph of the ethidium bromide stained agarose gel is shown below 

each blot to confirm equal loading. 
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Fig. 6.12 
Effect of temperatures and light intensities on virus accumulation and virus-induced RNA silencing. Virus 

accumulation in inoculated and systemic tissues of N. benthamiana infected with PVX-GFP when plants 

were kept at 25
o
C at four light intensities 600, 450, 300 and 150µM (A), siRNA accumulation in inoculated 

and systemic tissues of N. benthamiana  infected with PVX-GFP when plants were kept at 25
o
C  at 

different light intensities as indicated (B). A photograph of the ethidium bromide stained agarose gel is 

shown below each blot to confirm equal loading. 
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Fig.6.13 
Effect of temperatures and light intensities on virus accumulation and virus-induced RNA silencing. Virus 

accumulation in inoculated and systemic tissues of N. benthamiana infected with PVX-GFP when plants 

were kept at 28
o
C at four light intensities 600, 450, 300 and 150µM (A), siRNA accumulation in inoculated 

and systemic tissues of N. benthamiana  infected with PVX-GFP when plants were kept at 28
o
C  at 

different light intensities as indicated (B). A photograph of the ethidium bromide stained agarose gel is 

shown below each blot to confirm equal loading. 
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Fig.6.14 
Effect of temperatures and light intensities on virus accumulation and virus-induced RNA silencing. Virus 

accumulation in inoculated and systemic tissues of N. benthamiana infected with PVX-GFP when plants 

were kept at 30
o
C at four light intensities 600, 450, 300 and 150µM (A), siRNA accumulation in 

inoculated and systemic tissues of N. benthamiana  infected with PVX-GFP when plants were kept at 30
o
C  

at different light intensities as indicated (B). A photograph of the ethidium bromide stained agarose gel is 

shown below each blot to confirm equal loading. 
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6.3.3 Accumulation of siRNAs under different conditions of light and temperature 

In order to determine the possible role of RNAi in the differential infection 

patterns (HR like phenotype and recovery)  under different environmental conditions, the 

accumulation of gene specific siRNAs were analyzed in N. benthamiana plants inoculated 

with PVX-V2 and PVX GFP kept at three temperatures (25, 28  and 30°C) and four light 

intensities (600, 450, 300 and 150µM). The results show that PVX-V2 and PVX-GFP 

behave in a similar manner under these conditions. For both PVX-V2 and PVX-GFP 

infection no siRNA was detected at 4 dpi (Fig. 6.9 to 6.14, panel B) but siRNAs were 

detected at 7 and 10dpi. It was found that in systemic leaves the levels of siRNA increase 

with a decrease in the light intensity (Fig. 6.9 to 6.14, panel B) when N. benthamiana 

plants were infected with PVX-V2 and PVX-GFP. In inoculated leaves there was no 

significant difference in the level of siRNA derived from V2 or GFP (Fig. 6.9 to 6.14, 

panel B). 

The results of this study show that there is a positive correlation between virus 

replication (virus titer) and accumulation of siRNA. For PVX,  low light and low 

temperature (25°C; 300 and 150µM light) favor virus replication which in turn favors the 

accumulation of virus derived siRNA (Fig 6.9 to 6.14, panel B). Similarly, at high 

temperature and high light intensities (28 and 30°C; 450 and 600µM light) the 

accumulation of virus as well as virus derived siRNA is decreased (Fig. 6.9 to 6.14, panel 

B). 

 

6.4 Discussion 

In the previous chapter it was shown that the expression of V2 from PVX induces 

cell death. Environmental factors have been shown to influence plant-virus interactions to 

such a degree that virus induced symptoms can be attenuated by altering the temperature 

(Harrison, 1956) and light intensity (Hull, 2002). In the study conducted here, the effect 

of temperature and light on the symptom severity of PVX, carrying two marker genes, 

infections were investigated. The results have shown that symptom severity of PVX 

infections of N. benthamiana increase as the temperature and light intensity decrease and 

it was also shown that virus titer, which directly correlates with symptom severity, is 

temperature dependent and favors low temperature and light intensity.  

The data presented here is in agreement with the results of Szittya et al. (2003) 

who showed that for RNA viruses low temperature favors virus replication (Szittya et al., 

2003). Similarly these results are also correlate with the findings of Chellapan et al. 
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(2005) for DNA viruses, where a decrease in virus severity was observed upon an 

increase in temperature.  

It is now generally accepted that in plants RNAi is the first line of the anti-viral 

defense response (Baulcombe, 2004; Waterhouse et al., 2001). Viruses have the ability to 

induce (Hamilton and Baulcombe, 1999) and suppress plant PTGS (Anandalakshmi et al., 

1998; Bisaro, 2006). Viruses become targets of the induced PTGS and, as a consequence, 

the newly emerged leaves of the infected plants show recovery from virus symptoms 

during the later stages of the infection (Chellappan et al., 2004b; Ratcliff et al., 1997). 

Moreover, this recovery phenomenon is related to the production of siRNA and this 

process is temperature dependant. It has been shown that high temperatures, to some 

extent, favor the RNAi pathway resulting in higher levels of siRNA and recovery of the 

plants (Chellappan et al., 2005b; Szittya et al., 2003; Tuttle et al., 2008). In order to 

determine whether RNAi plays a role in the temperature/light dependant recovery of 

infection by PVX-V2 and PVX-GFP, the accumulation of siRNA (an indicator of the 

activity of the RNAi pathway) under varying temperature and light intensities was 

assessed. A pattern of RNAi pathway induction under these conditions was identified. 

There was a negative correlation between temperature and production of siRNA for PVX, 

with lower temperatures favoring the production of siRNA. A similar pattern was also 

observed for light intensity, with low light favoring the production of siRNA  

These results are in agreement with the report of Tuttle et al. (2008) who showed 

that a VIGS vector based on CLCrV induced higher siRNA production at lower 

temperatures. Another study examined the effect of temperature on the VIGS of a 

Tobacco rattle virus (TRV; an RNA virus) and Tomato yellow leaf curl China 

betasatellite (TYLCCNB) was studied. It was shown that TYLCCNB induced gene 

silencing in a temperature insensitive manner. However, growth temperature significantly 

affected the efficiency of TRV-induced gene silencing. It was shown that high 

temperature blocks TRV-induced gene silencing. A difference with the earlier reports 

(Cai et al., 2007; Tuttle et al., 2008) is that, in the study presented here, PVX was used as 

an expression vector, whereas in earlier reports the vectors were used as a silencing 

vector. However, this is unlikely to be the reason for the differences observed.  

The data produced in this study has shown that light intensity is another important 

factor which can modify virus host interaction. It was found that at a constant 

temperature, when light intensity is changed, there is an effect on symptom severity. 

Generally it is believed that high light intensities favor plant growth by increasing the rate 

of photosynthesis, which is a key determinant regulating the growth of plants. In addition 
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to providing energy, light signals convey important environmental information to plants, 

enabling both seasonal prediction and the determination of spatial orientation. Plants 

measure the quantity, quality and direction of incident light, using specialized 

photoreceptors, the red/far red (R/FR) light-absorbing phytochromes and the UV-A/blue 

light-absorbing cryptochromes (Cashmore et al., 1999) and phototropins (Briggs and 

Huala, 1999). The interaction of light signals with the endogenous circadian oscillator 

also provides plants with a means to monitor day length (photoperiod). Taken together, 

this information can be used to direct developmental strategy, allowing the optimization 

of morphological form and photosynthetic activity to the ambient surroundings 

(Whitelam and Halliday, 2007). 

One possible scenario of high PVX titer at low temperature and light intensity 

could be plant growth itself. Under low light and temperature plants may be “immuno”-

compromised because of less photosynthesis and growth and thus virus can manipulate 

the cellular environment more readily, but this does not seem to be the case as non-

infected plant under all these conditions of light and temperatures appear normal and no 

retarded growth was observed under low light and low temperatures (data not shown).   

Alternatively, viruses may be adapted to the particular niche they inhabit. For example, 

some viruses infect plants in temperate environments where light intensity is low (such as 

PVX) whereas others infect plants in tropical environments where temperatures and light 

intensity are high (such as CLCuMV). The development of symptoms induced by 

CLCuMV required higher temperature under experimental conditions (R. W. Briddon 

unpublished results). The general observations under field conditions suggests that 

geminivirus symptoms on perennial ornamental plants such as Hibiscus and poinsettia are 

less severe in winter months when day length, light intensity and temperatures are lower 

(unpublished observations). These observations suggest that plant DNA viruses under 

warmer climatic conditions have adapted to higher accumulation at higher temperature 

and light that probably coincide with higher activity of whitefly vector under those 

conditions. On the other hand, RNA viruses that are transmitted by aphids and found at 

lower temperature may have adopted to lower temperatures (20-30
o
C) that favors aphid 

populations. Similar observations have been recorded for Barley yellow dwarf virus 

(BYeDV) which is more commonly prevalent in cooler environments found in Northern 

Pakistan (S. Mansoor unpublished results). Thus, these viruses might have  evolved to 

cope with infecting plants under particular environmental conditions. Further 

observations and experiments are required to verify the hypothesis. 
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Szittya et al. (2003) suggested that at low temperatures the RNAi machinery does 

not operate efficiently, leading to low siRNA levels, and thus plants are more susceptible 

to viruses. However, the results presented here have  shown that the RNAi machinery 

does work at lower temperatures, as shown by the production of high amounts of siRNA, 

although the lowest temperature investigated in the studies are different; Szittya et al.  

(2003) used 25
o
C and 15

o
C while, in the study presented here, the lowest temperature 

used was 25
o
C. It would be interesting to study the behavior of PVX-V2 and PVX-GFP 

infection at this low temperature.  

It is evident that gene silencing has no role in the recovery from PVX under high 

light and high temperature, contrasting with earlier report where recovery from virus 

infection was attributed to the RNAi (Chellappan et al., 2005b). Though RNAi is an 

important mechanism to combat viruses (Bisaro, 2006; Hannon, 2002; Voinnet, 2001) 

there may be some other factors that can play an important role in virus infection and alter 

infectivity. A further study is required to identify those factors. Infact the results 

presented here support the classical theory, proposed half a century ago, that the virus 

content of a plant represents equilibrium between replication and degradation of the virus 

by the host system (Harrison, 1956). Here it was shown that siRNA and virus 

accumulation are in equilibrium, an increased virus accumulation resulting in an 

increased level of siRNA and vice versa.  

Gene silencing has potential applications in the production of crop varieties with 

desirable traits, including virus-resistant (Mao et al., 2009; Mansoor et al., 2006). The 

fact that temperature and light intensity affect virus replication and gene silencing adds 

another layer of complexity that needs to be considered in designing/implementing gene 

silencing-based strategies for virus resistance. Therefore a better understanding the 

molecular switch or factor(s) involved in stimulating RNA silencing under different 

temperatures and light conditions is of prime importance. Such information could pave 

the way to developing strategies to use the influence of temperature/light intensity to 

improve resistance, possibly by modifying plant responses to these environmental factors, 

and remove/reduce the deleterious effects they have on silencing so as to maintain siRNA 

mediated resistance even under unfavorable (for the RNAi pathway) environmental 

conditions. 



CHAPTER 7 

General discussion 

The study presented here has assessed the likely contributions of the genes of four 

begomoviruses to symptoms induced in plants, the effects both the four viruses and the 

genes they encode have on selected developmental miRNAs, has identified the products 

encoded by one of the viruses that have suppressor of silencing activity and finally 

investigated the effects of temperature and light on symptom induction and in planta 

spread of a PVX-based vector. The temperature and light study is the most disparate of 

the investigations included here since it does not directly address begomoviruses. The 

study was initiated after an unusual result, obtained for the work reported in Chapter 3, 

suggested that using different growth chambers affected the spread and symptoms of the 

PVX vector; a result that was ultimately shown to be due to both differing light and 

temperatures in the two chambers (even though at first sight the settings on the chambers 

were the same).  As well as the obvious conclusion that all variables need to be tightly 

controlled, and particularly the often overlooked variable of light intensity, when 

conducting experiments of this nature the results show that modulating environmental 

variables offer a potentially useful way of controlling viruses. It has long been realized 

that controlling light by using tinted films can be useful in controlling agriculturally 

important viruses, including begomoviruses (Yeskel et al.,1996). However, the effects in 

this case were attributed to changes in the behavior of the vector insect rather than the 

plant. The molecular basis for the effects seen here remains unknown. Although light is 

known to affect plant development and flowering time and plant development, few 

studies have investigated how this affects virus infection.  

The results of this study have shown that all proteins encoded by begomoviruses 

have, to some degree, the capacity to affect miRNA levels. However, it is evident that the 

major effects on miRNA levels are seen with (A)V2, TrAP, C4 and βC1 (whether up or 

down regulated). For CLCuMV/CLCuMB all four of these proteins were shown to have 

suppressor of gene silencing activity and the homologs of other begomoviruses are known 

to be suppressors (although the relative strengths of these vary and the utilization by 

distinct begomoviruses vary). Thus it is the virus-encoded suppressors that appear to have 

the major effect on miRNA levels and these, with the possible exception of TrAP, that are 

also the major pathogenicity (symptom) determinants. This in turn may suggest that the 

symptoms of begomoviruses results from interference in developmental miRNA levels. 

However, this cannot be the only way that geminiviruses impact plant development since, 
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for example, βC1 has been shown to directly interact with ASYMMETRIC LEAVES 1, 

which is important in leaf development (Xu et al.,2006). 

The first functional activity identified for the bipartite begomovirus-encoded 

TrAP was its ability to upregulate the (virion-sense) promoter controlling the late genes. 

However, not all TrAP homologs have this activity (and are thus referred to as (A)C2 

rather than TrAP). The C2 encoded by curtoviruses as well as some the C2s of some 

monopartite begomoviruses (L. Amrao, unpublished results) lack this activity. However, 

they are likely evolutionarily maintained due to the other activity encoded by this class of 

geminivirus protein; the ability to transactivate host genes. The TrAPs encoded by 

MYMV and ACMV have been shown to upregulate greater than 30 host genes (Trinks et 

al.,2005). It is thus likely that these upregulated genes, either directly or indirectly, affect 

miRNA levels. 

The analysis of the response of miRNA levels in response to infection by four 

distinct begomoviruses identified no really consistent patterns. Whether this indicates that 

each begomoviruses induces a unique pattern of response is unclear. The evidence 

suggests that the genes of geminiviruses (all viruses for that matter) are tightly controlled, 

both spatially and temporally, such that each is expressed only when it is required, where 

it is required and at the levels that are required. However, in the experiments described 

here whole leaves (or parts of leaves) were sampled and at defined time periods after 

inoculation. Thus cells at all stages of virus infection will have been present. The 

variation seen in miRNA levels may thus, at least in part, result from this limitation in the 

experimental protocol. It would be interesting to repeat these experiments in protoplasts 

where such variables can be better controlled. 

What is evident is that the begomoviruses affect many host-encoded genes during 

infection, either directly by protein-protein interaction or by up/down regulation of their 

promoters, or indirectly via miRNAs. This complex network of interactions will require 

careful dissection to determine the effects and importance of each to the virus-host 

relationship. However, this time consuming analysis will likely lead to useful information 

on the biology of the host plants and  information that may be useful for controlling 

viruses by novel mechanisms. 

Chellappan et al (2005) showed that at 30
o
C in cassava non-recovery type CMD-

associated viruses behaved like recovery type viruses (thus at the elevated temperature 

infected plants showed attenuated symptoms) and that this was associated with strikingly 

elevated siRNA production with the implied conclusion that silencing plays at least some 

part in this phenomenon. This is in agreement with the results for RNA viruses suggesting 
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that silencing is compromised at lower temperatures. However, for plants experimentally 

infected with CLCuMV and CLCuMB it has been noted that plants recover from 

infection at 25
o
C, with a concomitant reduction in viral DNA levels, and maintenance at 

35
o
C is required to maintain symptom expression (R.W. Briddon, unpublished results). 

This temperature regime is consistent with the environmental conditions under which 

cotton is grown in Pakistan and India where daytime ambient air temperatures during the 

growing season can attain 50
o
C and not decrease below 35

o
C at night. It is difficult to 

reconcile this with the suggestion that, at high temperature, silencing mediated resistance 

is enhanced and at low temperature plants are more susceptible. The molecular basis for 

this apparently anomalous behaviour of CLCuMV/CLCuMB in cotton will require 

investigation. It is possible that this is a host specific response since, in N. benthamiana, 

CLCuMV/CLCuMB infections have no such high temperature requirements. Cotton (G. 

hirsutum) is not well adapted to the extremes of temperature that occur in southern Asia, 

although local breeders have improved this character over the years. Since the majority of 

studies investigating temperature effects on begomoviruses (and other viruses) have used 

30
o
C as the highest temperature, at which point silencing was occurring efficiently, it is 

possible that at temperatures above this the silencing pathway is reduced in efficiency in 

cotton. However, if we assume that miRNAs play a major role in symptom development 

for geminiviruses, it would appear that the miRNA pathway is not significantly affected 

by the high temperatures in cotton; plants in the field exhibit severe disease symptoms 

under these conditions. This might thus suggest that the si and miRNA pathways are 

differentially affected by temperature, at least in the high ranges. Since the pathways 

converge and the resulting small RNAs differ in their origins, this might suggest that it is 

the production of the initial trigger for siRNAs that is more temperature sensitive. So, for 

example, is the RdRP, or some other factor unique to the siRNA pathway, required for 

generating the dsRNA less active at these elevated temperatures? This is clearly all 

speculation and clearly will require a detailed study to determine the actual situation.   

Strategies to control insect transmitted phytopathogenic viruses of agricultural 

importance, including geminiviruses, are usually preventive by eradicating the vectors 

using chemical insecticides, altering planting time to avoid the period of high vector 

incidence or using physical barriers (such as netting) to keep insects away from the plants 

(Seal et al.,2006). For many of the crops that are affected by begomoviruses there are 

only limited sources of natural (so called R gene mediated) resistance available in 

commercial cultivars. In case of geminiviruses where recombination rate is very high 

natural resistance sometimes break down (Mansoor et al., 2003). It is for this reason that 
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attention has focused on obtaining resistance from non-conventional sources (Prins et 

al.,2008). Only very recently has there been the first report of field studies of an RNAi-

based resistance and this has stimulated some debate about whether such a homology 

dependent strategy can stand up to the pressures of virus diversity in the field (Aragao 

and Faria, 2009; Lucioli et al.,2008).  The results presented here have implications for the 

development of genetically engineered resistance, particularly resistance based on RNAi. 

Although primarily a “blue skies” study intended to investigate the interactions of 

begomoviruses with their host plants, it was hoped, at the outset, that information would 

be forthcoming that would be useful in combating CLCuD; a disease that has shown 

resurgence since 2003 and severely affects the economy of Pakistan (Briddon et al., 2001; 

2003; 2006; Mansoor et al.,2003). Although the majority of studies investigating 

transgenic resistance to geminiviruses have used an RNAi approach targeting rep, 

presumably on the premise that preventing virus replication will achieve the most 

efficient resistance, the work presented here suggests that instead targeting genes that are 

the primary pathogenicity determinants, such as βc1 and v2, could also achieve acceptable 

levels of virus control. Preventing early symptom expression by targeting pathogenicity 

(symptom) determinant genes that have the greatest effects on plant development 

(presumably by perturbing developmentally important miRNAs) would seem as valid an 

approach to obtaining resistance as interfering with virus replication. In this vein studies 

in the lab have shown that an RNAi approach that targets the V2 gene has the potential to 

yield significant resistance (Mubin et al.,2007).  Similarly early studies targetting βc1 

have shown promise, with the added advantage that although there are multiple viruses 

associated with CLCuD, only one betasatellite causes the disease (Mansoor et al., 2003b). 

However, in the long run, it is likely that any one RNAi based strategy will not deliver a 

stable or efficient resistance against begomoviruses, particularly in areas of high virus 

diversity. All the reports so far that have investigated RNAi based resistance to 

geminiviruses have indicated that, although plants are asymptomatic, they are almost 

universally infected (Bonfim et al.,2007 Aragao and Faria 2009, Lucioli et al.,2008, 

Pooggin et al.,2003, Ramesh et al.,2007). It would thus seem appropriate (essential) to 

pyramid resistance (to use multiple resistance strategies based upon distinct mechanisms 

of action; thus, for example, one based on RNAi pyramided with one based upon protein 

expression) to achieve the best results. Such studies are already underway in the lab, 

although it is too early to determine yet whether they will be more successful than the 

single mechanism approach. 
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