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Abstract 

Most of the economically important viruses of the family Geminiviridae fall in the 

genus Begomovirus. Begomoviruses may have either monopartite or bipartite single-

stranded DNA genomes and are transmitted by the whitefly Bemisia tabaci. With a 

single exception (Tomato leaf deformation virus), begomoviruses native to the New 

World (NW) are bipartite, consisting of two components known as DNA A and DNA 

B. In the Old World (OW) most begomoviruses are monopartite, with a single 

component genome that is a homolog of the DNA A of the bipartite begomoviruses. 

The majority of the monopartite begomoviruses are associated with single-stranded 

DNA satellites. Three classes of satellites have been identified, the most important of 

which are the betasatellites. Betasatellites are approximately half the size of their 

helper begomoviruses (~1350 bp) and are, in most cases, required by the begomovirus 

for efficient infection of host plants. The begomovirus-associated betasatellites 

encode a single gene product, known as βC1 that is a pathogenicity determinant, a 

suppressor of post-transcriptional gene silencing and may be involved in virus 

movement in plants.  

 The third class of satellites consists of molecules that are approximately one 

quarter (~650 bp) the size of their helper begomoviruses, are non-coding and are 

believed to have evolved from betasatellites. Recently this type of satellite has been 

identified in sweetpotato plants in association with sweepoviruses (phylogenetically 

distinct begomoviruses that generally infect sweetpotato). This class of satellites 

includes the first begomovirus-associated satellite identified (known as the Tomato 

leaf curl virus-satellite).    

 The study described here was designed to identify possible functional domains 

of the βC1 protein of the cotton leaf curl disease-associated Cotton leaf curl Multan 

betasatellite (CLCuMuB) and to identify amino acid sequence motifs involved in βC1 

function. Additionally the aim was to examine the possible effects of non-coding 

satellites on the pathogenicity of their helper viruses in planta. 

 Mutants of CLCuMuB βC1 gene were produced and cloned in a Potato virus 

X (PVX) expression vector for expression in plants. The expression constructs were 

examined for the effects of mutations of βC1 on pathogenicity and suppression of 

post-transcription gene silencing (PTGS) activity. The study produced site-directed 

mutants of the CLCuMB βC1and also included some N- and C-terminal deletion 
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mutants that were produced earlier. The results indicated that the C-terminus of βC1 is 

important for pathogenicity, whereas amino acid sequences towards the N-terminus 

have a role in PTGS. The results showed that the pathogenicity and PTGS activities of 

βC1 can be uncoupled, yielding a protein with suppressor activity which does not 

induce symptoms in plants. Suppressor proteins lacking pathogenicity are potentially 

useful in biopharming. The results are discussed in light of the recent findings 

concerning the functions and interactions of betasatellites and βC1. 

  Constructs for the infectivity of several non-coding satellites found in 

sweetpotato plants were produced and examined for the ability of the satellites to be 

maintained by various begomoviruses and for their effects on helper virus DNA levels 

and symptoms induced in plants. The non-coding satellites were trans-replicated and 

maintained by SPLCLaV and two heterologous begomoviruses (Tomato yellow leaf 

curl virus and Tomato yellow leaf curl Sardinia virus), in a number of plant species. 

The satellites strongly affected the levels of accumulation of the heterologous viruses 

in N. benthamiana and tomato. One of the non-coding satellites was also shown to be 

transmissible by the Mediterranean species of the B. tabaci complex. Furthermore, in 

common with the beta- and alphasatellites, the non-coding satellites were shown to 

modulate the symptom severity of their helper begomoviruses, including SPLCLaV. 

 The described study was conducted with the aim of a better understanding of 

satellite molecules associated with begomoviruses. A more in-depth understanding of 

the functions and interactions of satellites may allow better control methods to be 

designed. The results are discussed with this aim in mind.    
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Chapter 1 

Introduction and review of literature 

1.1 Viruses 

 Viruses are obligate intracellular parasites, functionally inactive outside of 

their hosts. They require the host’s biochemical “machinery” for transcription, 

translation and replication. Viruses are regarded as molecular pathogens and it is 

debatable whether they are living or non- living. Luria (1978) defined viruses as 

“entities whose genome is composed of nucleic acid and need cellular synthetic 

machinery of living cells to replicate and move from cell- to-cell” (Luria, 1978).    

 Viruses infect every form of life including plants, animals, bacteria and 

archaea (Koonin et al., 2006). They are classified on the basis of their genome (DNA 

or RNA, single-stranded or double-stranded), host range, morphology, vectors, viral 

proteins and sequence relatedness of their nucleotide sequences (Van Regenmortel. 

2000). A genomic nucleic acid based classification system for viruses was proposed 

by Baltimore (1971). This divided viruses into seven groups; double-stranded DNA 

(dsDNA), single-stranded DNA (ssDNA), double-stranded RNA (dsRNA), positive 

sense single-stranded RNA (ssRNA), negative sense ssRNA and reverse-transcribing 

viruses with either ssRNA or dsDNA genomes. The nomenclature and taxonomy of 

viruses is now handled by the International Committee on Taxonomy of Viruses 

(ICTV). The organisation recently approved six orders, eighty seven families, 

nineteen subfamilies, 349 genera and approx. 2284 species of viruses (King, 2012).  

1.2 Viruses infecting plants 

 In 1886, Adolf Mayer demonstrated for the first time that a plant 

pathogen/virus could be transferred from a symptomatic plant to healthy plants 

(Mayer, 1886). Discovery of the first virus, Tobacco mosaic virus (TMV), by 

Martinus Beijerinck initiated the field of virology. He observed that plant sap from the 

leaves of a tobacco plant with "mosaic disease" was infectious even after it was 

passed through a porcelain filter which retained bacteria, thus demonstrating the 

existence of pathogens smaller than bacteria (Beijerinck, 1898). The infectious agent 

was later crystallized for electron microscopy and was shown to remain infectious 

even after crystallization (Stanley, 1935).  
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  At this time the plant viruses comprise 20 families, 90 genera and ~800 

species (King, 2012) and have either DNA or RNA as their genetic material. Plant 

viruses having DNA genomes are further divided into two classes - those having 

circular dsDNA or circular ssDNA genomes. Viruses belonging to the family 

Caulimoviridae have dsDNA genomes which replicate through RNA intermediates by 

reverse transcription (Geering, 2012), while viruses of the families Nanoviridae and 

Geminiviridae have genomes of ssDNA that are replicated by a rolling circle 

replication (RCR) mechanism (Brown, 2012; Vetten, 2012). 

1.3 Geminiviruses 

 The family Geminiviridae includes economically important plant viruses that 

infect either monocotyledonous or dicotyledonous plants (Brown, 2012; Rojas et al., 

2005). All are transmitted in a circulative, persistent, non-propogative manner by 

arthropod vectors (Brown, 2012; Costa, 1976; Hogenhout et al., 2008; Power, 2000). 

In 1978 the ICTV recognized the geminiviruses as a distinct family on the basis of the 

possession of circular ssDNA and having unique geminate virion morphology (Davies 

et al., 1987; Stanley, 1985). The possible first description of a geminivirus disease 

was given by Empress Koken in 752 A.D in a poem (Figure 1.1). In this poem 

possibly for the first time viral symptoms were described. The poet admires the 

beautiful yellowish colouration of “grass” (taken to mean Eupatorium plants) which 

has since been attributed to a geminivirus (Saunders et al., 2003). 

 The geminiviruses are so-called because of the twinned, quasi- icosahedral coat 

protein structure of the viruses. The twinned icosahederal virion of these viruses is 

about 22 nm in diameter and 38 nm long as shown in Figure 1.2 (Zhang et al., 2001b). 

The genomes of these viruses are composed of one or two ssDNA components that 

each range in size from 2.5 kb to 3.1 kb (Stanley et al., 2005). Geminiviruses are the 

best characterized plant viruses because of their small genome size, availability of 

vectors and easy manipulation by molecular approaches due to having DNA genomes 

(Rojas et al., 2005). These viruses are found in (sub-)tropical and temperate areas of 

the world and have spread due to environmental changes and human trade (Navas-

Castillo et al., 2011). 
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Figure 1.1 Empress Koken’s Japanese poem. A handwritten version of a Japanese poem written by 

Empress Koken is shown in which she describes the beauty of yellow leaves of (presumed) Eupatorium 

plants growing in the summer. The poem is translated as “Perhaps it does frost/ In this village morn by 

morn/ For the grass I saw in the field of summertime/ Has already turned yellow”. Image reproduced 

from Saunders et al. (2003). 

 

1.4 Classification of geminiviruses 

 The family Geminiviridae is comprised of seven genera; Begomovirus, 

Becurtovirus, Curtovirus, Turncurtovirus, Topocuvirus, Mastrevirus, and Eragrovirus 

(Adams et al., 2013). The classification is based on the organization of the genome, 

host range and insect vector. Viruses of the genera Mastrevirus, Begomovirus, 

Curtovirus have been extensively studied. The genus Topocuvirus encompasses only 

a single species. The remaining three genera have only recently been established and 

contain only a few species which are not well characterised. At this time there are 

some 300 officially recognized species of geminiviruses, of which some 200 are in the 

genus Begomovirus. More than 800 full- length nucleotide sequences of geminiviruses 

have been submitted to the databases to date (Brown, 2012). 

 The thesis presented here was written at a time when the “Study Group on the 

Taxonomy of Geminiviruses” of the “International Committee on the Taxonomy of 
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Viruses (ICTV)” was revising the taxonomy of the begomoviruses. The taxonomy 

descriptions of begomoviruses here thus use the nomenclature and taxonomy of the 

9th ICTV Report (Brown, 2012). For viruses of all the other genera of the family 

Geminiviridae the text uses the latest taxonomic standards (Muhire et al., 2013; 

Varsani et al., 2014a; Varsani et al., 2014b). 

  

 
 
 
Figure 1.2 The structure of geminivirus particles. Diagrammat ic representation of the icosahedral 

structure (A). Three-dimensional representation of a geminate particle (B). The p rotein coat is shown in 

yellow whereas the encapsidated ssDNA is shown in red. Electron microscope images of the isolated 

geminate particles of Maize streak virus (MSV; C). Cryoelectron microscope three-dimensional 

reconstruction of a geminate particle of MSV (D). Panel A is based upon a diagram in Krupovic et al. 

(2009), panel B is reproduced from Bottcher et al. (2004) and panels C and D are reproduced from 

Sherpherd et al. (2009). 

 

1.4.1 Mastrevirus 

 Viruses of the genus Mastrevirus are transmitted by leafhoppers (Figure 1.3), 

have monopartite genomes (Behjatnia et al., 2011; Nahid et al., 2008) and have to 

date only been identified in the Old World (OW; Boulton, 2002). Unusually, for 

geminiviruses, the genus includes viruses that infect either monocots or dicots. The 

most well characterised mastrevirus is Maize streak virus (MSV); a monocot- infecting 

virus that occurs across Africa and causes significant losses to maize cultivation 

(Sherpherd et al., 2009). The dicot- infecting mastrevirus Chickpea chlorotic dwarf 

virus, which occurs across North Africa, the Middle East and the Indian subcontinent 

and causes problems mainly in chickpea crops, has recently received much attention 

(Kanakala et al., 2013; Manzoor, 2014; Mumtaz et al., 2011).  
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 The genomes of mastreviruses range from 2.6-2.8 kb (Figure 1.3) and encode 

four conserved proteins; the replication associated protein (Rep A) and Rep B in the 

complementary-sense orientation and the movement protein (MP) and the coat protein 

(CP) in the virion-sense. In contrast to all other geminiviruses, the Rep of 

mastreviruses is translated from a transcript that is spliced to fuse the RepA and RepB 

reading frames (Accotto et al., 1989; Mullineaux et al., 1990; Wright et al., 1997).  

 The complementary- and virion-sense genes are separated from each other by 

two intergenic regions; the small IR (SIR) and the large IR (LIR) containing 

regulatory elements (Fenoll et al., 1988; Howell, 1984; Palmer and Rybicki, 1998). 

The LIR encompasses a stem-loop structure which contains the nonanucletide motif 

TAATATTAC within the loop and is the origin of replication of the virion-strand 

(Palmer and Rybicki, 1997). A short (70-80 nts) deoxyribonucleotide sequence with 

5’ ribonucleotides is annealed to the encapsidated genomic ssDNA within the SIR and 

it is believed that this sequence acts as a primer for synthesis of the complementary-

strand upon initial infection (Donson et al., 1984; Hayes et al., 1988).  

 

 

Figure 1.3 Genome organization of mastreviruses and the leafhopper vector (Cicadulina mbila) of 

Maize streak virus. The position and orientation of genes are indicated by arrows. The coat protein 

(CP) and movement protein (MP) genes are encoded on the virion-sense strand while the rep licat ion 

associated protein (Rep; a translation product of the spliced mRNA of the Rep A and Rep B genes) and 

the RepA protein are encoded on the complementary-sense strand. The position of the intron which is 

removed by the splicing event leading to the mRNA from which Rep is translated is indicated. The Rep  

A protein is the translation product of the unspliced mRNA. The large (LIR) and s mall intergenic 

regions (SIR) are indicated. Within the LIR there is a predicted hairpin -loop structure which contains 

the nonanucleotide sequence (TAATATTAC) as part of the loop. 
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1.4.2 Curtovirus 

   Viruses of the genus Curtovirus are transmitted plant-to-plant by the 

leafhopper, Circulifer tenellus (also known as Neoaliturus tenellus; Figure 1.4). The 

viruses of this genus have monopartite genomes, infect only dicotyledonous plants 

and occur in both the OW and the New World (NW). Beet curly top virus (BCTV), 

the type member of the genus, has a broad host range - infecting more than 300 

species including weeds, crops and ornamentals of 44 plant families (Bennett, 1971). 

A recent revision of the taxonomy of curtoviruses has reclassified the known viruses 

in the genus into three species – BCTV, Spinach severe curly top virus (SSCTV) and 

Horseradish curly top virus (HCTV; Varsani et al., 2014a).  

 The genomes of curtoviruses range in size from 2.9-3.1 kb (Klute et al., 1996; 

Stanley et al., 1986) and encode seven genes (Figure 1.4) that diverge from an IR that 

contains a predicted hairpin structure containing the nonanucleotide sequence 

TAATATTAC within the loop (Baliji et al., 2004; Briddon et al., 1998; Klute et al., 

1996).  

 

 

 

 

Figure 1.4  Typical genome organization and leafhopper vector (Circulifer tenellus) of 

curtoviruses. Arrows indicate the the positions and orientation of genes. The genomes of curtoviruses 

encode seven genes (three in the virion-sense and four in the complementary-sense). The genes in the 

complementary-sense code for the replication associated protein (Rep), the C2 protein, the rep licat ion 

enhancer protein (REn) and the C4 protein. The genes in the v irion-sense encode the coat protein (CP), 

the V2 protein and the V3 protein. The intergenic region contains a predicted hairpin-loop structure 

which contains, as part of the loop, the nonanucleotide sequence (TAATATTAC).  
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1.4.3 Topocuvirus 

 The genus Topocuvirus contains only a single species – Tomato pseudo-curly 

top virus (TPCTV). The vector of TPCTV is the treehopper Micrutalis malleifera 

(Figure 1.5) and has been identified only in the NW and infects dicotyledonous plants 

(Briddon et al., 1996; McDaniel and Tsai, 1990; Simons, 1962). 

 The monopartite genome of TPCTV encodes six genes (Figure 1.5) and has 

characteristic features of mastreviruses and begomoviruses, suggesing that the virus is 

a natural recombinant. Four genes (Rep, the C2 protein, REn and the C4 protein) are 

encoded in the complementary-sense and two, the CP and V2 protein, in the virion-

sense. Based on amino acid sequence similarities, it is likely that the gene products of 

TPCTV have similar functions to those of monopartite begomoviruses. Other than the 

demonstration that TPCTV can complement begomovirus movement functions in 

plants (Briddon and Markham, 2001), no further studies of this virus have been 

conducted. 

 

 
 

Figure 1.5  Genome organization of Tomato pseudo-curly top virus (TPCTV) and the treehopper 

(Micrutalis malleifera) vector of TPCTV. The positions and orientations of genes are shown by 

arrows. The TPCTV genome encodes six genes, two (the coat protein [CP] and the V2 protein) in the 

virion-sense orientation and four genes (the replication-associated protein [Rep], the C2 protein, the 

replicat ion enhancer protein [Ren] and the C4 protein) in the complementary-sense. A putative hairpin 

structure is present in the intergenic region with the loop containing the nonanucleotide sequence 

(TAATATTAC). 
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1.4.4 Becurtovirus 

 Beet curly top Iran virus (BCTIV), the first identified becurtovirus, occurs in 

Iran and induces symptoms in plants that very much resemble those induced by the 

curtovirus BCTV (Heydarnejad et al., 2007; Soleimani et al., 2013; Yazdi et al., 

2008). The virus is transmitted plant-to-plant by the leafhopper Circulifer hematoceps 

(Figure 1.6; Soleimani et al., 2013; Taheri et al., 2012). BCTIV may infect a wide 

variety of plants including sugar beet, turnip, spinach and tomato (Yazdi et al., 2008). 

Recently, a second becurtovirus species has been identified in the United States, 

Spinach curly top Arizona virus (SCTAV; Hernández-Zepeda et al., 2013). The vector 

of this virus has yet to be identified but is likely Circulifer tenellus, the vector of 

curtoviruses which occurs in the NW. 

 Although in many respects similar to curtoviruses, the genomes of 

becurtoviruses encode only five genes (CP, V2, V3, Rep and C2). The arrangement of 

the virion-sense genes resembles that of curtoviruses (encoding the CP, V2 and V3 

proteins, with high amino acid sequence identity levels to the homologous gene 

products of curtoviruses). In contrast, there are only two genes on the complementary-

sense strand, akin to the mastreviruses. The predicted product of these genes show 

high levels of identity to the homologous genes found in mastreviruses. Although no 

evidence for splicing has yet been provided it seems likely that this will be shown to 

be a feature for expression of the complementary-sense genes of becurtoviruses 

(Hernández-Zepeda et al., 2013). In common with mastreviruses the becurtovirus 

genome contains two IRs, a large IR (LIR) and a small IR (SIR). The LIR contains a 

sequence which is predicted to form a hairpin- loop structure but with a novel 

nonanucleotide sequence (TAAGATTCC).  

1.4.5 Turncurtovirus 

 The newly established genus Turncurtovirus encompasses only a single 

species, Turnip curly top virus TCTV (Briddon et al., 2010a). TCTV occurs across 

Fars province of Iran (Briddon et al., 2010a) and is transmitted by the leafhopper 

Circulifer hematoceps (Figure 1.6; Razavinejad et al., 2013). The host range of the 

virus has so far been shown to include turnip, sugarbeet, cowpea and various weeds 

(Razavinejad et al., 2013). 

 The TCTV genome in the complementary-sense is similar to curtoviruses, 

with four genes that overlap (Rep, TrAP, REn and C4). However, unlike curtoviruses, 
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which have three genes in the virion-sense, TCTV has two virion-sense genes (CP and 

V2). Although the arrangement of complementary-sense genes of TCTV is similar to 

that of curtoviruses, only the product of C4 gene shows high levels of identity (~70%) 

with the curtoviruses. The CP of TCTV shares little sequence similarity with CPs of 

curtoviruses and the predicted product of the V2 product has no significant sequence 

identity with any of the proteins found in the databases (Briddon et al., 2010a). 

1.4.6 Eragrovirus 

 Eragrovirus is the second recently established genus that has only a single 

member. Eragrostis curvula streak virus (ECSV) was isolated from a wild grass 

(monocot) in South Africa (Varsani et al., 2009). The insect vector of this virus has so 

far not been identified.   

 The genome of ECSV contains two IRs. In contrast to mastreviruses the 

nonanucleotide-containing IR is smaller than the second IR. Therefore, to avoid 

confusion, the IR possessing the nonanucleotide-containing stem-loop structure is 

named IR-1 whiles the larger IR is IR-2. The nonanucleotide sequence of ECSV is 

TAAGATTCC, like the becurtoviruses (Varsani et al., 2009). 

 The genome of ECSV is comprised of four genes (CP, V2, Rep and C2). The 

arrangement of genes is similar to that of the mastreviruses (Figure 1.6). The virion-

sense genes show greater sequence relatedness to the positionally similar genes of 

mastreviruses. However, although with an arrangement similar to mastreviruses, the 

products of the genes in the complementary-sense show greater sequence relatedness 

to the Rep and C2 proteins of begomo-, curto- and topocuviruses than to those of 

mastreviruses. Further studies are needed to characterize the proteins encoded by 

ECSV. 

1.4.7 Begomovirus 

 Viruses belonging to genus Begomovirus are vectored by the whitefly Bemisia 

tabaci (Gennadius). These viruses only infect dicotyledonous species and occur in 

both the OW and the NW, although the begomoviruses natives to these two regions 

are distinct (Brown, 2012). The genus Begomovirus is the largest in the family 

Geminiviridae, containing ~300 species (Brown, 2012), and are economically the 

most destructive, causing disease of many crops including subsistence crops such as  
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Figure 1.6 Genome organizations of becurtoviruses, turncurtoviruses and eragroviruses and the 

leafhopper vector of Beet curly top Iran virus and Turnip curly top virus, Circulifer hematoceps 

(a.k.a. Neoliturus hematoceps). The position and orientation of genes are shown by arrows. The 

complementary-sense genes (the replication-associated protein [Rep], the C2 protein, the rep licat ion 

enhancer protein [Ren] and the C4 protein) and virion-sense genes (the coat protein [CP], the V2 

protein and the V3 protein) are indicated. The intergenic regions are denoted as long intergenic region 

(LIR) and small intergenic reg ion (SIR) for becurtoviruses and IR-1 and IR-2 for eragroviruses. A 

putative hairpin structure is present in the intergenic region with nonanucleotide sequence 

TAATATTAC (TAAGATTCC for becurtoviruses) forming part of the loop. The image of the insect 

vector of Turnip curly top virus (N. hematoceps) was reproduced from the European and Mediterranean 

Plant Protection Organization (EPPO) Gallery (http://photos.eppo.int/index.php/image/2593-neoaha-

01). 
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cassava in Africa (Fiallo-Olive et al., 2012b; Patil and Fauquet, 2009; Seal et al., 

2006).   

 The begomoviruses can be sub-divided into groups based on various 

characters. Begomoviruses have genomes that consist of one or two components and 

most of the monopartite begomoviruses associate with satellites (Figure 1.7; section 

1.6.1). NW begomoviruses are distinct from those occurring in the OW; the most 

prominent difference being the absence of gene V2 in NW begomoviruses. However, 

two begomovirus species occur in the OW which are more similar to NW 

begomoviruses, Corchorus yellow vein virus (CoYVV) and Corchorus golden mosaic 

virus (CoGMV), and they lack the V2 gene (Ha et al., 2006, 2008). This has been 

taken to indicate that NW begomoviruses are a sub-class of OW begomoviruses 

which were introduced to the NW. Although in the NW the vast majority of 

begomoviruses have genomes consisting of two components, in the OW few 

begomoviruses are bipartite and most have monopartite genomes. Recently the first 

monopartite NW begomovirus has been identified, indicating that the monopartite 

genome character is not the sole preserve of OW begomoviruses (Melgarejo et al., 

2013; Sanchez-Campos et al., 2013). 

 Bipartite begomoviruses are comprised of two genomic components referred 

to as DNA A and B (Bisaro et al., 1982; Hamilton et al., 1982). Each component is a 

circular ssDNA ranging in length from ~2.6-2.8 kb which are transcribed 

bidirectionally. The genomes of monopartite begomoviruses are a homolog of the 

DNA A components of bipartite begomoviruses. The genomes of monopartite 

begomoviruses and the DNA A components of bipartite begomoviruses encode four 

genes. These encode the Rep, transcriptional activator protein (TrAP), REn and the 

C4 protein. The genes on the virion-sense encode the CP and the V2 protein (Brown, 

2012). The DNA B component encodes one protein in each orientation; in the 

complementary-sense the MP and in the virion-sense the nuclear shuttle protein 

(NSP).    

 The DNA A and DNA B components of begomoviruses show little sequence 

similarity except for a short sequence of ~200 nt, known as the common region (CR, 

which usually falls within the IR), which has high levels of sequence identity between 

the two components (Briddon et al., 2010b; Hamilton et al., 1984; Howarth et al., 

1985; Stanley and Townsend, 1985). The IR of all begomovirus components contains  
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Figure 1.7 Typical genome organizations of begomoviruses, the begomovirus-associated satellites 

and the insect vector of begomoviruses, Bemisia tabaci. The position and orientation of genes is 

shown by arrows. The genomes of some begomoviruses consist of two components, DNA A and DNA 

B. Many begomoviruses lack the DNA B component, their genomes consisting of a homolog of the 

DNA A component of the bipartite viruses. The DNA A component of bipartite (or genomes of 

monopartite) begomoviruses encode in the complementary-sense the replication associated protein 

(Rep), the transcriptional activator (TrAP), the rep licat ion enhancer protein (REn) and the C4 protein. 

The virion-sense genes encode the coat protein (CP) and the V2 protein. Some begomoviruses contain 

an additional gene, (A)C5, in the complementary sense. The begomoviruses native to the NW (and a 

small number from the OW) lack the (A)V2 gene. The DNA B component encodes the nuclear shuttle 

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

DNA A and DNA B components of bipartite begomoviruses additionally share a region of h igh 

sequence identity (known as the common reg ion [CR]) within the intergenic region that encompasses 

the hairpin structure. The majority of monopartite begomoviruses are associated with satellite  

molecules known as alphasatellites and betasatellites. Alphasatellites encode a Rep and contain a 

sequence rich in adenine (A-rich). Betasatellites encode a single protein, βC1, have a region of 

sequence that is conserved between all betasatellites which is known as the satellite conserved region 

(SCR) and an adenine rich (A-rich) sequence. For all begomovirus/satellite components the intergenic 

region (IR) contains a predicted hairpin-loop structure which contains the nonanucleotide sequence 

(TAA/GTATTAC) as part of the loop. The image of B. tabaci was reproduced from 

https://news.uns.purdue.edu/x/2007a/ 070406EgelWatermelon.html. 

12 
 

https://news.uns.purdue.edu/x/2007a


Introduction and review of literature                                                                                  Chapter 1 

conserved sequences required for virion-strand DNA replication including the 

nonanucleotide (TAATATTAC)-containing hairpin structure. 

 

1.5 Structure and functions of the proteins encoded by geminiviruses 

1.5.1 Replication-associated protein 

 The replication-associated protein (Rep) is an ~41 kDa protein encoded in the 

complementary-sense orientation by all geminiviruses (Brown, 2012). The Rep of 

mastreviruses is unusual in that it is translated from an mRNA that is spliced to join 

the Rep A and Rep B open reading frames (Palmer and Rybicki, 1998). The protein 

shares similarity with the rolling-circle replication-initiator proteins encoded by some 

prokaryotic plasmids (Koonin and Ilyina, 1992). The three dimensional structure of 

the catalytic domain of the geminivirus Rep protein has been determined by nuclear 

magnetic resonance (Campos-Olivas et al., 2002). This study indicates that the 

catalytic domain has a conserved structure in the Rep proteins of both prokaryotes and 

eukaryotes as well as for a number of functionally diverse proteins. 

 Rep is the only virus-encoded product required for geminivirus replication 

(Orozco et al., 1997). Functional domains of the Rep protein have been identified 

(Figure 1.8). The N-terminal region of Rep has domains for DNA binding, 

nicking/ligation and oligomerization, whereas the C-terminal region encompasses 

domains with ATP-binding and ATPase activity (Desbiez et al., 1995; Orozco and 

Hanley-Bowdoin, 1996; Raghavan et al., 2004).  

 Rep initiates virion-strand DNA replication, has sequence-specific DNA 

binding activity (Fontes et al., 1994a, 1992; Lazarowitz et al., 1992) and regulates its 

own expression due to the sequences involved in Rep binding for initiating replication 

(repeated sequences known as “iterons”) being immediately adjacent to the TATA 

box of the complementary-sense promoter (Eagle et al., 1994; Sunter et al., 1993). To 

initiate RCR Rep makes a nick within the nonanucleotide motif (TAATATT↓AC) in 

the hairpin of the virion-sense strand and then binds, via a tyrosine residue, to the 5′ 

end of the nicked DNA (Motif III in Figure 1.8). The 3′-OH terminus of the DNA 

then primes viral DNA synthesis (Heyraud-Nitschke et al., 1995). Rep has joining 

activity, acting as the terminase which resolves the RCR product into genome-size 

ssDNA units (Laufs et al., 1995b) and replicative helicase activity which is dependent 

on the multiplicity (~24 mer) of the protein (Choudhury et al., 2006). 
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 For the virus to achieve DNA replication in differentiated plant cells, Rep 

induces the plant DNA replication machinery (Egelkrout et al., 2002; Kong et al., 

2000). The protein interacts with retinoblastoma related proteins (RBR) through a 

region of 80 amino acids containing two predicted α-helices (Figure 1.8). RBR is a 

cell-cycle regulator that prevents cell entry into S phase by sequestering transcription 

factors (Arguello-Astorga et al., 2004; Collin et al., 1996). Rep interferes with the 

expression of host genes via the pRBR/E2F pathway and up-regulates gene 

expression in mature leaves by releasing RBR/E2F repression. This leads to the 

production of the DNA replication machinery of the host required for virus replication 

(Castillo et al., 2003; Zhang and Dean, 2001). Additionally, Rep binds the host factors 

histone H3, a kinesin involved in mitosis, a novel protein kinase (GRIK; Kong and 

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

2004). For optimal activity Rep interacts with the virus-encoded REn protein (Settlage 

et al., 1996; Settlage et al., 2005).  

   

 

Figure 1.8 Schematic representation of the functional domains of the replication-associated 

protein. Shown are the positions of sequences involved in specificity for DNA b inding (SPD;  

Argüello-Astorga and Ruiz-Medrano, 2001), DNA binding, DNA cleavage and oligomerisation 

(Interaction; Orozco et al., 1997). The red boxes (I-III) mark the positions of the three motifs conserved 

between all replication init iator proteins which includes, for motif III, the nicking tyrosine (Ilyina and 

Koonin, 1992). The blue box indicates sequences involved in ATP binding (the Walker A and B 

motifs; Walker et al., 1982) which includes the phosphate-binding loop (P-loop; the Walker A motif;  

Orozco et al., 1997; Vadivukarasi et al., 2007). Additionally the positions of four α-helices are shown 

which likely p lay a part in the interaction with DNA (Orozco et  al., 1997). Approximate amino acid  

coordinates are indicated. The figure is a modified version of a figure in Fondong (2013). 

 Most recently Rodriguez-Negrete et al. (2013), working with a range of 

begomoviruses, have shown Rep to suppress transcriptional gene silencing (TGS) and 

to interfere with the plant DNA methylation processes. Both TGS and DNA 
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methylation are part of the RNA silencing system and are important components of 

the antiviral mechanism in plants (Ding, 2010; Llave, 2010; Ruiz-Ferrer and Voinnet, 

2009). RNA silencing will be described in more detail in Chapter 4. 

1.5.2 Transcriptional activator protein/C2 protein 

 The transcriptional activator protein (TrAP)/C2 protein is an approx. 134 aa 

(~15 kDa) protein encoded by curto-, topocu- and begomo-viruses (Dong et al., 

2003). The gene encoding the protein is transcribed using a promoter situated within 

the Rep gene (Shivaprasad et al., 2005). The TrAP protein is so named due to its 

ability to transactivate (up-regulate) the virion-sense promoter so as to activate the 

late genes (encoding V2, CP and for bipartite begomoviruses, NSP). However, some 

homologs of TrAP, such as that encoded by the curtovirus BCTV (Hormuzdi and 

Bisaro, 1995), do not transactivate and are thus known as C2 proteins. Interestingly 

the TrAP protein of Cotton leaf curl Multan virus (CLCuMuV; a monopartite 

begomovirus) has transactivation activity (the protein transactivates the virion-sense 

promoter of another begomovirus) but does not transactivate its own virion-sense 

promoter (Amrao, 2010). This likely indicates that the virion-sense promoter of 

CLCuMuV lost the ability to be activated by TrAP. Additonally, a close relative of 

CLCuMuV, Cotton leaf curl Burewala virus (CLCuBuV), encodes only a fragmentary 

TrAP gene (with the potential to encode 35 aa; Akbar et al., 2012; Amrao et al., 2010; 

Briddon et al., 2014; Rajagopalan et al., 2012; Zaffalon et al., 2011). This is the only 

geminivirus shown to occur over a large area that does not encode the full 

complement of genes usually associated with them. 

 The TrAP protein has three major domains; a nuclear localization signal 

(NLS) is present at the N-terminus, a zinc finger (ZF) domain (with cystein and 

histidine residues) is present in the middle and an acidic activation domain is present 

at the C-terminus (Figure 1.9; Dong et al., 2003; Fondong, 2013; Hartitz et al., 1999; 

Shivaprasad et al., 2005; van Wezel et al., 2003). 

 TrAP/C2 is involved in transactivation of the virion-sense transcription unit, 

including that of the DNA B for bipartite begomoviruses, in a virus non-specific 

manner (Dry et al., 2000; Gopal et al., 2007; Hanley-Bowdoin et al., 1999; Sunter et 

al., 1994). The acidic and the zinc-finger domains are responsible for transactivation 

(Figure1.9; Hartitz et al., 1999). TrAP binds non-specifically to ssDNA and only 

weakly to dsDNA (Noris et al., 1996) but interacts with the elements of the host 
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cellular machinery that are necessary for transcriptional activation (Hartitz et al., 

1999; Lacatus and Sunter, 2009). The TrAP protein is also involved in transactivation 

of host gene expression and modulates host miRNA expression, which are important 

modulators of plant gene expression (see introduction to Chapter 4; Amin et al., 

2011b; Bartel, 2004; Carmo et al., 2013; Lozano-Duran et al., 2012; Soitamo et al., 

2012; Trinks et al., 2005). In contrast, the C2 encoded by the curtovirus BCTV has no 

transcription activation activity (Hormuzdi and Bisaro, 1995) and the protein 

functions in promoting the replication of geminiviruses (Caracuel et al., 2012; 

Chandran et al., 2014). To be able to influence either viral or host transcription it is 

necessary that the TrAP/C2 protein accumulates in the nucleus (Trinks et al., 2005). 

The TrAP of the monopartite begomovirus Bhendi yellow vein mosaic virus 

(BYVMV) interacts with karyopherin α, and is transported to the nucleoplasm 

(Chandran et al., 2012). Mastreviruses lack a TrAP and transactivation of the virion-

sense transcription unit appears to be instead managed by Rep (Hofer et al., 1992).  

  

 

 
 

Figure 1.9 Schematic representation of the functional domains of the transcriptional activator 

protein. Shown is the position of a nuclear localization signal (NLS), which  is found with in a basic 

domain  (BD; Van  Wezel et  al., 2001). The middle port ion contains a zinc finger mot if (ZF; Van Wezel 

et al., 2003) and ssDNA binding domain  (Noris et al., 1996). The C-terminal end contains an acidic 

domain (AD) which, in part, consists of the transcriptional activation (TA) domain (Hart itz et al., 

1999). The curtovirus C2 proteins lack the acidic domain. Approximate amino acid coordinates are 

indicated. The figure is a modified version of a figure in Fondong (2013). 

 

 

 The TrAP/C2 protein is a determinant of pathogenicity (Amin et al., 2011b; 

Chandran et al., 2014; Hong et al., 1996), a suppressor of both post-transcriptional 

(PTGS) and transcriptional gene silencing (TGS; part of the RNA silencing system; 

Amin et al., 2011a; Bisaro, 2006; Buchmann et al., 2009; Hohn and Vazquez, 2011; 
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Iqbal et al., 2012; Trinks et al., 2005; Van Wezel et al., 2002; Vanitharani et al., 2004; 

Voinnet et al., 1999) and counters a hypersensitivity response (HR) induced by other 

virus-encoded proteins (Hussain et al., 2007). The ZF and NLS domains have been 

shown to be involved in countering a HR induced by NSP and V2 protein (Hussain et 

al., 2007; Mubin et al., 2010). Over expression of TrAP/C2 in plants causes toxicity 

and cell death (Amin et al., 2011b; Rajeswaran et al., 2007). TrAP/C2 alters several 

host protein levels that are part of the photosynthesis pathway and hence cause an 

imbalance in cellular homeostasis and normal growth (Carmo et al., 2013). TrAP/C2 

also inactivates a universal metabolism regulator (SNF1 kinase) responsible for 

maintaining cellular energy balance (Hao et al., 2003). 

1.5.3 Replication enhancer protein 

 The replication-enhancer protein (REn) is a ~16 kDa protein that is encoded 

by most dicot- infecting geminiviruses. The protein consists of ~132 aa and is not 

essential but up-regulates viral DNA replication up to 50 fold by interacting with Rep 

and thus is necessary for efficient symptom development (Castillo et al., 2003; 

Settlage et al., 1996; Sunter et al., 2001). REn is localized in the nucleus and in 

infected plant cells the level of REn was similar to the level of Rep, suggesting that 

REn might have a role in initiating replication of viral DNA with Rep by possibly 

increasing the affinity of Rep binding to the origin (Mohr et al., 1990). 

 As well as interacting with Rep, REn homo-oligomerizes to interact with the 

host-encoded proteins proliferating cell nuclear antigen (PCNA; a processivity factor 

for DNA polymerase δ) and RBR (Castillo et al., 2003; Settlage et al., 2005). Yeast 

two-hybrid assays with REn encoded by TYLCV showed that a core region of REn is 

important for oligomerization; mutation in this region abolished interaction with Rep 

and PCNA but did not affect the interaction with RBR (Settlage et al., 2001). N- and 

C-terminal residues have been shown to be involved in REn-RBR interaction (Figure 

1.10). Thus for replication of geminiviruses, self- interaction of REn and its interaction 

with Rep and PCNA are very important while the REn-RBR interactions may be 

required in infection of differentiated cells (Settlage et al., 2005). REn also interacts 

with a NAC family transcription factor to enhance replication (Selth et al., 2005). 

Furthermore REn appears to have no suppression of RNA silencing activity but does 

appear to modulate microRNA (miRNA) levels (Amin et al., 2011a; Settlage et al., 

2005).  
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 The mastreviruses do not encode REn, the function of which instead appears 

to be performed by Rep A (Laufs et al., 1995a; Orozco and Hanley-Bowdoin, 1996). 

Recently it has been shown that the MSV encoded RepA protein is required for the 

production of ssDNA and also necessary for efficient rolling circle replication 

(Ruschhaupt et al., 2013).  

 

 
 

Figure 1.10 Schematic representation of the functional domains of the replication enhancer 

protein. Shown are the positions of sequences involved in interaction with RBR, interaction with 

proliferating cell nuclear antigen (PCNA), interaction with Rep and sequences involved in 

oligomerization (Settlage et al., 1996, 2005). Approximate amino acid  coordinates are indicated. The 

figure is a modified version of a figure in Fondong (2013).      

 

1.5.4 A (C4) protein 

 For most viruses in the genera Begomovirus, Curtovirus and Turncutovirus the 

C4 gene is present completely within the Rep gene sequence but in a different reading 

frame. Although Rep is conserved among geminiviruses, the C4 is the least conserved 

gene encoded by geminiviruses (Hanley-Bowdoin et al., 1999).  

 For the AC4 encoded by the bipartite begomoviruses the precise function 

remains unclear. Mutation of this gene has no apparent effects on virus infection (Bull 

et al., 2007; Etessami et al., 1991; Hoogstraten et al., 1996; Pooma and Petty, 1996; 

Sung and Coutts, 1995). For curtoviruses and monopartite begomoviruses the C4 is 

similarly not essential for infectivity but infections of plants with mutant viruses 

induced lessened symptoms and sometimes lower viral DNA levels and infectivity, in 

comparison to the wild type virus (Iqbal et al., 2012; Jupin et al., 1994; Rigden et al., 

1994; Stanley and Latham, 1992; Teng et al., 2010). Expression of the (A)C4 genes of 

a range of bipartite and monopartite begomoviruses from a PVX vector in N. 

benthamiana did not result in severe symptoms although for two viruses, TYLCV and 
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CbLCuV, there was the suggestion that expression affected plant development (cell 

division) with the TYLCV C4 inducing elongated stems and petioles and CbLCuV 

AC4 inducing blisters on leaves (Amin et al., 2011b). For curtoviruses however, the 

C4 was shown to be an important symptom determinant (Mills-Lujan and Deom, 

2010; Stanley and Latham, 1992; Stanley et al., 1986). Transgenic expression of the 

C4 gene of BCTV induced ectopic cell division resulting in tumours, symptoms 

typical of BCTV infection (Lai et al., 2009; Latham et al., 1997; Piroux et al., 2007). 

The BCTV C4 protein has been shown to interact with RKP, a protein involved in 

cell-cycle, and induces the expression of the transcription factors ATHB7 and 

ATHB12, which are involved in controlling developmentally important pathways (Lai 

et al., 2009; Park et al., 2011). The (A)C4 protein also plays a part in overcoming 

RNA silencing based host defense. This will be dealt with in the introduction to 

Chapter 4.  

1.5.5 A(V2) protein of begomoviruses 

 The (A)V2 gene is located on the virion-sense strand of OW begomoviruses 

overlapping the CP gene, but is not encoded by NW begomoviruses (Figure 1.7). 

However, two OW begomoviruses, Corchorus golden mosaic virus (Ghosh et al., 

2012; Ha et al., 2008) and Corchorus yellow vein virus (Ha et al., 2006), have been 

identified that lack the V2 gene. 

 The (A)V2 gene product is a small protein of ~112 aa that is involved in 

pathogenicity and virus movement (for a description of the involvement of V2 in 

virus movement see section 1.9; Iqbal et al., 2012; Padidam et al., 1996; Priyadarshini 

et al., 2011). The protein accumulates around the nucleus and co- localizes with the 

endoplasmic reticulum (Chowda-Reddy et al., 2008; Sharma et al., 2011). The (A)V2 

protein is a pathogenicity determinant and affects viral DNA accumulation. Viruses 

bearing mutations in (A)V2 gene either produced no symptoms or mild symptoms and 

infections had a low viral DNA titer (Bull et al., 2007; Iqbal et al., 2012; Padidam et 

al., 1996; Rigden et al., 1993; Selth et al., 2004). Expression of (A)V2 genes from a 

PVX vector in N. benthamiana induced severe symptoms (more severe for 

monopartite viruses) that included chlorosis, leaf curling and necrosis (Amin et al., 

2011b; Mubin et al., 2010). The (A)V2 protein is also involved in overcoming RNA 

silencing based host defence. This aspect will be dealt with in the introduction to 

Chapter 4.  
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1.5.6  Curtovirus V2 and V3 proteins  

 The V2 protein encoded by curtoviruses has a function that is distinct from all 

the other geminivirus-encoded proteins. For BCTV it has been shown that this protein 

controls the accumulation of ssDNA (Hormuzdi and Bisaro, 1993; Stanley et al., 

1992). This suggests that the V2 protein ensures that ssDNA is available for systemic 

movement and encapsidation in the late phase of the infection cycle (Stanley, 2008). 

 The V3 gene is located on the virion-sense strand of curtoviruses and 

becurtoviruses but not present in other geminiviruses. For the curtovirus BCTV the 

V3 protein is believed to be involved in movement of the virus. A V3 mutant induced 

sporadic asymptomatic infections of plants which contained reduced amounts of viral 

DNA, suggesting involvement of the V3 protein in virus movement (Frischmuth et 

al., 1993; Hormuzdi and Bisaro, 1993). These findings suggest that the curtovirus V3 

may be the functional homolog of the mastrevirus MP and begomovirus (A)V2. 

1.5.7 Coat protein 

 The CP gene is present on the virion-sense of all geminiviruses. It is the sole 

structural protein encoded by geminiviruses and forms the twinned capsid structures 

that are characteristic of geminiviruses. Hatta and Francki (1979) were the first to 

propose a structure for geminate capsids, based on electron microscopy micrographs 

of the mastrevirus Chloris striate mosaic virus. This work suggested that a geminate 

particle is constructed from 22 capsomeres and is made-up of two incomplete T = 1 

icosahedra. Later work showed each particle to contain a single molecule of ssDNA 

(Francki et al., 1980). These early studies have been very much supported by more 

recent studies showing geminate particles to be made-up of two joined incomplete T = 

1 icosahedra, 110 CP units arranged as 22 pentameric capsomeres and encapsidate a 

single molecule of ssDNA (Figure 1.2; Bottcher et al., 2004; Zhang et al., 2001b). 

 The CP of bipartite begomoviruses is not essential for infectivity, although 

viruses with a mutated CP gene have a longer latent period (time between inoculation 

and first symptoms) and may have attenuated symptoms with reduced viral DNA 

levels, particularly of the ssDNA form (Brough et al., 1988; Etessami et al., 1989; 

Gafni and Epel, 2002; Padidam et al., 1995, 1996; Pooma and Petty, 1996; Qin et al., 

1998; Sudarshana et al., 1998).  For all monopartite geminiviruses the CP is essential 

for infectivity and mutation of the CP gene does not affect virus replication (Boulton 

et al., 1991; Briddon et al., 1989; Iqbal et al., 2012; Priyadarshini et al., 2011; Rigden 
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et al., 1993). Together these findings implicate the CP in virus movement, particularly 

in long distance spread which occurs through the phloem, which can be 

complemented by the genes encoded by DNA B for bipartite begomoviruses (see 

section 1.9).  

 The CP binds DNA in a sequence non-specific and cooperative manner. The 

CP of MSV was shown to bind equally well with both ssDNA and dsDNA (Liu et al., 

1997a) whereas that of TYLCV bound much more readily with ssDNA 

(Palanichelvam et al., 1998). For MSV the sequences of the CP mediating DNA 

binding were mapped to the N-terminal 104 amino acids. 

 The CP localises to the nucleus and nucleolus (Rojas et al., 2001). Nuclear 

localisation signals (NLSs) have been identified at the N- and C-terminal ends, as well 

as in the central region (Figure 1.11; Unseld et al., 2001). For the bipartite 

begomovirus MYMV the CP has been shown to interact with importin α, a 

component of the complex that targets the nuclear pore (Guerra-Peraza et al., 2005), 

whereas for the monopartite begomovirus TYLCV the CP has been shown to interact 

with karyopherin α via the N-terminal NLS (Kunik et al., 1999) to facilitate 

nucleocytoplasmic trafficking. Import and export from the nucleus is dependent on 

ssDNA binding to the CP (Pitaksutheepong et al., 2007). Ward and Lazarowitz (1999) 

mapped a leucine-rich nuclear export signal (NES) of the CP that mediates movement 

from the nucleus to the cytoplasm. These findings suggest that the CP moves viral 

DNA between the nucleus and the cytoplasm (Kunik et al., 1998; Liu et al., 1999; Liu 

et al., 2001b; Rojas et al., 2001). CP also interacts with the V2 protein, likely to 

facilitate intercellular spread (Priyadarshini et al., 2011). Additionally the CP of 

Bhendi yellow vein mosaic virus was shown to interact with the βC1 protein encoded 

by its associated betasatellite (Kumar et al., 2006) which itself may be involved in 

virus movement (Saeed et al., 2007).  

 The CP determines vector specificity for geminiviruses. African cassava 

mosaic virus (ACMV) is a whitefly transmitted virus but when its CP gene was 

replaced by the CP of BCTV (a leafhopper transmitted virus) the chimera was 

transmissible by the leafhopper vector of BCTV (Briddon et al., 1990). Mutants of 

BGMV DNA A component harbouring mutations at CP were infectious to plants in 

the presence of DNA B but were not transmissible by whiteflies (Azzam et al., 1994). 

For efficient transmission of virus by insect vectors the CP interacts with GroEL 

proteins, via the N-terminal NLS, produced by endosymbiotic bacteria, that bind with 
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virions in the insect vector protecting them from degradation (Morin et al., 2000; 

Rana et al., 2012; Yaakov et al., 2011). Sequences required for insect transmission 

have been identified in the central part of the CP (Höhnle et al., 2001; Kheyr-Pour et 

al., 2000; Liu et al., 2001b; Noris et al., 1998; Unseld et al., 2001). These sequences 

also have a role in the multimerization of the CP for the assembly of virions (Hallan 

and Gafni, 2001; Noris et al., 1998; Zhang et al., 2001b). 

 

 

  
Figure 1.11 Schematic representation of the functional domains of the coat protein. Shown are the 

positions of sequences involved in nuclear localizat ion (NLS), nuclear export (NES), insect 

transmission (WT) and DNA b inding (Höhnle et al., 2001; Pitaksutheepong et al., 2007;  Sharma and 

Ikegami, 2009). Approximate amino acid  coordinates are indicated. The figure is a modified version of 

a figure in Fondong (2013).    

 

 

1.5.8  Nuclear shuttle protein 

 The nuclear shuttle protein (NSP) is encoded on the virion sense strand of 

DNA B component of the bipartite begomoviruses (Figure 1.7) and its synthesis is 

controlled by TrAP at the transcriptional level (Sunter and Bisaro, 1992). Mutation of 

the NSP gene abolishes infectivity but has no effect on virus replication (Brough et 

al., 1988; Etessami et al., 1988). 

 NSP is a sequence non-specific DNA binding protein which interacts with 

both ssDNA and dsDNA in the size range between 2 and 9 kb with a preference for 

the open-circular form and plays a part in the export of viral DNA from the nucleus 

(Hehnle et al., 2004; Noueiry et al., 1994; Pascal et al., 1994; Rojas et al., 1998). NSP 

is localized in the nucleus but accumulates at the cell periphery upon co-expression 

with MP (Zhang et al., 2001a). The protein contains two possible NLSs; mutation of 

either reduced or abolished virus infectivity (Hussain et al., 2007). Sanderfoot et al. 

(1996) showed that C-terminal sequences of NSP interact with MP (Figure 1.12). 
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 Expression of NSP from a PVX vector in plants induced leaf curling 

symptoms and a hypersensitive response, suggesting that NSP is in some cases an 

avirulence determinant and a target for a host defense response (Hussain et al., 2005, 

2007). Sequences of NSP responsible for inducing HR were mapped to the N-

terminus (Figure 1.12). NSP interacts with various host factors that include an 

acetyltransferase (McGarry et al., 2003), a receptor-like protein kinase (Mariano et al., 

2004) and histone H3 (Zhou et al., 2011). Additionally NSP contains a number of 

phosphorylation sites and a kinase enzyme is involved in phosphorylation of NSP and 

likely modulates protein function (Kleinow et al., 2008; Mariano et al., 2004). 

 

 

 
    
Figure 1.12 Schematic representation of the functional domains of the nuclear shuttle protein. 

Shown are the positions of sequences involved in  nuclear localization (NLS), sequences predicted to 

induce hypersensitive response (HR; Hussain et al., 2005). The C-terminus contains sequences required 

for interaction with  movement protein (MP), nuclear export (NES) and the Arabidopsis NSP interactor 

(AtNSI; Carvalho and Lazarowitz, 2004). Approximate amino acid coordinates are indicated. The 

figure is a modified version of a figure in Fondong (2013).    

 

1.5.9  Movement protein 

1.5.9.1 Movement protein of bipartite begomoviruses 

 Movement protein (MP) is encoded on the complementary-sense strand of the 

DNA B component of bipartite begomoviruses (Figure 1.7) and acts with NSP to 

mediate intra- and intercellular movement (see section 1.9). Although the MPs of 

some begomoviruses appear not to bind DNA (Hehnle et al., 2004; Pascal et al., 

1994), the MPs of other viruses do, with a preference for open circular dsDNA (Rojas 

et al., 1998) or ssDNA (Radhakrishnan et al., 2008) and size range of >4-12 kb (Rojas 

et al., 1998). The MP appears to be a key pathogenicity determinant of NW bipartite 

begomoviruses (Duan et al., 1997; Pascal et al., 1993) and viruses harbouring 

23 
 



Introduction and review of literature                                                                                  Chapter 1 

mutations of MP were not infectious to plants (Brough et al., 1988; Etessami et al., 

1988). MP localizes to the cytoplasmic side of the plasma membrane and to 

plasmodesmata (Kleinow et al., 2009b; Radhakrishnan et al., 2008; Zhang et al., 

2002) and microinjection studies suggest that MP increases the size exclusion limits 

of plasmodesmata (Noueiry et al., 1994). 

 Zhang et al. (2002), by deletion mutagenesis and GFP-tagging, identified two 

domains of MP involved in sub-cellular targeting; the pilot domain at the N-terminal  

end involved in directing the protein either to the cell periphery or to the nuclear 

periphery and a central anchor domain required to fix the sub-cellular position of the 

protein (Figure 1.13). The C-terminal region of MP is involved in the formation of 

MP-NSP-DNA complexes (Frischmuth et al., 2007; Sanderfoot and Lazarowitz, 1995; 

Zhang et al., 2002). The C-terminal sequences were also shown to be involved in MP-

MP interaction (oligomerization; Frischmuth et al., 2004). The interaction of MP with 

NSP was shown to change the subcellular targetting of MP from the nucleus towards 

the periphery of the cell (Frischmuth et al., 2007; Sanderfoot and Lazarowitz, 1995). 

  As well as interacting with NSP, MP interacts with several host factors. Lewis 

and Lazarowitz (2010) showed the MP of Cabbage leaf curl virus (CabLCuV) MP to 

interact with synaptotagmin, a regulator of endocytosis that likely directs the MP onto 

early endosomes for transport to plasmodesmata. Krenz et al. (2010) showed the 

AbMV-encoded MP to interact with the chaperone heat shock cognate 70 kDa protein 

(cpHSC70-1), suggesting that cpHSC70-1-containing stromules and plastids 

participate in bipartite begomovirus movement.  

 The C-terminal end of the AbMV MP was shown to contain three 

phosphorylation sites (Kleinow et al., 2009a). Mutation of these sites resulted in 

viruses that were infectious but with significantly altered viral DNA accumulation and 

symptoms. This indicates that phosphorylation significantly alters MP function.   

 1.5.9.2 Movement protein of mastreviruses 

 The product of the V2 gene of mastreviruses is known as the MP because of 

its involvement in virus movement. The protein does not bind viral DNA. In extracts 

of MSV-infected plants MP-CP complexes were identified which suggests MP diverts 

CP-DNA complexes from the nucleus to the periphery of the cell (Liu et al., 2001a). 

In another study it has been shown that substitution of a highly conserved amino acid 

of MSV CP abolished systemic infection but the mutant had the ability of replication 
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at the site of inoculation and was interacting with MP in vitro (Liu et al., 2001b). 

Dickinson et al. (1996) showed a close association between MSV MP and secondary 

plasmodesmata by immunogold labelling and electron microscopy. 

 

 
 
Figure 1.13 Schematic representation of the functional domains of the movement protein. Shown 

are the pilot and anchor domains that are required  for localization of the protein to the cell periphery 

(Zhang et al., 2002). The C-terminus contains sequences required for interaction with the nuclear 

shuttle protein (NSP; Sanderfoot and Lazarowitz, 1995) and oligomerizat ion (Frischmuth et al., 2004). 

Approximate amino acid coordinates are indicated.  The figure is a modified version of a figure in  

Fondong (2013).   

 

 

1.6 DNA replication of geminiviruses 

 The rolling-circle replication of geminiviruses takes place in three steps 

(Figure 1.14). After inoculation of the virus into the host cells, the virus is moved to 

the nucleus where the ssDNA genome (virion-sense) is changed into covalently 

closed circular (ccc) replicative dsDNA form by the action of cellular (host-encoded) 

enzymes. An RNA primer is synthesized on the ssDNA by a host DNA primase 

enzyme and the ssDNA is converted into dsDNA by the synthesis of the 

complementary-sense using host DNA polymerases (Gutierrez, 1999). Recently, 

Gover et al. (2014) have shown that for the begomovirus TYLCV only the IR is 

required for the synthesis of the second strand.  For mastreviruses the primer for 

conversion of ssDNA into dsDNA is attached within the SIR of encapsidated 

genomes and is approx. 80 deoxyribonucleotides with a ribonucleotide 5’ end 

(Donson et al., 1984; Hayes et al., 1988). This ccc-dsDNA is used as a template for 

replication and transcription. To initiate RCR Rep binds to repeated elements 

(referred to as iterons) present in the IR near the hairpin- loop structure and makes a 

sequence-specific nick within the nonanucleotide sequence (TAATATT↓AC) by 
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hydrolyzing the phosphodiester bond between the seventh and eighth residues of the 

invariant monomer (Laufs et al., 1995b; Stanley, 1995). Rep binds via tyrosine 

residue (Motif III; Figure 1.8) to the 5′ end of the nicked DNA while the 3′ end acts as 

a primer for synthesis of new virion-sense DNA (Heyraud-Nitschke et al., 1995). The 

nicking-joining activity of Rep releases new unit length virion-sense ssDNA 

molecules which may continue in the RCR cycle by acting as a template for 

complementary-strand synthesis, may become encapsidated in CP for insect 

transmission or may be moved locally cell- to-cell and long-distance in the phloem by 

the action of virus and host encoded factors. 

 In addition to RCR, geminiviruses also use recombination-dependent 

replication (RDR; Alberter et al., 2005; Jeske et al., 2001; Preiss and Jeske, 2003). 

The RDR pathway of geminiviruses is analogous to the RDR of T4 bacteriophage 

(Kreuzer, 2000) and is also called the “join-copy” (Jeske et al., 2001), “break- induced 

replication” (George and Kreuzer, 1996) and “bubble-migration synthesis” (Formosa 

and Alberts, 1986) pathway. For this type of replication, topoisomerase activity is not 

required and no separation of the parental strands is needed (Kreuzer, 2000). The 

precise mechanism of RDR remains unclear (Kreuzer, 2000). The RDR model 

proposed for the replication of geminiviruses and their satellites consists of three steps 

(Jeske et al., 2001; Kreuzer, 2000). In the first step the damaged dsDNA is processed 

to produce a single-stranded 3′ end that is required for DNA strand invasion. The 

single-stranded 3′ end is then used to make a displacement loop (D-loop) arrangement 

by the invasion of a homologous duplex. This permits the invading ssDNA to act as a 

primer for replication. Finally the heteroduplex DNA is extended (branch migration). 

Branch migration is conducted by proteins and takes place at the back of the loop as a 

DNA polymerase lengthens the leading strand at the front of the loop. Since both 

reactions take place at a comparable rate, the size of the loop remains the same. 

 

1.7 Plant-to-plant transmission of geminiviruses 

 Insect transmission of viruses has been classified into three types depending 

upon the length of time the virus is in contact with the insect; non-persistent, semi 

persistent, and persistent. Another classification system divides viruses into those that 

are stylet-borne (non-persistent), foregut-borne (semi-persistent), and those that 

circulate in the insect’s body (circulative; persistent). Circulative viruses may also be 
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divided into those that are propagative (that undergo replication in the insect) and 

those that are non-propagative (Gray and Banerjee, 1999; Hogenhout et al., 2008). 

Most plant viruses are transmitted by vectors in a non-circulative manner. 

 Geminiviruses are transmitted by arthropod vectors by a circulative, non-

propagative mechanism (Harrison, 1985). Virus is ingested by insect vectors in plant 

sap when feeding on infected plant tissues. In the insect gut the virus passes across the 

gut wall into the haemocoel (the vascular system of the insect). In the hemolymph 

(the blood of the insect), which bathes all insect tissues, the virus circulates 

throughout the body of the insect. At the salivary glands the virus passes from the 

hemolymph into the saliva from where it may be returned to a plant in the saliva, 

when the insect next feeds (Briddon et al., 1990; Hohn, 2007). It seems likely that for 

shuttling of geminiviruses from the digestive system into the haemocoel and from the 

haemocoel into the salivary glands is receptor mediated, as is the case for luteoviruses 

(Gray and Gildow, 2003; van den Heuvel et al., 1999), and that the specificity for 

interaction is determined by the CP. 

 The geminiviruses show insect vector specificity and this feature is, at least in 

part, the basis for the separation of geminiviruses into the described genera. 

Geminiviruses have only one structural protein, the CP, and it is this that interacts 

with the insect, in the form of the geminate particle (Figure 1.2), and determines 

vector specificity. Mutation of the CP of Bean golden mosaic virus (a bipartite 

begomovirus) abolished transmission by B. tabaci (Azzam et al., 1994). When the CP 

gene of ACMV (another bipartite begomovirus) was replaced with the CP gene of the 

leafhopper transmitted BCTV, the resultant chimeric virus was transmitted by the 

BCTV leafhopper vector (Briddon et al., 1990). Similarly, when the CP gene of a 

vector non-transmissible isolate of AbMV (a bipartite begomovirus) was replaced 

with the CP gene of a transmissible isolate of Sida golden mosaic virus, the chimeric 

virus was transmissible by B. tabaci (Höfer et al., 1997). For the monopartite 

begomovirus Tomato yellow leaf curl Sardinia virus (TYLCSV) mutagenesis studies 

have identified specific amino acids in the CP which, when mutated, abolish the 

capability of the virus to be vectored by B. tabaci but not the ability to be acquired by 

the insect and thus may represent amino acids that interact with the vector for 

movement of the virus from the hemolymph into the salivary glands (Noris et al., 

1998). 
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Figure 1.14  Rolling-circle replication of geminivirus DNA. Once the virion DNA has been delivered 

to the nucleus a host derived primer in itiates synthesis of the complementary-strand, converting the 

single-stranded virion DNA into a double stranded intermediate which acts as a transcriptionally active 

mini-chromosome. The rep licat ion associated protein (Rep) then binds to iterons, produces a site 

specific nick in the origin of replication and becomes covalently linked to the 5’ end of the nicked  

DNA via a tyrosine residue. The 3’OH end acts as a primer for synthesis of new virion-sense DNA by 

host-encoded factors, using the complementary-sense as a template. The nicking-joining act ivity of 

Rep releases unit length virion-sense ssDNA molecules. The newly synthesised ssDNA either 

continues in the replication cycle (acting as a template for complementary-strand synthesis), is moved 

from cell-to-cell (possibly as virions) or is packaged by the coat protein (CP) fo r onward transmission 

by insect vectors. Reproduced from Briddon and Stanley (2008). Note – the example in the diagram is 

for a b ipartite begomovirus. 

 

 Other factors also play a part in the insect transmission of geminiviruses. An 

insect endosymbiotic bacterium produces a protein known as GroEL, which binds 

geminiviruses and is believed to stabilise (protect) the virus in the insect circulatory 

system (Banerjee et al., 2004; Morin et al., 2000). Although insects lacking the 

endosymbionts are still able to transmit virus, they do so at a greatly reduced 

efficiency.  

 For a non-transmissible isolate of ACMV it was shown, by producing 

chimeric viruses containing sequence from a transmissible isolate, that mutations had 
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occurred within the CP and the MP genes and that both mutations contributed to the 

lack of transmission (Liu et al., 1997b, 1998). What this study demonstrated is that 

not only is the CP required for insect transmission, the movement functions of the 

virus must place the virus in the correct tissues in the plant for the insect to be able to 

acquire the virus. 

 For a small number of geminiviruses, particularly begomoviruses, 

transmission by vegetative means is also important. For variegated honeysuckle 

(which is infected by Honeysuckle yellow vein virus [HYVV]; a monopartite 

betasatellite-associated begomovirus) and variegated Abutilon spp. (which is infected 

by Abutilon mosaic virus [AbMV]; a bipartite NW begomovirus) the symptoms 

(yellow mosaics) induced by the virus are considered desirable by gardeners and the 

only way to maintain the symptoms is to grow cuttings from infected (symptomatic) 

plants (Lee et al., 2011; Wege et al., 2000) since geminiviruses are not seed 

transmissible. Vegetative transmission is also an important mechanism of 

transmission of cassava mosaic disease (caused by various bipartite begomoviruses 

across Africa and southern Asia) and various monopartite begomoviruses that infect 

sweet potato (Fauquet and Fargette, 1990; Lotrakul et al., 1998; Monde et al., 2012). 

1.8 Intra- and intercellular movement of geminiviruses 

 Plant cells are separated from each other by cell walls. To enable intercellular 

communication the cytoplasm of the neighbouring cells are interconnected by 

membrane-lined channels known as plasmodesmata (PD). Plasmodesmata act as 

gatekeepers of the cell and have important roles in regulation of developmental 

processes in plants, maintenance of physiological status and act in response to 

pathogens (Zambryski and Crawford, 2000). Both low-molecular weight molecules 

(growth regulators and essential nutrients for growth) and macromolecules are 

transported via of PD (Lucas, 2006). Cell-to-cell movement of geminiviruses occurs 

via plasmodesmata and systemically the viruses are moved through the vascular 

system, specifically the phloem, to infect the whole plant (Gafni and Epel, 2002; 

Gilbertson et al., 2003).  

 For bipartite begomoviruses both components, DNAs A and B, are essential 

for infectivity of plants (Hamilton et al., 1983; Stanley, 1983), although some unusual 

bipartite begomoviruses have DNA A components that are infectious in plants in the 

absence of the DNA B component (Rochester et al., 1990; Saunders et al., 2002b). 
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The DNA B component encodes two products (MP and NSP) that coordinate in 

movement of the viral DNA. There are two models put forwarded to describe the in 

planta movement of bipartite begomoviruses. The first model, the “relay-race model”, 

suggests that intracellular movement (transport between nucleus and cytoplasm) of 

viral DNA is mediated by NSP, which in the cytoplasm hands the viral DNA to MP 

for transport to the neighbouring cell via plasmodesmata (Noueiry et al., 1994; Rojas 

et al., 1998). The second proposed model, the “couple-skating model”, suggests that 

NSP mediates intracellular movement of viral DNA and then MP in the cytoplasm 

transports the NSP-viral DNA complex from cell-to-cell via plasmodesmata (Hehnle 

et al., 2004; Sanderfoot and Lazarowitz, 1995; Ward et al., 1997).    

 For monopartite begomoviruses the mechanism of movement within plants is 

much less clear. The V2 protein localizes around the nucleus and at the cell periphery, 

co-localizing with the endoplasmic reticulum, whereas C4 localizes at the cell 

periphery. Together the localization of these two proteins very much mirrors the 

behaviour of the bipartite begomovirus MP (Rojas et al., 2001). The present 

hypothesis thus suggests that the V2 and C4 proteins together are the functional 

analog of the MP and the nuclear shuttle function is fulfilled by the CP, which has 

DNA binding and nuclear shuttle properties (Pitaksutheepong et al., 2007; Sanderfoot 

and Lazarowitz, 1995). Generally monopartite begomoviruses are phloem limited 

whereas bipartite can move into tissues beyond the phloem (Rojas et al., 2001). This 

suggests that it is the DNAB encoded products that permit this wider tissue invasion 

of bipartite begomoviruses and has the effect that many bipartite begomoviruses are 

mechanically infectious to plants (being able to spread from epidermal cells) whereas 

monopartite begomoviruses (and other geminiviruses) are not (Wege and Pohl, 2007). 

 The evidence for the in planta movement of mastreviruses very much mirrors 

that of monopartite begomoviruses. The suggestion is that the CP acts as the nuclear 

shuttle to move viral DNA out of the nucleus and the MP diverts CP-DNA complexes 

to the cell periphery (Liu et al., 2001a). 

 The nature of the viral DNA that moves in plants, whether as a nucleoprotein 

complex with the CP, or as virions, remains unclear. For monopartite viruses, 

specifically mastreviruses (Liu et al., 2001a) or monopartite begomoviruses (Noris et 

al., 1998), the evidence suggests that the movement is as virions, since viruses with 

mutations that prevent virion formation can replicate in inoculated tissues but do not 

spread further.  For bipartite begomoviruses virion formation clearly is not essential, 
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since viruses lacking the CP remain infectious (Brough et al., 1988; Etessami et al., 

1989; Gafni and Epel, 2002; Padidam et al., 1995, 1996; Pooma and Petty, 1996; Qin 

et al., 1998; Sudarshana et al., 1998). It would appear that for these viruses the viral 

DNA is protected by interaction with NSP and MP (Hehnle et al., 2004). 

 

1.9 Satellites 

 Satellites are nucleic acids or viruses that depend for some or all of their 

functions (replication, encapsidation, transmission and movement in plants) on a 

helper virus but have little or no sequence homology with it and are not essential for 

its proliferation (Mayo, 2005). Satellite nucleic acids do not encode structural protein 

and therefore rely on the helper virus for encapsidation. In contrast, satellite viruses 

are encapsidated by their own structural protein. Satellite- like nucleic acid are also 

known that do not fulfil the criteria to be defined as satellites. These may or may not 

need a helper virus for their replication but in most cases these molecules provide a 

function that is required by the helper virus for efficient infection.        

 The term “satellite” was first used by Kassanis in 1962 while describing a sub-

viral agent of 17 nm diameter in association with a Necrovirus, Tobacco necrosis 

satellite virus (TNSV) formerly called Tobacco necrosis virus (TNV; Kassanis, 1962). 

Satellite nucleic acids were first discovered in association with plant- infecting RNA 

viruses. The first identified satellite RNA was associated with Tobacco ringspot virus 

a Nepovirus (Schneider, 1969). Most satellite genomes consists of ssRNA while a few 

have dsRNA genomes. Some of the ssRNA satellites RNAs are translated to produce 

proteins that may or may not be involved in replication (Palukaitis et al., 2008). 

TRSV in the presence of satellite RNA induces attenuated symptoms. Some satellite 

RNAs have no effects on either accumulation of helper virus or on symptom severity 

whereas a few satellite RNAs enhance the symptoms induced by the helper virus 

(Collmer and Howell, 1992; Simon et al., 2004).  

1.9.1 Satellites associated with geminiviruses 

 Two types of satellite- like molecules, known as alphasatellites and 

betasatellites, are generally found in association with OW monopartite 

begomoviruses. Only alphasatellites, in association with bipartite begomoviruses, 

have so far been identified in the NW (Paprotka et al., 2010; Romay et al., 2010). 

Surprisingly a study in India has recently identified both a betasatellite and an 
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alphasatellite in association with a mastrevirus (Wheat dwarf India virus) in wheat; 

the first identification of satellites with mastreviruses and the first satellites reported 

in a monocot (Kumar et al., 2014). 

1.9.1.1 Tomato leaf curl virus-satellite and related satellites 

 The first satellite in association with a plant infecting DNA virus was 

described by Dry et al. (1997). They reported a ssDNA satellite of 682 nucleotides in 

association with Tomato leaf curl virus (ToLCV), a monopartite begomovirus, in 

tomato plants in Australia (Dry et al., 1997). This is now known as the Tomato leaf 

curl virus-satellite (ToLCV-sat). Further ssDNA satellites, structurally similar to 

ToLCV-sat, were later identified in association with bipartite NW begomoviruses in 

Cuba (Fiallo-Olive et al., 2012a) but these have not been characterised further. More 

recently ToLCV-sat-like satellites have been identified in association with viruses that 

infect sweet potato (Trenado et al., manuscript in preparation). The ToLCV-sat- like 

satellites will be described in more detail in Chapter 5.  

 ToLCV-sat is non-coding and is believed to have evolved from betasatellites 

by a process of deletion of the coding sequences. The satellite resembles, in structure, 

the half-size betasatellite defective mutants that have been identified in a number of 

begomovirus-betasatellite infected plants (Akhtar, 2014; Briddon et al., 2003). It 

shares no sequence similarity with its helper virus with the exception of a predicted 

stem-loop structure encompassing a nonanucleotide sequence TAATATTAC and 

predicted Rep binding motif (iteron) which has been shown to play a part in 

replication of the satellite by the Rep encoded by its helper virus (Dry et al., 1997; Lin 

et al., 2003; Saunders et al., 2008).  

1.9.1.2 Betasatellites 

 The majority of betasatellites (previously known as DNA β) have been 

identified associatied with monopartite begomoviruses and only in the OW. Recently 

there are an increasing number of reports of betasatellites associated with bipartite 

begomoviruses (Jyothsna et al., 2013; Sivalingam and Varma, 2012) and a 

betasatellite has recently been identified in association with a mastrevirus (Kumar et 

al., 2014). 

 Betasatellites are about half the size (~1350nt) of their helper begomoviruses 

and have a highly conserved structure consisting  a region of sequence rich in adenine 
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(A-rich; 160-180 nt containing 57-65 % adenine content whereas the overall adenine 

content of betasatellites is 28-38 %), a sequence of ~150 nt that is conserved between 

all betasatellites (known as the satellite conserved region [SCR]) and a single gene, 

known as βC1, in the complementary-sense orientation (Figure 1.7; Akbar et al., 

2012; Briddon, 2003; Jyothsna et al., 2013; Saeed et al., 2005; Saunders et al., 2004; 

Zhou, 2013). So far all activities attributed to betasatellites have been shown to be 

mediated by the βC1 protein. A detailed description of βC1 will be given in the 

introduction to Chapter 3.  

 For movement in plants, replication and transmission between plants 

betasatellites depend upon a helper begomoviruses. Although betasatellites require the 

helper virus for replication, they do not contain the Rep recognition sequences 

(iterons) of their helper viruses. Since the SCR occurs in a position analogous to that 

of the CR of bipartite begomoviruses and contains a predicted hairpin- loop structure 

with a nonanucleotide motif (TAA/GTATTAC) in the loop, it was initially assumed 

that the SCR would be involved in mediating helper virus-Rep interactions. However, 

this has not proven to be the case. Analysis of naturally occurring betasatellite 

mutants and experimental deletion studies suggest that sequences between the A-rich 

sequence and the SCR play a part in Rep interactions (Hussain, 2011; Nawaz-ul-

Rehman et al., 2009; Saunders et al., 2008). The sequence in this area is highly 

variable, even between isolates of a single species (Amin et al., 2006), and contains 

sequences which look like helper virus iterons. It has been suggested that this may be 

an adaptation that allows betasatellites to rapidly adapt to interact with other 

begomoviruses. 

 The betasatellites vary in the effects they have on their helper virus infections. 

For some interactions the betasatellite is essential for the virus to infect some hosts 

and lead to higher virus DNA levels. In these instances the betasatellite can be seen as 

host range determining. For example, both Cotton leaf curl Multan virus and 

Ageratum yellow vein virus (AYVV) are poorly infectious to the hosts that they were 

first isolated from, cotton and Ageratum conyzoides, respectively, and induce 

symptoms atypical of the disease in the field (Briddon et al., 2000; Briddon et al., 

2001; Saunders et al., 2000). In the presence of the respective betasatellites, Cotton 

leaf curl Multan betasatellite (CLCuMuB) and Ageratum yellow vein betasatellite 

(AYVB), the viruses efficiently infect cotton and Ageratum, inducing typical disease 

symptoms, and virus DNA levels are enhanced in comparison to plants infected with 
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the virus alone. For such betasatellite-dependent viruses all plants in the field will thus 

contain the betasatellite. For other viruses the interaction with betasatellites is more 

facultative. Tobacco curly shoot virus (TbCSV) does not require the betasatellite, 

Tobacco curly shoot betasatellite, to infect tobacco and in the field only some plants 

infected with the virus also contain the betasatellite (Li et al., 2005). Although the 

presence of the betasatellite does not appear to enhance virus DNA levels, it does 

enhance symptoms of infection. 

 Saeed et al. (2007) showed that betasatellites may complement the DNA B of 

a bipartite begomovirus. They showed that CLCuMuB together with Tomato leaf curl 

New Delhi virus DNA A could induce symptomatic infections in plants in the absence 

of the DNA B. This finding indicates that betasatellites may be involved in virus 

movement, although the mechanism of this remains unclear. 

 Although there are an increasing number of reports of betasatellites associated 

with bipartite begomoviruses, the available evidence suggests that betasatellites and 

DNA B components do not coexist comfortably in a plant. A study by Jyothsna et al. 

(2013) showed that, in the presence of a DNA B, the DNA levels of the betasatellite 

were significantly reduced relative to plants infected with only the DNA A and the 

betasatellite. This suggests that there is interference between betasatellites and DNA 

B components. The nature of this interference remains unclear. 

 Betasatellites were discovered in 2000 and since then greater than 400 

complete sequences of betasatellites have been submitted to the sequence databases. 

They have, at least so far, only been identified in the OW (Briddon et al., 2003; 

Briddon and Mansoor, 2008; Sattar et al., 2013). The betasatellites are highly diverse, 

with as little as ~45% nucleotide sequence identity between distinct “species”. They 

infect a wide variety of dicotyledonous plants species including, including crops, 

vegetables, weeds and ornamental plants, and have recently been shown also to be 

able to infect monocotyledonous plants, specifically wheat (Briddon et al., 2003; 

Kumar et al., 2014; Ullah et al., 2014; Zhou et al., 2003).   

 A recent phylogenetic analysis of all available betasatellites has shown that 

these form distinct, but overlapping, groups that segregate in some instances by 

geographic origin and in some instances by host (Figure 1.15; Sattar et al., 2013). For 

example, the majority of the betasatellites isolated from plants of the Malvaceae form 

a monophyletic group, whereas all betasatellites from Africa are distinct from those 

from other regions, suggesting that the African betasatellites have been evolving 
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separately from the rest of the betasatellites, possibly due to geographic isolation.  It is 

significant to note that the recently identified betasatellite associated with a 

mastrevirus in wheat, an isolate of AYLCuB (highlighted in Figure 1.15), is a typical 

betasatellite which occurs in association with numerous monopartite begomoviruses 

across southern Asia (Briddon et al., 2003; Srivastava et al., 2013). Kumar et al. 

(2014) showed that the AYLCuB isolate from wheat could be maintained by a 

begomovirus in a dicot – indicating that there is nothing unusual about this 

betasatellite isolate. 

1.9.1.3 Alphasatellites 

 Alphasatellites (earlier known as DNA 1) are not true satellites. They encode 

their own Rep and thus are capable of independent replication in permissive host cells 

(Mansoor et al., 1999). For this reason alphasatellites are described as “satellite-like”. 

Although they are not dependent for replication on a helper virus, they do need a 

helper virus for spread within and between plants. 

 Alphasatellites are circular ssDNA molecules of approx. 1380 nts and have a 

highly conserved structure consisting of a single gene (Rep) in the virion-sense 

(virion-sense in this case referring to the encapsidated strand), a region of sequence 

that is A-rich and a predicted hairpin structure containing the nonanucleotide 

sequence TAGTATTAC (Figure 1.7; Briddon et al., 2004).  

 The alphasatellites show similarity to the Rep-encoding components of 

nanoviruses (a second family of ssDNA viruses Gronenborn, 2004; Vetten, 2012). 

Structurally the Rep-encoding components of nanoviruses and alphasatellites are very 

similar and contain the same nonanucleotide sequence (TAGTATTAC) in the hairpin-

loop structure. The major difference between begomovirus-associated alphasatellites 

and the Rep encoding components of nanoviruses is the presence of the A-rich 

sequence in the former It is believed that alphasatellites evolved from a nanovirus 

Rep-encoding component which was captured by a begomoviruses following a co-

infection. The A-rich sequence may be required by alphasatellites to raise the size of a 

typical nanovirus component (~1000 nt) to that of half a begomovirus component 

(~1400 nt) to satisfy requirements for encapsidation (Briddon and Stanley, 2006; 

Mansoor et al., 2003b). 
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Figure 1.15 Diversity of betasatellites. Neighbour-jo ining phylogenetic dendrogram based upon an 

alignment of the fu ll-length nucleotide sequences of all available betasatellites (as of November 2012). 

The betasatellite species used were Ageratum leaf curl Cameroon betasatellite (ALCCMB), Ageratum 

yellow leaf curl betasatellite (AYLCuB), Ageratum yellow vein betasatellite (AYVB), Ageratum 

yellow vein Sri Lanka betasatellite  (AYVSLB), Alternanthera yellow vein betasatellite (AlYVB), Bean 

leaf curl China betasatellite (BeLCCNB), Bhendi yellow vein betasatellite (BYVB), Chili leaf curl 

betasatellite (ChiLCB), Cotton leaf curl Gezira betasatellite (CLCuGeB), Cotton leaf curl Multan 

betasatellite (CLCuMuB), Croton yellow vein mosaic betasatellite (CroYVMB), Emilia yellow vein  

betasatellite (EmYVB), Erectites yellow mosaic betasatellite (ErYMB), Eupatorium yellow vein  

betasatellite (EpYVB), Honeysuckle yellow vein betasatellite (HYVB), Honeysuckle yellow vein  

Kochi betasatellite  (HYVKoB), Lindernia anagallis yellow vein  betasatellite (LaYVB), Kenaf leaf curl 

betasatellite (KeLCuB), Leucas zey lanica yellow vein betasatellite (LeZYVB), Luffa leaf distortion 

betasatellite (LuLDB), Malvastrum leaf curl betasatellite (MaLCuB), Malvastrum yellow vein Yunnan 

betasatellite (MaYVYnB), Okra leaf curl betasatellite  (OLCuB), Papaya leaf curl betasatellite  

(PaLCuB), Radish leaf curl betasatellite  (RaLCB), Sida leaf curl betasatellite  (SiLCuB), Sida yellow 

vein China betasatellite  (SiYVCNB), Sida yellow vein betasatellite  (SiYVB), Sida yellow vein  

Vietnam betasatellite (SiYVVNB), Sigesbeckia yellow vein betasatellite (SgYVB), Tobacco leaf curl 

betasatellite (TbLCB), Tobacco curly shoot betasatellite (TbCSB), Tomato leaf curl Bangladesh 

betasatellite  (ToLCBDB), Tomato leaf curl betasatellite (ToLCB), Tomato leaf curl China betasatellite  

(ToLCCNB), Tomato leaf curl Java betasatellite (ToLCJaB), Tomato leaf curl Joydebpur betasatellite  

(ToLCJoB), Tomato leaf curl Karnataka betasatellite (ToLCKaB), Tomato leaf curl Laos betasatellite  

(ToLCLAB), Tomato leaf curl Maharastra betasatellite  (ToLCMaB), Tomato leaf curl Patna 

betasatellite (ToLCPaB), Tomato leaf curl Philippines betasatellite (ToLCPB), Tomato leaf curl Ranchi 

betasatellite ToLCRaB), Tomato yellow dwarf betasatellite (ToYDB), Tomato yellow leaf curl China 

betasatellite (TYLCCNB), Tomato yellow leaf curl Thailand betasatellite (TYLCTHB),Tomato yellow 

leaf curl Vietnam betasatellite (TYLCVNB), Tomato yellow leaf curl Yunnan betasatellite  

(TYLCYnB) and Zinnia leaf curl betasatellite (ZLCuB). The geographic origins of betasatellites are 

indicated. Countries are indicated as Bangladesh (BD), Burkina Faso (BF), Cameroon (CM), China 

(CN), Egypt (EG), India (IN), Indonesia (ID), Japan (JP), Laos (LA), Oman (OM), Mali (MA), 

Malaysia (MY), Niger (NE), Pakistan (PK), Sri Lanka (LK), Singapore (SG), Sudan (SD), Thailand 

(TH), Vietnam (VN). Numbers at significant nodes indicate percentage bootstrap confidence scores 

(1000 replicates). The positions of AYLCuB and CLCuMuB in the tree are highlighted by red boxes. 

The figure is a modified version of a figure presented in Sattar et al. (2013). 
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 When initially identified alphasatellites were only identified with betasatellite 

associated, monopartite begomoviruses and only in the OW (Briddon et al., 2004). 

More recently alphasatellites have been identified with monopartite begomoviruses 

that are not associated with betasatellites (Leke et al., 2011) and in the NW in 

association with a typical bipartite NW begomovirus (Paprotka et al., 2010; Romay et 

al., 2010). Surprisingly, alphasatellites have also recently been identified with a 

monocot- infecting mastrevirus; specifically WDIV in wheat in India (Kumar et al., 

2014). This would seem to suggest that alphasatellites have few constraints, either for 

helper virus or for host plant specificity. When first identified the apparent absence of 

alphasatellites was noted in the Far East, despite the presence of betasatellites there 

(Briddon et al., 2004). Recently the first alphasatellite has been identified in Japan, 

apparently introduced from Asia (Shahid et al., 2014). 

 Early phylogenetic analysis of alphasatellites suggested that these molecules 

have little genetic diversity (Briddon et al., 2004). However, recent studies conducted 

have shown that the alphasatellites are far more diverse than the early studies 

suggested (Figure 1.16; Nawaz-ul-Rehman et al., 2012; Sattar et al., 2013).  

 The precise function and selective advantage of the presence of alphasatellites 

with begomoviruses remains unclear. It has been hypothesized that alphasatellites 

may decrease the impact of virus infection and thus prolongs the survival of host plant 

and hence provides more time for the transmission of the complex (Mansoor et al., 

1999; Saunders and Stanley, 1999). Some evidence in support of this hypothesis has 

been forthcoming. This work showed that the presence of alphasatellites reduces 

symptom severity by specifically reducing betasatellite DNA levels in plants but 

apparently not affecting virus DNA levels (Idris et al., 2011; Wu and Zhou, 2005). 

Nawaz-ul-Rehman et al. (2010) demonstrated that the Rep proteins of at least some 

alphasatellites have PTGS suppression activity. It is thus possible that some 

alphasatellites are required by their helper begomoviruses to overcome RNAi-based 

host defences. 
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Figure 1.16 Diversity of alphasatellites. Neigbour-joining phylogenetic dendrogram based upon an 

alignment of the fu ll-length nucleotide sequences of all fu ll-length alphasatellites availab le in the 

databases (as of November 2012). The species used were Ageratum leaf curl Cameroon alphasatellite  

(ALCCMA), Acalypha yellow vein  alphasatellite  (AcaYVA), Ageratum yellow vein  alphasatellite  

(AYVA), Ageratum yellow vein India alphasatellite (AYVINA), Ageratum yellow vein Kenya 

alphasatellite (AYVKEA), Ageratum yellow vein Pakistan alphasatellite (AYVPKA), Ageratum yellow 

vein Singapore alphasatellite  (AYVSGA), Euphorbia mosaic alphasatellite (EuMA), Cotton leaf curl 

Dabwali alphasatellite  (CLCuDaA), Cotton leaf curl Lucknow alphasatellite (CLCuLuA), Cotton leaf 

curl Multan alphasatellite (CLCuMuA), Cotton leaf curl Shahdadpur alphasatellite (CLCuShA), 

Duranta leaf curl alphasatellite (DuLCA), Hibiscus leaf curl alphasatellite (HLCuA), Malvastrum 

yellow mosaic alphasatellite (MalYMA), Malvastrum yellow mosaic Cameroon alphasatellite  

(MalYMCMA), Malvastrum yellow mosaic Hainan alphasatellite (MalYVHnA), Melon chlorotic 

mosaic alphasatellite (MeCMA), Okra leaf curl alphasatellite (OLCuA), Okra leaf curl Barombi 

alphasatellite (OLCuBaA), Okra leaf curl Mali alphasatellite (OLCuMA), Okra yellow crinkle 

Cameroon alphasatellite (OYCrCMA), Sida yellow vein alphasatellite  (SiYVA), Sida yellow vein  

Vietnam alphasatellite (SYVVNA), Tobacco curly shoot alphasatellite (TbCSA), Tomato leaf curl 

alphasatellite (ToLCA), Tomato leaf curl Buea alphasatellite (ToLCuBuA), Tomato leaf curl 

Cameroon alphasatellite (ToLCCMA), Tomato leaf curl Pakistan alphasatellite (ToLCPKA), Tomato 

yellow leaf curl China alphasatellite (TYLCCNA), Tomato yellow leaf curl Yunnan alphasatellite  

(TYLCYnA), Vernonia yellow vein alphasatellite (VeYVA), Gossypium davidsonii symptomless 

alphasatellite (GDavSLA), Gossypium darwinii symptomless alphasatellite (GDarSLA), Gossypium 

mustilinum symptomless alphasatellite  (GMusSLA) and Verbesina encelioides leaf curl alphasatellite  

(VELCuA). The alphasatellites associated with cotton leaf curl disease are highlighted by white text  on 

a red background. The alphasatellites orig inating from the NW are indicated; those from Africa are 

underlined. Numbers at significant nodes indicate percentage bootstrap confidence scores (1000 

replicates). The figure is a modified version of a figure presented in Sattar et al. (2013). 
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1.10 Objectives of the study 

 The begomovirus-associated satellite molecules are dependent on helper 

viruses for maintenance in plants (Briddon et al., 2001; Dry et al., 1997; Saunders et 

al., 2000) and fall into two broad groups; the coding satellites, betasatellites and 

alphasatellite, and the non-coding satellites, such as ToLCV-sat. Although the 

betasatellites and ToLCV-sat- like satellites are believed to have a common origin 

(Saunders et al., 2000), they differ in that betasatellites encode a single protein (βC1) 

which, amongst other things, is a pathogenicity determinant and suppressing RNA 

silencing. The study described here had two main strands.  

- The first strand was to analyse the βC1 protein of CLCuMuB by site-directed 

mutagenesis to identify sequences involved in (important for) pathogenicity and 

PTGS. The objectives under this strand were 

 - Produce mutated βC1 genes with selected amino acid changes by site-

 directed mutagenesis. 

 - Express the mutated βC1 genes from a PVX vector in N. banthamiana and 

 N. tabacum and screen for changes in symptoms induced relative to the wild 

 type βC1 gene expressed from PVX. 

 - Express the mutated βC1 genes from a PVX vector in N. benthamiana and 

 assess the ability of the proteins to suppress the silencing of GFP induced by a 

 separately expressed fragment of the GFP gene. 

- The second strand was to analyse the effects of the newly identified ToLCV-sat- like 

satellites associated with sweet potato infecting begomoviruses for their effects on 

helper virus replication and symptoms induced in plants. The objectives under this 

strand were 

 - Produce constructs in binary vectors for Agrobacterium-mediated inoculation 

 of selected satellites. 

 - Assess the effects of the satellites on the cognate helper begomovirus by 

 inoculation to N. benthamiana and Ipomoea species. 

 - To investigate the abilitiy of the satellites to be transmitted by Bemisia 

 tabaci. 

 - Assess the effects of the satellites on the heterologous helper begomoviruses 

 in N. benthamiana and the natural host of the heterologous viruses (tomato). 
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Chapter 2 

Materials and methods 

2.1 Solutions 

 All aqueous solutions were prepared in sterile distilled water (SDW). 

Throughout analytical or molecular biology grade (bio) chemicals were used.   

2.2 Sample collection 

 The youngest upper leaves of the plants in the glass house were collected from 

inoculated and healthy control plants and placed in labelled polythene bags or 

microcentrifuge tubes for DNA or RNA extraction. The samples were transported on 

ice or in liquid nitrogen and stored at -80 oC.   

2.3 DNA extraction 

 DNA was isolated from leaf samples using the CTAB method (Doyle and 

Doyle, 1990). Leaf tissue (60-100 mg) was placed in a 2 ml microcentrifuge tube and 

500 µL of extraction buffer (2% [w/v] CTAB, 100 mM DTT, 100 mM Tris-HCl [pH 

8], 1.4 M NaCl, 20 mM EDTA, 2 mM β-mercaptoethanol, 0.5 M glucose) was added 

to the tube. The microcentrifuge tubes were transferred to a FastPrep-24 homogenizer 

(MP Biomedicals, Strasbourg, France), shaken for 40 seconds at a speed setting of 4 

to crush the leaf tissues into fine powder form. The homogenate was then transferred 

to a shaker at 200 rpm for 1 h at 60 oC. After lowering the temperature of the samples 

to room temperature an equal volume (500 µl) of chloroform: isoamyl alcohol (24:1) 

was added to the homogenate and again shaken at 200 rpm for 5 min at room 

temperature. The samples were centrifuged (2000 g) for 5 min at 4 oC and 

approximately 400 µl of supernatant was recovered which was transferred to a fresh 

microcentrifuge tube. To the supernatant 0.8 volumes of isopropanol was added, 

mixed well and centrifuged at 2000 g at 4 oC for 10 min. The supernatant was thrown 

away and the pellet was washed with chilled 70% ethanol before being dried at room 

temperature, resuspended in 100 µl of SDW and stored at -20 oC.   

2.4 RNA extraction 

 Total RNA was isolated from 100 mg of frozen leaf tissue as described by 

(Noris et al., 1996). The leaf tissue was crushed to fine powder using a pestle and 

42 
 



Materials and Methods                                                                                                        Chapter 2 

mortar in liquid nitrogen. Then 1 mL of Trizole reagent (Invitrogen, California, USA) 

was added. The homogenate was kept at room temperature for 5 min. The 

homogenate was then transferred to a microcentrifuge tube and 200 μl of chloroform 

was added, mixed well and centrifuged at 12000 xg for 15 min at 4 oC. The 

supernatant was transferred to a fresh microfuge tube and 500 μl isopropanol was 

added, mixed well and incubated at room temperature for few minutes. Finally the 

samples were centrifuged at 12000 xg for 10 min, the supernatant was thrown-away 

and the RNA pellet was washed with chilled 75 % ethanol. After air drying, the 

resulting RNA was resuspended in water that had been treated with diethyl 

pyrocarbonate (DEPC). The RNA was quantified using a spectrophotometer (section 

2.6) and the quality of RNA was analysed by electrophoresis of a 2 μl aliquot on an 

agarose gel stained with ethidium bromide (section 2.9). RNA samples were stored at 

-80 °C. 

2.5 First strand cDNA synthesis 

 From the isolated RNA, 2 µg was used for making cDNA using 

SuperScript™ III First Strand Synthesis Supermix (Invitrogen). A mixture was 

prepared containing 2 µg RNA, annealing buffer, 50 µM of oligo (dT) primers and 

DNase/RNase free water was added to make the volume 8 µl. The mixture was 

incubated for 5 min at 65 °C and then transferred to ice for 1 min. To the reaction 

mixture 2X First-Strand Reaction Mix (10 µl) and SuperScript™ III/RNaseOUT™ 

Enzyme Mix (2 µl) was added and incubated for 50 min at 50 °C. Finally the reaction 

mixture was incubated for 5 minutes at 85 °C. The resulting cDNA (1-2 µl) was used 

for PCR while the remainder was stored at -80 °C. 

2.6 Quantification of DNA/RNA 

 The concentration of nucleic acid (DNA and RNA) was determined by 

NanoDrop™ 1000 spectrophotometer (Thermo Scientific, Wilmington, USA) or 

Smartspec Plus spectrophotometer (Bio-Rad, California, USA). Sample absorbance 

was calculated at 260 or 240 nm after zeroing the machine against SDW for DNA 

samples or against DEPC treated water for RNA samples. The samples were diluted 

ten times and then the absorbance was measured; an OD260 of one is equal to 50 

μg/mL of DNA and an OD240 of one is equal to 50 μg/mL of RNA.  The quality of 
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RNA and DNA samples was also assessed by electrophoresis on ethidium bromide 

stained agarose gels and visualisation under ultraviolet (UV) light (section 2.9). 

2.7 Amplification of DNA  

2.7.1 Polymerase Chain Reaction (PCR) 

 PCR reaction mixture of 25 µL was prepared for diagnostic purposes while 50 

µL for cloning purposes. Typically 50 µL reactions contained 10 pg to 1 µg of 

template DNA, 1.5 mM MgCl2, 5 µL of 10X Taq polymerase buffer (Fermentas), 2 

mM dNTPs, 0.5 µM of each primer and 1.25 units of Taq DNA polymerase 

(Fermentas). The reactions were prepared in 0.25 mL thin-walled PCR tubes and 

incubated in a thermocycler (My cyclerTM, Bio-Rad or Master cycler gradient, 

Eppendorf). The PCR machine was programmed for an initial denaturation step of 94 
oC for 5 min, followed by 35-40 cycles of 94 oC for 1 min, 46 oC to 52 oC for 1 min 

and 72 oC for 1 min (dependent upon the size of the template used, typically 1 min per 

1000 nucleotides). A final extension step of 72 oC was given for 10 min. 

Amplification was confirmed by running a 5 µL sample of the amplification reaction 

on a 1 % agarose gel stained with ethidium bromide (section 2.9). 

 

2.7.2 Rolling Circle Amplification (RCA) 

 Rolling-circle amplification (RCA) was used to amplify circular DNA 

molecules in DNA samples (Dean et al., 2001; Esteban et al., 1993; Haible et al., 

2006; Lizardi et al., 1998) using a TempliPhi DNA amplification Kit (GE Healthcare, 

Buckinghamshire, UK). In an eppendorf tube 5 µL of sample buffer and up to 1 ng of 

template DNA were mixed and the DNA was denatured at 95 °C for 3 minutes before 

cooling to 4 °C. Reaction buffer (5 µL) and 0.2 µL of enzyme mix were added to the 

sample and incubated at 30 °C for 4-18 hours. The ɸ 29 DNA polymerase was  

inactivated by heating at 65 °C for 10 minutes and the tube was then cooled to 4 °C. 

Reactions typically yielded 1-1.5 µg of amplified DNA. Amplification was confirmed 

by running 1 µL of the amplification reaction on an ethidium bromide stained agarose 

gel (1% [w/v]; section 2.9).  

2.8 Restriction endonuclease digestion 

 Digestion of purified PCR products and plasmid DNA was performed by 

using specific restriction endonuclease enzyme and the compatible buffer provided by 
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the manufacturer (Fermentas/ Promega). For screening of inserts in recombinant 

plasmid clones a 10 μl (500 ηg/μl DNA, 1 μl of 10X  buffer, 4 units of restriction 

enzyme, 0.01 g/μl of RNase and SDW) reaction mixture was prepared while for 

cloning and sub-cloning purposes the volume of digestion was increased to 20 μl (1-2 

μg DNA, 2 μl of 10X recommended buffer, 10 units restriction enzyme, 0.01 g/μl of 

RNase and SDW). The reaction mixtures were prepared in microfuge tubes and were 

incubated at the optimum temperature (37 oC for the majority of restriction 

endonucleases) for the enzyme. Sizes of resulting DNA fragments were estimated by 

running the digested PCR or plasmid DNA mixtures on an ethidium bromide-stained 

agarose gel and comparing to a 1 kb DNA marker (Fermentas, Burlington, Canada) 

that was co-electrophoresed.    

2.9 Agarose gel electrophoresis 

 Agarose gels (1%) were prepared in 0.5X TAE (0.5 mM EDTA and 20 mM 

Tris acetate [pH 8.0]) or 1X TBE (89 mM boric acid, 89 mM Tris, 2 mM EDTA) 

buffers. The apparatus used for gel preparation was either a midigel (18 x 15 cm) or a 

minigel apparatus (12 x 9 cm). The TAE gels were run at approximately 100 volts 

while the TBE gels were run at 40 volts. A DNA loading dye (5X) (Fermentas) was 

mixed with DNA samples before loading into the gel wells. For gels in which DNA 

fragments were to be visualised, ethidium bromide (0.5 μg/ml) was added before 

pouring the gel. After electrophoresis the ethidium-stained DNA was viewed under 

UV illumination and the fragment sizes were estimated by comparison to marker 

bands of a co-electrophoresed 1 kbp DNA marker (Fermentas).   

2.10 Purification of DNA 

2.10.1 Gel extraction of DNA  

 PCR amplified or restriction endonuclease digested DNA was resolved on an 

ethidium bromide stained 1 % [w/v] agarose gel (section 2.9) along with a DNA size 

marker. The desired DNA fragments were cut out in blocks of agarose using a scalpel 

on a UV transilluminator. A GeneJETTM Gel Extraction Kit (Fermentas) was used for 

the isolation of DNA. The excised gel block was transferred to a 1.5 mL 

microcentrifuge tube and weighed in comparison to the empty microcentrifuge tube. 

Membrane binding buffer was added at a 1:1 (volume/weight) ratio with the gel slice 

(for 10 mg of gel slice 10 μl), incubated at 60 °C for 10 min and mixed well during 
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incubation to entirely dissolve the gel fragment. For the purification of PCR products 

from reaction mixtures, an equal volume of membrane binding buffer was added to 

the PCR reaction mixture. The dissolved gel slice/PCR product mixture was 

transferred to a GeneJETTM purification column in a 1.5 mL tube, maintained at room 

temperature for 1 min and then centrifuged at 13,000 rpm in a microfuge. The flow 

through in the collection tube was discarded and the column was reinserted into the 

collection tube. Wash Buffer (700 μl) was added to the purification column and 

centrifuged at 13,000 rpm for 1 min. The flow through was discarded and the wash 

step was repeated by adding 500 μl Wash Buffer. The Wash Buffer was removed and 

the empty column was centrifuged at 13,000 rpm for 1 min to remove residual 

ethanol. The collection tube was discarded and the purification column was 

transferred to a fresh 1.5 mL microcentrifuge tube.  SDW (50 μl) was added to the 

column and, after incubating for two minutes at room temperature, centrifuged for 1 

min at 13,000 rpm in a microfuge. The column was discarded and the eluted DNA in 

the microcentrifuge tube was quantified (section 2.6) and stored at -20°C. 

 

2.10.2 Phenol-chloroform purification of DNA 

 Impurities, particularly proteins, were removed from DNA solutions by 

phenol/chloroform extraction. SDW was added to a DNA solution to make the 

volume up to 200 μl, if required. Phenol:chloroform (1:1; 200 μl) was added, mixed 

thoroughly until milky appearance was obtained and then centrifuged at 13,000 rpm 

for 5 min. The upper aqueous phase was transferred to a fresh tube and 1/10 volume 

of sodium acetate (3 M [pH 5.2]) and 2.5 volumes of absolute ethanol were added. 

After incubating the tube at -20 ̊C for 1 hour, the tube was centrifuged at 13,000 rpm 

in a microfuge. The pelleted DNA was washed with 70 % ethanol, air dried, dissolved 

in SDW, and stored at -20°C. 

2.11 Ligation of DNA fragments 

 Ligation reactions were prepared as recommended by the supplier 

(InsT/Aclone PCR Product Cloning Kit; Fermentas). A 20 μl ligation reaction mixture 

was prepared in a 1.5 mL sterile microfuge tube containing 100-540 ng of the 

amplified product, 2 μl of 10X ligation buffer, 1 μl (5 units) of T4 DNA Ligase, 1 μl 

(70-150 ng vector DNA [approx. 3:1 molar ratio of fragment to vector]) of cloning 

vector and SDW to make up the volume. The ligation mixture was mixed, given a 
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short spin in a microfuge to collect the liquid at the bottom of the tube, and incubated 

overnight in a water bath at 16 °C.  Ligated plasmids were transformed into 

competent E. coli as described in section 2.12.2.    

2.12 Preparation and transformation of competent Escherichia coli cells 

2.12.1 Preparation of competent E. coli cells 

 Competent E. coli cells were prepared essentially as described previously 

(Cohen et al., 1972). A sterile wire loop was used to pick a single colony from a 

freshly streaked plate of E. coli (strain Top10 or DH5α) and transferred to a 50 mL 

flask containing 25 mL of liquid Luria-Bertani (LB) medium (0.5% yeast extract, 1% 

tryptone and 1 % NaCl). The flask was incubated at 37 °C overnight with vigorous 

shaking in an incubator (model GLSC-OSI-HC-196-10, Pamico Technologies, 

Pakistan). The following morning 2.5 mL was taken from the overnight culture and 

transferred to a 1 L flask containing 250 mL fresh LB medium and incubated at 37 °C 

with vigorous shaking until an OD600 of 0.5-1 (equivalent to approx. 1010 cells/mL) 

was obtained. The culture was incubated on ice for 30 min and then aseptically 

transferred to sterile pre-chilled 50 mL propylene tubes. The culture was centrifuged 

(Eppendorf, 5810R) at 4 °C for 10 min at 3220×g to pellet the cells. The supernatant 

was carefully removed and the cell pellet was resuspended in 20 mL 0.1 M MgCl2 and 

centrifuged. Again the supernatant was discarded and the pellet was resuspended in 

0.1 M CaCl2 (20 mL) and centrifuged after incubation on ice for 30 minutes. Finally 

the cell pellet was resuspended in 2-3 mL 0.1 M CaCl2 and 1 mL of cold, filter 

sterilized glycerol was added. Aliquots of 100 μl were placed in sterilized 1.5 mL 

eppendorf tubes and stored at -80 °C. All steps were carried out under aseptic 

conditions. 

2.12.2 Transformation of competent E. coli cells 

 Competent E. coli cells were transformed by the method described in 

Sambrook et al. (1989). Tubes containing competent cells (~100 μl) were removed 

from the -70 freezer and thawed on ice for few minutes. Approximately 3 μl (0.2-

0.5μg) of plasmid DNA or ligation mixture was added to the competent cells and 

placed on ice for 30 min. The cells were then heat shocked by placing in a dry bath at 

42 °C for 2 min after which the cells were again incubated on ice for 2 min. The cells 

were electroporated at 1.8 kV and 200 Ω in a 1 mm cuvette in electroporator (ECM 
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600, BTX Harvards, USA). Liquid LB medium (500 μl) was added to each tube, 

gently shaken and placed at 37 °C in a shaker for one hour. Using a sterile glass 

spreader the transformed cells were spread on solid LB medium (0.5% [w/v] yeast 

extract, 1% tryptone [w/v], 1% NaCl [w/v]), containing relevant selective antibiotics, 

in petri dishes. For transformation of plasmids with blue/white selection, X-gal 

(0.8mg/40 μl in dimethyl formamide) and isopropyl-beta-D-1-thiogalactopyranoside 

(IPTG, 0.96 mg/40 μl SDW) were spread on the medium before the bacterial culture 

was spread on the plate. The plates were incubated at 37 °C overnight.  

2.13 Preparation and transformation of electro-competent Agrobacterium 

tumefaciens cells 

2.13.1 Preparation of electro-competent A. tumefaciens cells 

 A single colony was transferred using a sterile wire loop from a freshly grown 

plate of A. tumefaciens strain GV3101 to a flask containing 25 mL liquid LB medium 

containing rifampicin (25 μg/ml). The flask was incubated in a shaker at 160 rpm/min 

at 28 °C for 48 hrs. Then 5 mL of the culture was inoculated to a 1000 mL flask 

containing fresh LB medium (250 mL) with rifampicin (25 μg/mL) and incubated in a 

shaker at 160 rpm at 28 °C until an OD at 600 nm of 0.5-1 was obtained. The flask 

was kept on ice for 30 min. The culture (50 mL) was transferred to pre-chilled 

propylene tubes and centrifuged at 4 °C for 10 minutes at 3220×g in a benchtop 

refrigerated centrifuge (5810R, Eppendorf, Hamburg, Germany). The supernatant was 

discarded and the pellet was resuspended in sterile distilled water (50 mL) and 

centrifuged as above. The SDW wash was repeated. Then the pellet was resuspended 

in 10 mL chilled filter sterilized 10 % (v/v) glycerol and centrifuged. This washing 

step was repeated. Finally the pellet was resuspended in 2-3 mL of chilled, filter 

sterilized 10 % (v/v) glycerol. Aliquots of 100 μl were placed in microcentrifuge 

tubes and kept at –80 °C. All the steps were carried out in laminar air flow cabinet 

under aseptic conditions.   

2.13.2 Transformation of electro-competent A. tumefaciens cells 

 Electro-transformation of A. tumefaciens (strain GV3101) was performed 

using an Electro Cell Manipulator 600 (BTX, Harvards, USA). The electroporation 

cuvettes (1 mm gap) were chilled on ice for few minutes. A small amount (~100 ng) 

of the plasmid DNA was mixed with competent cells (50 μl) and transferred to the 
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chilled cuvettes. The electroporator was set to charging voltage of 1.44 kV and other 

adjustments as recommended by the manufacturer (resistance 129 Ω and voltage 2.5 

kV). The cuvette was placed in the apparatus and a pulse was given.  Immediately 

after electroporation, liquid LB medium (1 mL) was added to the cuvette and mixed 

well. The transformed cells were transferred to a fresh 1.5 mL microcentrifuge tube 

and placed at 28 °C in an incubator with vigorous shaking for 2 hours. Then 200 μl of 

the cell suspension was spread on a petri dish containing solid LB medium with 

suitable antibiotic selection. Plates were wrapped in aluminium foil and incubated at 

28 °C for 48 hrs.  

2.14 Preparations of glycerol stocks 

 Bacterial cultures were preserved long-term by making glycerol stocks. 

Bacterial cell cultures grown overnight (E. coli) or for 48 hours (A. tumefaciens) were 

mixed with filter sterilized glycerol in a 3:1 ratio in autoclaved microfuge tubes. The 

tubes were stored at -70 °C. To recover cultures a small amount of the glycerol stock 

was taken using a sterile wire loop and spread on solid LB medium containing 

relevant antibiotic(s). The petri dishes were incubated at 37 °C overnight (E. coli) or 

for 48 hours at 28 °C (A. tumefaciens). 

2.15 Plasmid isolation (mini prep) 

 A sterile toothpick was used to transfer a single colony of E. coli from a plate 

into a sterile culture tube containing 2 mL of liquid LB. The tube was incubated 

overnight in an incubator at 37 °C with continuous shaking. After 14-16 hours 1 mL 

of culture was transferred to a 1.5 mL microcentifuge tube and centrifuged at 13,000 

rpm for 2 min to pellet the cells. The supernatant was discarded and the pellet was 

resuspended in 100 μl resuspension solution (25 mM Tris-HCl [pH 8.0], 100 μg/mL 

RNase A, 50 mM glucose and 10 mM EDTA [pH 8.0]) by vigorous vortex mixing. 

Alkaline lysis solution (150 μl; 0.2 N NaOH and 1% [w/v] SDS) was added to the 

tube and after that the tube was inverted 4-5 times and then incubated at room 

temperature for five minutes. Then 200 μl of neutralization solution (3.0 M potassium 

acetate [pH 5.2], 11.5% [v/v] glacial acetic acid] was added to the tube and mixed 

thoroughly. After this the tube was centrifuged in a microfuge for 15 min at 13,000 

rpm. The supernatant was carefully transferred to a fresh microcentrifuge tube and 

approximately 2.5 volumes of chilled absolute ethanol was added and mixed well. 
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The tube was kept at -70 °C for 1 hour to precipitate DNA. The DNA was pelleted by 

centrifugation at 13,000 rpm in a microfuge for 15 min. The supernatant was 

discarded and the pellet DNA was washed with 70 % ethanol, air dried, dissolved in 

50-100 μl SDW and kept at -20 °C until further use. 

2.16 Agrobacterium-mediated inoculation 

 Binary vectors containing constructs for inoculation of viruses to plants were 

transformed into electro-competent A. tumefaciens strain GV3101 (section 2.13.2). A 

single colony was picked using a sterile wire loop and inoculated into a flask 

containing 50 mL LB medium with antibiotic selection (rifampicin [12.5 μg/mL], 

kanamycin [50 μg/mL] and tetracycline [10 μg/mL]). The flask was incubated in a 

shaker at 160 rpm/min for 48 hrs at 28 °C. The culture was kept in the incubator until 

the OD at 600nm of the culture was 1. Then the culture was transferred to 50 mL 

sterile polypropylene tubes and centrifuged at 3220×g for 10 min at 28 °C. The 

supernatant was discarded and the pellet was resuspended in 10 mM MgCl2 

containing acetosyringone (100 μM) to an OD at 600 nm of 1.0. The inoculum was 

left for 2-3 hrs or overnight at room temperature before use. For experiment where co-

inoculation was required, an equal volume of the two inocula were mixed. Before 

inoculation, the plants were not watered for 24 hrs. Young, expanded leaves were 

infiltrated with a 5 mL syringe by appressing to the abaxial surface of the leaves and 

pushing the plunger until the inoculum spread on the whole leaf. Inoculation in the 

stem was performed using a syringe having 25 GA needle.  

 N. benthamiana, N. tabacum and tomato (Moneymaker) plants were 

inoculated at the 4-5 leaf stage. Sweet potato (Beauregard and Promesa) plants grown 

from cuttings were inoculated when 2-3 new leaves developed whereas Ipomoea nil 

and I. setosa seedlings were inoculated at the cotyledon stage. The inoculated plants 

were kept in a glass house at 25 °C with supplementary lighting to give a 16 hrs 

photoperiod.  

2.17 Synthesis of DIG-labelled probes 

 Probes were synthesized using a PCR DIG Probe Synthesis System Kit 

(Roche, Mannheim, Germany). A suitable PCR product was gel purified (section 

2.10.1) and used as template DNA for synthesis of the probe. The labelling reaction 

contained 5 µL of template DNA (10-100 pg), 5 µL 10x PCR buffer with MgCl2, 5 μl 
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of DIG Probe synthesis mix (70 μM DIG-dUTP, 200 μM each dCTP, dATP, dGTP 

and 130 μM dTTP), 1 µL of 0.5 μM each primer, 1 µL of enzyme mix and SDW to 

make the volume 50 μl. The reaction mixture was centrifuged briefly and incubated in 

a thermocycler, programmed for an initial denaturation of 94 oC for 4 min, followed 

by 35 cycles of denaturation at 94 oC for 30 seconds, annealing at 60 oC for 30 

seconds and elongation at 72 oC for 1 min, followed by a final elongation step of 72 
oC for 10 min. The probes were denatured at 95 °C for 10 min in a water bath before 

use. 

2.18 Southern-blot hybridization 

 Following electrophoresis, an agarose gel was incubated in depurination 

solution (0.25 M HCl) for 15 min, denaturation solution (1.5 M NaCl, 0.5 NaOH) for 

30 min and neutralization solution (0.5 M EDTA [pH 8.0], 1.5 M NaCl, 0.5 M Tris-

HCl [pH 7.2]) for 20 min with gentle agitation. The gel was then washed for 1 min in 

10xSSC (37.5 mM sodium citrate, 375 mM NaCl [pH 7]). The DNA in the gel was 

transferred to a positively charged nylon membrane (Roche) by vacuum transfer 

(VacuGene XL, GE  HealthCare Bio-sciences AB, Uppsala, Sweden; Figure 2.2) or 

by capillary transfer (Figure 2.1).  

 After removal from the transfer apparatus, DNA was fixed to the nylon 

membrane by ultraviolet light treatment in a UV cross- linker (Crosslinker RPN 2500, 

Amersham Life Science). The cross- linked membrane was placed in a hybridization 

bottle containing prehybridization solution (5×SSC [12.5 mL 20xSSC], 0.1% N-

laurilsarcosine [200 µL 10 % N-laurilsarcosine], 0.02% SDS [40 µL  10 % SDS], 2% 

blocking agent (Roche)[4 mL 10 % blocking reagent] and 12.76 mL SDW) and 

incubated in a hybridisation oven (Hybrigene, Techne, Staffordshire, UK) at 65 °C for 

2 hrs. The probe was denatured in a water bath at 95 °C for 10 min and added to the 

hybridization bottle and incubated in a hybridization oven with rotation for 16 hrs at 

65 °C. 

  The following day the membrane was carefully removed from the 

hybridization bottle and washed once with 2xSSC, 0.1% [w/v] SDS for 10 min at 

room temperature and two times with 0.1xSSC, 0.1% [w/v] SDS for 15 min at 65 °C. 

After the three washing steps all further treatments were conducted at room 

temperature on a shaker. The membranes were placed in solution I (0.1 M maleic 

acid, 0.5 M NaCl pH 7.5) for 1 min followed by a washing step with washing buffer 
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(solution I + 0.3% [v/v] Tween 20) for 5 min. The membrane was further washed with 

solution II (solution I containing 1% [w/v] blocking agent) for 30 min, 30 min in 

solution II containing anti-digoxigenin antibody conjugated with alkaline phosphatase 

(1:20000), twice for 15 min with washing buffer, again with solution I for 1 min and 

finally with solution III (0.1 M Tris-HCl [pH 9.5], 0.1 M NaCl) for 5 min. The 

alkaline phosphatase chemiluminescent substrate CDP-Star (Roche) was added to 

solution III (1:100), applied on the membrane and incubated in the dark at room 

temperature for 5 min. After treatment, excess CDP-Star was removed, the blot was 

wrapped in saran wrap and exposed to X-ray film (X-Omat AR, Kodak) in an X-ray 

cassette. The X-ray film was removed from the cassette in a dark room with a safe 

light and placed in a tray containing developer solution (Agfa HealthCare, Mortsel, 

Belgium) and agitated gently for some time (30 s to 2 min, depending on signal 

intensity). The film was then washed in water and transferred to a tray containing 

fixer solution (Agfa HealthCare, Mortsel, Belgium) for 10 min with gentle agitation, 

and then again washed with water and air dried. 

2.19 Northern hybridization 

 An agarose gel (1 g agarose, 10 mL 10xMOPS [pH 7], 84.6 mL SDW, 5.4 mL 

37 % formaldehyde) was prepared for Northern-blot hybridization. The samples (~7 

µl) were prepared by mixing 2 volumes of loading buffer (95 % deionized formamide, 

5 mM EDTA (pH 8), 0.025 % [w/v] xylene cyanol, 10 mg/ml ethidium bromide, 

0.025% [w/v] bromophenol blue and 0.025 % [v/v] formaldehyde) and 1 volume of 

isolated RNA (5-10 µg). The RNA and loading buffer mixture was denatured at 65 °C 

for 10 min and then chilled on ice for 1 min. The samples were then loaded on the gel 

and electrophoresed in running buffer (1xMOPS) at 50 V for 3-4 hrs. The gel was 

photographed under UV light.  

 The gel was then soaked in a solution containing 0.01 N NaOH and 5xSSC 

for 20 min, after which the RNA was transferred to a nylon membrane under vacuum 

for 3-4 hrs using the apparatus shown in Figure 2.2. The membrane was air dried and 

cross linked. The nylon membrane was then placed in a hybridization bottle, 

prehybridization solution (section 2.18) was added to it and incubated in a 

hybridization oven (Hybrigene, Techne, Staffordshire, UK) at 65 °C for 2 hrs. The 

probe was denatured at 95 °C for 10 minutes in a water bath. The prehybridization 

solution was removed from the bottle while the denatured probe was added to the 
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bottle. The hybridization bottle was returned to the hybridization oven and incubated 

overnight at 65 °C. The following day the membrane was washed and processed as 

described for Southern-blot hybridization (section 2.18). 

2.20 Dot-blot hybridization 

 For dot-blot hybridization 1 µl (~ 1.5 µg) of genomic DNA extracted from 

plants was taken from each sample and spotted on a positively charged nylon 

membrane (Roche). The DNA was bound to the membrane by exposure to ultraviolet 

light in a UV cross- linker (Crosslinker RPN 2500, Amersham Life Science). The 

membrane was then treated as described previously for Southern blot hybridization 

(section 2.18). 

2.21 Quantification of bands on X-ray films  

 Band intensities on X-ray films were quantified using ImagJ software 

(http://rsbweb.nih.gov/ij/). The data obtained from these analyses were normalized 

against the intensity of ethidium bromide stained genomic DNA bands for each 

sample.  

2.22 Sequencing and sequence analysis 

 Plasmid clones with inserts to be sequenced were purified with a GeneJET 

Plasmid Miniprep Kit (Fermentas) and sequenced by Macrogen (South Korea or 

Europe) by the dideoxy chain-termination method (Sanger et al., 1977). For 

sequencing either the universal primers (M13F -20 and M13R -20] were used or 

specific primers were designed. The sequenced data was assembled and analyzed 

using the Lasergene package of sequence analysis software (DNA Star Inc., Madison, 

WI, USA).  Multiple sequence alignments were carried out with the help of Clustal X 

(Sanger et al., 1977) and also using the Lasergene package MegAlign program. 

2.23 Plant growth conditions  

 Plants were grown in small plastic pots containing clay, compost, sand and silt 

in equal proportions in a glasshouse at 25 °C with 65% humidity. A 16 hr dark/8 hr 

light period was maintained by providing supplementary lightning when required. All 

the plants were watered daily and once a week the water was supplemented with 

Hogland solution (1.25 mM KNO3, 1.5 mM Ca(NO3)2.4H2O, 0.5 mM KH2PO4, 0.75 

mM MgSO4.7H2O, micronutrients [50 μM H3BO3, 0.5 μM Na2MoO4.2H2O, 15 μM  
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Figure 2.1 Apparatus for the capillary transfer of DNA from an agarose gel to a nylon 

membrane. 
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Figure 2.2  The VacuGene XL (GE HealthCare Bio-sciences AB, Upps ala, S weden) apparatus 

used for the transfer of DNA/RNA from agarose gels to nylon membranes. The constituents of the 

apparatus are the vacuum pump (1), vacuum blotting unit (2) and liquid trap (3). The diagram was 

reproduced from the manual VacuGene XL Vacuum Blotting System Operat ing Instructions 28-9672-

67 AB. 
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MnCl2.4H2O, 1.5 μM CuSO4.5H2O, 2.0 M ZnSO4.7H2O] and Fe-EDTA (1 mM KOH, 

30 μM EDTA.2Na, 30 μM FeSO4.7H2O). 

2.24 Photography and computer graphics 

 Plants were photographed using a high resolution digital camera (Nikon 

Coolpix 8700 or Sony DSC W50). Photoshop CS (Adobe Systems Incorporated, San 

Jose, CA, USA) was used to edit photographs. pDRAW32 software was used to draw 

circular maps of viruses and satellite molecules. Composite figures and line diagrams 

were created in CorelDRAW v.12 (Corel Corporation, Ottawa, ON, USA). 
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Chapter 3 

Mutational analysis of the pathogenicity of the βC1 encoded by 
Cotton leaf curl Multan betasatellite 

3.1 Introduction 

 The majority of begomoviruses originating from the OW have single 

component genomes (Dry et al., 1993; Navot et al., 1991; Noris et al., 1994a) and are 

associated  with circular ssDNA satellites known as alphasatellites (earlier known as 

DNA 1; Mansoor et al., 1999) and betasatellites (previously known as DNA β; 

Saunders et al., 2000; Briddon et al., 2001).  

 Betasatellites are approximately half the size (~1350 bp) of their helper 

begomoviruses and are in most cases required by begomoviruses for efficient 

infection of host plants (Briddon, 2003; Cui et al., 2004; Guo et al., 2008; Saunders et 

al., 2000; Zhou, 2013). Betasatellites do not have extensive nucleotide sequence 

similarity with their helper viruses but, for replication, encapsidation and 

transmission, require a helper begomovirus (Briddon et al., 2001; Saunders et al., 

2000). Betasatellites encode a single protein, known as βC1, which consists of ~118 

amino acids (Briddon et al., 2003; Briddon et al., 2001; Jose and Usha, 2003; 

Saunders et al., 2004; Zhou et al., 2003). 

 Several studies have shown that defective betasatellites lacking the ability to 

express βC1 protein do not induce typical disease symptoms, when co-inoculated with 

helper begomoviruses (Cui et al., 2004; Qian and Zhou, 2005; Saunders et al., 2004; 

Zhou et al., 2003). Moreover PVX-mediated expression or stable transformation with 

βC1 results in plants with virus- like symptoms (Cui et al., 2005a; Gopal et al., 2007; 

Kon et al., 2007; Qazi et al., 2007; Saeed et al., 2005; Saunders et al., 2004). PVX 

mediated expression of the βC1 gene of  CLCuMuB in N. benthamiana plants 

induced leaf curling, vein darkening, enations and vein thickening; symptoms typical 

of CLCuD in cotton (Qazi et al., 2007; Saeed et al., 2005; Saunders et al., 2004).  

 Betasatellites are a class of diverse ssDNA molecules (Figure 1.14, Chapter1; 

Briddon et al., 2001; Sattar et al., 2013). The betasatellite encoded βC1 is typically 

118 amino acids (~13.7 kDa). Some betasatellites encode βC1 proteins that may have 
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additional amino terminal amino acids. However, in the majority of these there is a 

very highly conserved downstream methionine, a possible translation initiation site 

that would yield a protein of 118 amino acid (Briddon et al., 2001). Alignment of the 

βC1 of 83 isolates (accession numbers shown in appendix B) of CLCuMuB indicates 

that most of the amino acids are highly conserved (Figure 3.2). However, a similar 

analysis of βC1 of distinct betasatellites (accession numbers shown in appendix A and 

C) shows that overall the conservation is much less (Figure 3.2 and 3.9).        

 Analysis by deletion showed that C-terminal amino acid sequences of 

CLCuMuB βC1 are important for symptom induction (Figure 3.9; Qazi et al., 2009). 

βC1 multimerizes to form soluble granulose bodies in vitro and in vivo. This 

interaction is necessary for the induction of symptoms in plants and amino acids at the 

C-terminal end were shown to be important for this (Cheng et al., 2011). The C-

terminus of βC1 has a region rich in leucine and isoleucine that may be involved in 

peripheral localization and nuclear shuttling activity (Kumar et al., 2006). The 

deletion analysis of N-terminus of CLCuMuB βC1 revealed that this region is not 

important for symptom induction (Figure 3.9). However, the study by Yang et al. 

(2011) suggested the importance of this region in pathogenicity. These differences 

may be due to the different strategies, used in the experiments. The βC1 protein also 

has suppression of RNA silencing activity. This property will be dealt with in more 

detail in Chapter 4. 

 

 

 
 

Figure 3.1 Schematic representation of the functional domains of the βC1 protein. Shown are the 

positions of sequences involved in pathogenicity, suppression of RNA silencing (Yang et al., 2011;  

Qazi, 2009), multimerization (Cheng et al., 2011),  nuclear localization (NLS; Cui et al., 2005), nuclear 

export (NES), interaction with karyopherin α and coat protein (Kumar et al., 2006), a myrostilation-like 

motif involved in interaction with  an SIUBC3 (Eini et  al., 2009) and a domain whose function appears 

to be in  pathogenicity when the gene is mutated in the intact betasatellite  (Pathogenicity ?; Yang et  al., 

2011), but when the mutated/deleted gene is expreaased from PVX has no effect (Qazi, 2009).  
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 Betasatellites can complement the movement functions of the DNA B of 

bipartite begomoviruses. AYVB was shown to facilitate the symptomatic infection of 

the DNA A of six cassava mosaic disease associated begomoviruses in the absence of 

their cognate DNA B components (Patil and Fauquet, 2010). CLCuMuB was shown 

to facilitate infection by the DNA A component of ToLCNDV, in the absence of its 

cognate DNA B, and this effect was shown to be mediated by βC1 (Saeed et al., 

2007). βC1 localizes at the cell periphery, inside and around the nucleus, co- localizes 

with the endoplasmic reticulum and has both nuclear export and import signals 

(Figure 3.1; Cui et al., 2005b; Yang et al., 2011a). The βC1 protein encoded by the 

betasatellite Bhendi yellow vein mosaic betasatellite has been shown to interact with 

the CP of its helper begomovirus (Kumar et al., 2006). These findings suggest that 

βC1 has both virus intra- and intercellular movement functions. 

 The βC1 proteins from various betasatellites have been shown to interact with 

a range of host factors. ASYMMETRIC LEAVES 1 (AS1) and ASYMMETRIC 

LEAVES 2 (AS2) are host factors that form a complex that is involved in the 

regulation of leaf development. βC1 directly interacts with AS1 but not with AS2, and 

thus changes the expression of AS1 dependent genes, and regulates expression of 

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

βC1 protein encoded by Chilli leaf curl betasatellite (ChLCuB) showed that the 

protein affects expression of eight genes that are involved in plant development, cell 

protection, replication, ATP synthesis, defence pathways and detoxification (Andleeb 

et al., 2010). In addition to this βC1 may affect miRNA levels (Amin et al., 2011b). 

miRNA are endogenous small RNAs that are part of the RNA silencing system and 

are involved in regulating gene expression (see introduction to Chapter 4). 

 Several previous studies have used mutagenesis to study the pathogenicity of 

βC1 (Cheng et al., 2011; Cui et al., 2005b; Eini et al., 2009; Qazi, 2009; Yang et al., 

2011a).  In view of the critical importance of the βC1 to the pathogenicity of many 

begomoviruses, a better understanding of the function of this protein is required. The 

study presented in this chapter was designed to identify amino acids involved in βC1 

pathogenicity. 
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Figure 3.2 Amino acid sequence logo showing conservation of amino acids across βC1. Sequence 

logos were created by Geneious software (Geneious 6.1, Biomatters Ltd) and were based on alignments 

of the predicted amino acid sequences of the βC1 of 357 betasatellites coding for 118 amino acids (A) 

and 83 isolates of Cotton leaf curl Multan betasatellite (B). The coordinates of amino acids are shown 

by a ruler below each sequence logo. 
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3.2 Materials and methods 

3.2.1 Betasatellite clone and wild type βC1 expression constructs used in the 

study  

 A clone of CLCuMuB (AJ298903) obtained previously (Briddon et al., 2001) 

was used. The βC1 encoded by CLCuMuB was amplified with specific primer pair 

βC1F/βC1R (Table 3.2), cloned into pTZ57R/T, sequenced and transferred to the 

PVX vector pGR107 (Chapman et al., 1992), using restriction endonuclease sites 

(ClaI/SmaI) engineered into the primers, to produce construct PVX-βC1.  

3.2.2 Site-directed mutagenesis of βC1 encoded by CLCuMuB 

 Specific single amino acid changes in CLCuMuB βC1 were achieved by a 

PCR-mediated site directed mutagenesis procedure (Hemsley et al., 1989) and by 

synthetic production of sequences. The CLCuMuB βC1 gene cloned in pTZ57R/T 

was amplified by specific back-to-back primers (Table 3.2) to generate each mutant 

clone. Each PCR product was eluted (Chapter 2, section 2.10.1) and the purified DNA 

was cut with the restriction endonuclease enzyme (underlined in Table 3.1) the 

recognition sequence of which was introduced into the primers (adjacent to the site of 

the mutation) and self- ligated (Chapter 2, section 2.11). The integrity of mutated gene 

sequences were confirmed by restriction fragment length polymorphism analysis 

(since in most cases mutations involved the introduction of restriction endonuclease 

recognition sequences) and sequencing. Mutated βC1 gene sequences in pTZ57R/T 

were transferred to pGR107 at ClaI/SmaI sites to generate the constructs PVX-βC134, 

-βC133, 34, -βC148,54, -βC154, -βC154,59, -βC154,63 and -βC192. Three constructs (βC188, 

βC1101 and βC1107) were generated synthetically (Fermentas). The synthetically 

produced mutant clones of βC1 in pUC vector were digested with ClaI and SmaI and 

transferred to pGR107. Details of the mutants are given in Table 3.1. 
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Table 3.1 Details of the mutant βC1 constructs produced for the study 

Construct☼ Mutation☺ Sites£ Primers* 

βC134 34 T→A 
 

ClaI 
SmaI 
NdeI 

βC134 F 
βC133,34 R 

βC133,34 33 S→G 
34 T→G 

ClaI 
SmaI 
NdeI 

βC133,34 F 
βC133,34 R 

βC148,54 
48 Y→A 
54 H→R 

 

ClaI 
SmaI 
MluI 

βC148,54 F 
βC148 R 

βC154 54 H→R 
ClaI 
SmaI 
MluI 

βC148,54 F 
βC154,59,63 R 

βC154,59 59 F→A  
54 H→R 

ClaI 
SmaI 
MluI 

βC154,59 F 
βC154,59,63 R 

βC154,63 63 E→A  
54 H→R 

ClaI 
SmaI 
MluI 

βC154,63 F  
βC154,59,63 R 

βC188 88 V→I ClaI 
SmaI ---€  

βC192 92 D→A 
ClaI 
SmaI 
SpeI 

βC192 F 
βC192 R 

 

βC1101 101 I→A  ClaI 
SmaI ---€  

βC1107 107 N→I ClaI 
SmaI ---€  

 

☼ Mutants of βC1 c loned in pgR107 vector 
☺Replaced amino acids and their position in the protein 
£ Restriction sites introduced into primers for site-directed mutagenesis and cloning in pgR107 (see 

section 3.2.2)  The restrict ion site introduced to be adjacent to the mutation is underlined. 

* Mutagenic primers 
€ Mutant gene produced synthetically. 
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3.2.3 Agrobacterium-mediated inoculation and analysis of plants 

 Binary vectors harbouring PVX constructs for the expression of βC1 were 

transformed into A. tumefaciens GV3101 and inoculated by infiltration to N. 

benthamiana and N. tabacum plants at the 4-5 leaf stage. RNA was extracted from 

plants (Chapter 2, section 2.4) for the production of cDNA (Chapter 2, section 2.5), 

for PCR-mediated amplification of βC1 genes and northern-blot hybridization 

(Chapter 2, section 2.19). For northern-blot hybridization a DIG-labelled PVX coat 

protein gene probe was prepared by using the primers CPpvxF and CPpvxR (Table 

3.2), as described earlier (Chapter 2, section 2.17). 

 

 

 

 

Table 3.2 Oligonucleotide primers used in the study 

Primer name  Sequence * Restriction site  

βC1 F AACAATCGATTCAAATAAGCAGAAATGACA  ClaI 

βC1 R CTGGCCCGGGTTTGGAATTTGGAATTTAAACGGTG SmaI 

βC134 F CATATGAGGATACTATCCGCAAAGTC NdeI 

βC133,34 F CATTCATATGAGGATACTAGGCGGAAAGTC NdeI 

βC133,34 R CTCATATGAATGAAGATCTTCATATTC NdeI 

βC148 R ACGCGTATGTCTTCGTACGTGGCCTGGACG MluI 

βC148,54 F ACGCGTTCCATTCGACTTCAACGGC MluI 

βC154,59,63 R ACGCGTATGTCTTCGTACGTGTACTGG MluI 

βC159 F ACGCGTTCCATTCGACGCCAACGGC MluI 

βC163 F ACGCGTTCCATTCGACTTCAACGGCTTTGCAGGG MluI 

βC192 F ACTAGTACTTGAAAACCCAGAGATATTGGG SpeI 

βC192 R ACTAGTATAGCAAGTCTGTGAACTAT SpeI 

CPpvx F ATGTCAGCACCAGCTAGCAC -- 

CPpvx R TTATGGTGGTGGTAGAGTGA  -- 

 

* Restriction endonuclease recognition sequences are underlined 
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3.3 Results 

3.3.1 Pathogenicity of PVX expressing mutant βC1 genes in N. benthamiana 

 N. benthamiana plants inoculated with the PVX vector developed mild 

symptoms, consisting of mild vein yellowing at 8 days post inoculation (dpi), on 

leaves that were developing at the time of inoculation. Over the next few days a mild 

yellow mosaic developed on symptomatic leaves. The symptoms were not persistent, 

and at approx. 14 dpi newly developing leaves did not show symptoms of infection – 

a phenomenon known as reversion (Table 3.3). 

 Plants inoculated with the PVX construct expressing the wild type βC1 gene 

of CLCuMuB (PVX-βC1) developed symptoms of infection at ~7 dpi, earlier than for 

plants inoculated with the PVX vector with no insert. Initial symptoms appeared on 

the upper leaves of the plants that were emerging at the time of inoculation and 

consisted of downward and upward leaf curling. The symptoms gradually became 

more severe and the veins of symptomatic leaves turned yellow and thickened. Leaf-

like enations developed on the main and lateral veins on the underside of leaves. By 

14 dpi the growth of plants was significantly inhibited, in comparison to non-

inoculated plants, the upper leaves were crumpled and the stem and petioles were 

twisted (Figure 3.3). After this the plants ceased to grow and the symptoms were 

persistent (Table 3.3). PVX-βC1 infected plants rarely produced flowers. 

 For all N. benthamiana plants inoculated with PVX expressing βC1 mutant 

constructs, with the exception of PVX-βC1101, the initial symptoms of infection 

appeared at 7 dpi. The symptoms induced were indistinguishable from those induced 

by PVX-βC1, and were persistent. The plants showed upward and/or downward leaf 

curling (Figure 3.3, D and G), vein yellowing (Figure 3.3, F), twisting of the stem and 

petioles (Figure 3.3, I), leaf crumpling (Figure 3.3, J) and leaf- like enations (Figure 

3.3, K and L). The symptoms induced by PVX-βC1101 were more like those of PVX 

(with no insert) but a little more severe. Initial symptoms, vein yellowing of leaves, 

developing at the time of inoculation, occurred at 8 dpi and developed into mild 

chlorotic spots that were a little more intense than those induced by PVX (Figure 3.4). 

The symptoms were, however, not persistent and reverted at approx. 15 dpi. The non-

inoculated plants remained symptomless throughout the periods of the experiments. 

For a small number of plants (at least three plants for each mutant) the βC1 gene was 

amplified from cDNA by PCR to confirm that the βC1 gene was maintained by the 
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PVX vector in plants (results not shown). For a selected number of plants (at least two 

for each mutant) the amplified product was cloned and sequenced. For all that were 

examined the mutations introduced into the βC1 were maintained (results not shown).  

Figures 3.5 and 3.6 show northern blots, probed for the presence of PVX with a PVX 

coat protein probe, of total RNA samples extracted from N. benthamiana plants 

infected with PVX expressing mutant βC1 genes at 10 and 14 dpi, respectively. In all 

plants, except the non- inoculated plants, PVX was detected. Overall the levels of 

PVX RNA were lower for PVX expressing βC1 than in the plants infected with just 

PVX. This suggests that the PVX vector expressing βC1 is either less able to spread 

in plants (fewer cells infected) or replicates at a lower level. Either way this indicates 

that the presence of βC1 interferes to some degree in virus function in planta. The 

levels of PVX RNA for virus expressing βC1 gene constructs was significantly less at 

14 dpi than at 10 dpi, with the exception of PVX-βC1101 and PVX-βC159, the RNA 

levels of which were slightly higher than the other constructs (Figure 3.6). 
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Table 3.3 Infectivity of PVX constructs expressing βC1 mutants in N. 

benthamiana 

Inoculum 

Infectivi ty 
(no. of plants 
symptomatic 
/no. of plants 
inoculated)@ 

Latent 
period$ 

(dpi) 
Symptoms☼ Symptom 

persistence* 

βC134 24/25 7 VY, SULC, SDLC, EN, 
VT, ST, ASD and LCr P/severe 

βC133, 34 15/15 7 VY, SULC, SDLC, EN, 
VT, ST, ASD and LCr P/severe 

βC148,54 28/30 7 VY, SULC, SDLC, EN, 
VT, ST, ASD and LCr P/severe 

βC154 25/25 7 VY, SULC, SDLC, EN, 
VT, ST, ASD and LCr P/severe 

βC154,59 25/25 7 VY, SULC, SDLC, EN, 
VT, ST, ASD and LCr P/severe 

βC154,63 27/30 7 VY, SULC, SDLC, EN, 
VT, ST, ASD and LCr P/severe 

βC188 30/30 7 VY, SULC, SDLC, EN, 
VT, ST, ASD and LCr P/severe 

βC192 27/30 7 VY, SULC, SDLC, EN, 
VT, ST, ASD and LCr P/severe 

βC1101 30/30 8 MFM and MVY R/15-18dpi 

βC1107 30/30 7 VY, SULC, SDLC, EN, 
VT, ST, ASD and LCr P/severe 

PVX€  27/30 8 MFM and MVY R/14-16dpi 

βC1€ 30/30 7 VY, SULC, SDLC, EN, 
VT, ST, ASD and LCr P/severe 

 

@ Results of three or more independent experiments 
$ Time between inoculation and first appearance of symptoms 
☼ Symptoms are denoted as mild foliar mosaic (MFM), mild vein yellowing (MVY), Vein yellowing 

(VY), severe upward leaf curling (SULC), severe downward leaf curling (SDLC), enations (EN), vein  

thickening (VT), stunting (ST), abnormal shoots development (ASD) and leaf crumpling (LCr) 

* Symptom were either persistent until senescence (P) or reverted (R) 
€ In each experiment an equal numbers of plants were inoculated with PVX or PVX-βC1 as controls. 
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Figure 3.3 Symptoms induced by βC1 mutants expressed from PVX in N. benthamiana. The N. 

benthamiana plants shown were either non-inoculated (healthy control, A), inoculated with PVX (B), 

or inoculated with PVX expressing βC1 (C), βC188 (D, J-L), βC1101 (E), βC1107 (F), βC148,54 (G), βC192 

(H and I). The photographs were taken approximately 20 dp i. 
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Figure 3.4 Symtoms induced by PVX-βC1101 in N. benthamiana plants. Plants were either not 

inoculated (A, B) inoculated with PVX-βC1 (C, D), inoculated with PVX (E-H) or inoculated with 

PVX- βC1101 (I-L). Phtographs were taken approximately fourteen days post inoculation. 
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Figure 3.5 Northern-blot analysis of the RNA extracted from N. benthamiana plants infected with 

PVX expressing βC1 mutants at 10 dpi . The RNA samples were extracted from a non-inoculated 

plant (lane 1) or p lants infected with PVX (lane 2),  PVX-βC1 (lane 3), PVX-βC188 (lane 4), PVX-

βC1101 (lane 5), PVX-βC1107 (lane 6), PVX-βC148 (lane 7) and PVX-βC192 (lane 8). RNA was ext racted 

from leaf t issue at 10 dpi and approx. 10μg  of total RNA was loaded in each case. The blot was 

hybridized with a specific probe for the coat protein gene of PVX. The positions of genomic (gRNA) 

and subgenomic (sgRNA) forms of the PVX genome are shown. The ethidium bromide stained 18S 

RNA band on the gel is shown below the northern-blot.  
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Figure 3.6 Northern blot analysis of RNA extracted from N. benthamiana plants infected with 

PVX expressing βC1 mutants at 14 dpi. RNA samples were isolated from a healthy non-inoculated  

N. benthamiana plant (lane 1) and plants inoculated with PVX (lane 2),  PVX-βC1 (lane 3), PVX-

βC188 (lane 4), PVX-βC1101 (lane 5), PVX-βC1107 (lane 6), PVX-βC134 (lane 7) and PVX-βC159 (lane 

8).  Aproximately 10 μg of  total RNA was loaded in each case. The membrane was hybridized with a 

specific probe for coat protein gene of PVX. The positions of genomic (gRNA) and subgenomic 

(sgRNA) forms of the virus genome are shown. The ethidium bromide stained 18S RNA band on the 

gel is shown below the Northern-b lot. 
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3.3.2 Pathogenicity of PVX expressing mutant βC1 genes in N. tabacum 

 Following inoculation with PVX, N. tabacum plants exhibited the initial 

symptoms of infection at 20 dpi. The symptoms observed were a very mild (faint) 

vein yellowing (Figure 3.7). The symptoms were not persistent and after 25 dpi newly 

developing leaves showed no symptoms (Table 3.4). 

 N. tabacum plants agroinoculated with PVX-βC1 displayed the initial 

symptoms of infection at 10 dpi, consisting of downward leaf curling and vein 

yellowing on the leaves that were developing at the time of inoculation. Subsequently 

enations developed on the main vein on the undersides of symptomatic leaves, 

starting near the petiole and progressing towards the tip. The enations had the 

appearance of fronds on the main vein but also spread onto the secondary veins 

(Figure 3.7 panels D and E). The symptoms were persistent with no evidence of 

newly developing leaves reverting to a non-symptomatic phenotype. With the 

exception of PVX-βC1101, the mutant βC1constructs expressed from PVX had the 

same latent period and induced the same symptoms as PVX-βC1 in N. tabacum 

(Table 3.4; Figure 3.7). For these plants also the symptoms were persistent.    

 The symptoms induced by PVX-βC1101 in N. tabacum were different from all 

the other mutants. The most prominent symptom produced by this mutant was vein 

yellowing that was little more severe than in plants infected with PVX. No leaf curl or 

enations were evident for PVX-βC1101 infected plants. By approx. 25 dpi newly 

developing leaves did not show vein yellowing symptoms and all subsequently 

developing leaves were symptomless.   

 Figures 3.8 shows a northern blot, probed for the presence of PVX with a PVX 

coat protein gene probe, of total RNA samples extracted from N. benthamiana and N. 

tabacum plants infected with PVX expressing mutant βC1 genes 14 dpi. PVX was 

detected in all examined plants although from some of the N. tabacum plants the 

levels of PVX were very low.  The blot showed that accumulation of PVX was higher 

in N. benthamiana plants than in N. tabacum plants. Only for mutant βC188 did PVX 

RNA levels in N. tabacum reach those of a PVX infected plant. 
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Table 3.4 Infectivity of PVX constructs expressing βC1 mutants in N. tabacum 

Inoculum 

Infectivi ty 
(no. of plants 
symptomatic 
/no. of plants 
inoculated)@ 

Latent 
period$  

(dpi) 
Symptoms☼ Symptom 

persistence* 

βC134 14/14 10 LC, VY, VT, EN P/severe 

βC133, 34 13/14 10 LC, VY, VT, EN P/severe 

βC148 14/14 10 LC, VY, VT, EN P/severe 

βC154 14/14 10 LC, VY, VT, EN P/severe 

βC159 11/12 10 LC, VY, VT, EN P/severe 

βC163 14/14 10 LC, VY, VT, EN P/severe 

βC188 14/14 10 LC, VY, VT, EN P/severe 

βC192 10/14 10 LC, VY, VT, EN P/severe 
βC1101 13/14 20 MY, MFM R/25dpi 
βC1107 12/14 10 LC, VY, VT, EN P/severe 

PVX€ 12/14 20 MY, MFM R/25dpi 

βC1€  13/14 10 LC, VY, VT, EN P/severe 

-□ 0/14 -- NS -- 
 

@ Results of three independent experiments. 
$ Time between inoculation and first appearance of symptoms 
☼ Symptoms are denoted as leaf curling (LC), vein yellowing (VY), mild yellowing (MY), mild foliar 

mosaic (MFM), vein thickening (VT) and enations (EN) or no symptoms (NS).  

* Symptom were either persistent until senescence (P) or reverted (R) 
€ In each experiment equal number of plants were inoculated with PVX and PVX-βC1 as controls 
□ In each experiment the same number of healthy plants were kept as controls 
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Figure 3.7 Symptoms induced by PVX expressing βC1 mutants in N. tabacum. Shown are a 

healthy non-inoculated plant (A) and a close-up view of a leaf from a healthy plant (B), a leaf from a 

PVX inoculated plant  (C), a plant inoculated with PVX-βC1 (D) and leaves from plants inoculated 

with PVX-βC1 (E), PVX-βC1101 (F), PVX-βC192 (G), PVX-βC188 (H), PVX-βC154,59 (I), PVX-βC148,54  

(J), PVX-βC154,63 (K) and PVX-βC1107 (L). Photographs were taken at approximately 22dpi.  
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Figure 3.8 Northern blot analysis of RNA extracted from N. benthamiana and N. tabacum plants 

infected with PVX expressing βC1 mutants. The RNA samples were isolated from a non-inoculated 

N. benthamiana plant (lane 8) o r N. benthamiana plants inoculated with PVX-βC188 (lane 1),  PVX-

βC1101 (lane 2), PVX-βC1107 (lane 3), βC192 (lane 4), PVX-βC163 (lane 5), PVX-βC148 (lane 6),  PVX 

(lane 7), PVX-βC1 (lane 15) or N. tabacum plants inoculated with PVX-βC188 (lane 9), PVX-βC1101 

(lane 10), PVX-βC1107 (lane 11), PVX-βC192 (lane 12), PVX-βC163 (lane 13), PVX (lane 14). For both 

N. benthamiana and N. tabacum plants RNA was extracted at 14 dpi. Approximately 10 μg of total 

RNA was loaded in each case. The blot was hybridized with a specific probe for the coat protein gene 

of PVX. The positions of genomic (gRNA) and subgenomic (sgRNA) forms of the virus genome are 

shown. The ethidium bromide stained 18S RNA band on the gel is shown below the northern-blot. 

74 
 



Analysis of the pathogenicity of βC1 mutants                                                                     Chapter 3 

3.4 Discussion 

 Betasatellites transcribe a single mRNA (Briddon et al., 2003; Saeed et al., 

2005; Saunders et al., 2004) which encodes a single protein known as βC1. The βC1 

protein is a pathogenicity determinant (Cui et al., 2005a; Qazi et al., 2007; Saeed et 

al., 2005; Saunders et al., 2004) and the βC1 of CLCuMuB has previously been 

shown to induce all the symptoms that are typical of CLCuD in N. benthamiana using 

the PVX expression system, including the leaf- like enations (Qazi, 2009; Qazi et al., 

2007). This system was used here to investigate the pathogenicity of CLCuMuB-

encoded βC1 by mutation, in an effort to identify amino acid sequences important for 

symptom induction. 

 The amino acid sequences chosen for mutagenesis here were selected as being 

highly conserved (between distinct betasatellite) at a time when there were relatively 

few betasatellites sequences available. Interest in betasatellites has increased over the 

last few years and many more betasatellite sequences have been submitted to the 

databases (more than 400; Zhou, 2013). Analysis of the βC1 proteins encoded by all 

these betasatellites indicates that the sequence of βC1 is not well conserved – only a 

single absolutely conserved amino acid was identified (a phenylalanine at position 59 

for CLCuMuB βC1; Figure 3.9). Mutation of this amino acid did not affect βC1 

pathogenicity significantly, at least as far as it is possible to determine using the PVX 

expression system used here. Similarly, with the exception of the 101 mutation, none 

of the other mutations affected pathogenicity. This would seem to indicate that, at 

least with respect to induction of symptoms in the PVX system, βC1 can tolerate 

small amino acid changes. Why mutation of the isoleucine (I) at position 101 

abolishes the pathogenicity of βC1 is unclear. The I occurs immediately upstream of a 

β-strand and a sequence shown by Yang et al. (2011) to be important for both 

symptom induction and suppression of PTGS and a myristoylation-like motif shown 

by Eini et al. (2009) to be important for interaction with the ubiquitin-conjugating 

enzyme SlUBC3, which is important for symptom induction. The effect of the 101 

mutation is thus consistent with these findings and may result from interference in the 

ability of βC1 to suppress silencing or interact with SlUBC3. Further analysis of the 

101 mutation will be required to confirm this hypothesis (see Chapter 4). 

 For all the mutants produced here, the presence of the mutated βC1 genes 

reduced the latent period of the PVX infection, even though they induce significant  
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Figure 3.9 Summary of the effects of site-directed mutations on the pathogenicity of the 

CLCuMuB βC1 protein. The upper panel shows the predicted secondary structure of the βC1 protein  

relative to the pred icted amino acid  sequence. Predicted β-strands (β1 to β6) and α-helices (α1 and α2) 

are shown as blue arrows and red bars, respectively. The symptoms induced by PVX constructs 

expressing the mutant CLCuMuB βC1 proteins produced by site-directed mutagenesis as part of this 

work and deletion mutants produced by earlier (Qazi, 2009) are shown as severe (s; symptoms similar 

to those induced by PVX expressing the non-mutated βC1 gene, m; very mild leaf curling was 

observed by inoculating these constructs or p; similar to the symptoms induced by the PVX vector with 

no insert. The lower panel shows a Plotcon (EMBOSS) analysis of an alignment of the predicted amino 

acid sequences of 686 betasatellite βC1 proteins (all available betasatellite sequences as of April 2013). 

The sequences of four betasatellite βC1 genes were not included in the alignment, as they introduced 

singlet spacing (spaces due to a single isolate) in  the alignment, and only the sequences homologous to 

the 118 amino acids of CLCuMuB βC1 are shown (some betasatellite βC1 sequences contain N- or C-

terminal extensions, with respect to CLCuMuB βC1). The black arrow shows the position of the only 

absolutely conserved amino acid (a phenylalanine [F]) which is at position 59 for CLCuMuB βC1. 
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symptoms; a feature in common with the non-mutated βC1 gene. Additionally, for 

most of the constructs and the non-mutated βC1, northern blot analysis showed a 

significant reduction in PVX RNA levels as infections progressed, even in cases 

where there was no recovery. This indicates that, even for the 101 mutation, the 

expressed protein has an effect on PVX. However, the basis for this effect is unclear.  

 Overall the mutagenesis study here shows that βC1 is highly tolerant of single 

amino acid changes with respect to pathogenicity. Additionally the isoleucine at 

position 101 of CLCuMuB plays an important part in pathogenicity.  
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Chapter 4 

Mutational analysis of the suppression of post-transcriptional gene 

silencing activity of the βC1 encoded by Cotton leaf curl Multan 

betasatellite 

4.1 Introduction 

 In retrospect, the first evidence of RNA silencing came with the work of 

Wingard, (1928) who showed that infection in tobacco plants by TSRV did not 

transfer to the newly developing young leaves from the lower symptomatic leaves of 

the infected plants (Figure 4.1). Now it is known from the studies performed by 

several research groups that the recovery from virus disease is due to RNA silencing 

which targets the viral RNA (Baulcombe, 2004; Ratcliff et al., 1997). In plants the 

RNA silencing phenomenon is also known as post-transcriptional gene silencing 

(PTGS), in fungi it is called quelling while the term RNA interference (RNAi) is used 

in animals (Bisaro, 2006). The nematode worm (Caenorhabditis elegans) was the first 

organism in which the RNAi was discovered (Fire et al., 1998).  

 RNAi is involved in regulation of gene expression via small RNAs (sRNA), 

heterochromatin establishment and is also involved in DNA methylation (Baulcombe, 

2004; Katiyar-Agarwal and Jin, 2010; Lippman and Martienssen, 2004; Voinnet, 

2005). The sRNA are either short interfering RNA (siRNA) or micro RNA (miRNA), 

that have a similar chemical structure but are distinct in their mode of biogenesis and 

functions. The RNA silencing machinery is run by several players including RNA-

dependent RNA polymerases (RDRs), double stranded RNA (dsRNA) binding 

proteins (DRBs), Argonaute (AGO) proteins and the ribonuclease Dicer. Diverse 

Dicer proteins specify the production of siRNAs and miRNAs (Meins et al., 2005; 

Vaucheret, 2006). The Arabidopsis genome has been shown to encode ten AGO 

proteins, six RDRs, four Dicer- like (DCL) enzymes and four DRBs (Baulcombe, 

2004; Hohn and Vazquez, 2011). These factors contribute to effect distinct but partly 

overlapping pathways which are routinely initiated by dsRNA (Hannon, 2002; 

Katiyar-Agarwal and Jin, 2010). Three silencing pathways have been described in 

plants (Baulcombe, 2004; Hohn and Vazquez, 2011) which are post transcriptional 

gene silencing (PTGS), translational inhibition and transcriptional gene silencing  
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Figure 4.1 Recovery in TSRV infected tobacco plant. The picture shows recovery from infection at 

23 days post inoculation on the upper leaves, while the lower plant leaves are symptomatic. Image 

reproduced from Wingard et al. (1928). 
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(TGS). The degradation of (host and viral) mRNA and virus RNA genomes by siRNA 

leads to PTGS (Vazquez, 2006). miRNAs mediate translational inhibition by 

degradation of (host and viral) mRNAs and RNA genomes (Navarro et al., 2008) 

whereas the siRNA-mediated methylation of histone proteins and DNA leads to TGS 

(Chapman and Carrington, 2007). 

 PTGS (also known as cytoplasmic RNA silencing) produces 21-24 nt siRNA 

from the dsRNA inducer (Hamilton and Baulcombe, 1999). The siRNA are probably 

produced by DCL2 and DCL4 (Gasciolli et al., 2005; Xie et al., 2004). DCL proteins 

differ in the sizes of sRNA they produce. DCL1 generates sRNA of 21 and 22 nt 

while DCL2, DCL3 and DCL4 produce sRNA of 22, 24 and 21 nt respectively. The 

dsRNA substrate for PTGS may come from endogenous or exogenous sources. The 

sources may consist of the intermediate products produced during RNA virus 

replication, or RDR products (Gazzani et al., 2004; Hohn and Vazquez, 2011; Molnar 

et al., 2005; Silhavy et al., 2002). The DCL and DRB recognize the dsRNA and 

cleave this into 21-24 nt sRNAs duplexes having 3′-overhangs of 2 nt. The newly 

formed duplexes interact with AGO and other accompanying proteins to form the 

RNA-induced silencing complex (RISC). Following unwinding of the siRNA, one of 

the strands (the passenger strand) is degraded while the second strand remains with 

the RISC (Vazquez et al., 2010). The siRNA in the RISC binds with the 

complementary target mRNA and the mRNA is cleaved. The AGO protein in RISC is 

important and acts as the “slicer” for the degradation of target transcripts (Liu et al., 

2004). RDRs multiple functions; they are involved in the initial production or 

processing of the dsRNA initiator and also have a key role in increasing the copy 

number of siRNAs and their transitive spreading (Figure 4; Himber et al., 2003; 

Vaistij et al., 2002). RNAi can spread in plants locally from cell-to-cell and also 

systemically (Melnyk et al., 2011; Palauqui et al., 1997; Voinnet and Baulcombe, 

1997).         

 In the second pathway precursor miRNAs are processed by DCL1 resulting in 

miRNAs of 21-22 nt. The miRNA precursors are products of transcription of relevant 

miRNA genes (MIR). DCL1 processes the primary (pri)-miRNAs, resulting in a 

miRNA complex. AGO1 and the miRNA guide strand form a RISC which binds with 

its target mRNA (Vazquez et al., 2010). The miRNA guides either degradation of the 

target mRNA or inhibits its translation. Recently, it has been shown that other DCLs 

process MIR gene transcripts to produce miRNAs of different sizes (Rajagopalan et 
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al., 2006; Vazquez et al., 2008), although their biological significance remains 

unclear.   

 In the third RNAi pathway (TGS) DCL3 is involved in association with RDR2 

and AGO4, the DCL3 produces siRNAs of 24-26 nt (Hamilton et al., 2002; Qi et al., 

2005; Xie et al., 2004; Zilberman et al., 2003). TGS occurs by methylation of cytosine 

residues in DNA (RNA-directed DNA methylation) and modification of histone 

protein (including histone H3 methylation at lysine 9) at the post-translational level 

(Bender, 2004). It is believed that the integrity of the genome is stabilized by TGS, 

since this suppresses rearrangement of repeats in the telomeric and centromeric 

regions and also inhibits invasive DNAs such as transposons (Djupedal and Ekwall, 

2009; Gracheva et al., 2009). 

 RNA silencing is part of the antiviral defense system of plants and to counter 

this plant- infecting viruses have evolved proteins which inhibit silencing (Baulcombe, 

2004; Carrington et al., 2001; Voinnet, 2009). All classes of viruses which have been 

investigated have been shown to encode suppressor proteins (Li and Ding, 2006). The 

helper-component protease (HC-Pro) of the potyvirus Tobacco etch virus (TEV) was 

the first virus encoded protein that was found to suppress PTGS (Anandalakshmi et 

al., 1998). HC-Pro was shown to interact with host-encoded suppressor protein, a 

calmodulin-related protein; the first cellular suppressor identified (Anandalakshmi et 

al., 2000). Transient assays showed that HC-Pro blocks local silencing (Brigneti et al., 

1998). The p19 protein encoded by Cymbidium ringspot virus (CymRSV; a 

tombusvirus) was shown to block local silencing but not established silencing 

(Lakatos et al., 2004; Vargason et al., 2003). Furthermore, it has been shown that both 

HC-Pro and p19 interfere with miRNA and siRNA metabolism (Chapman et al., 

2004). 

 Begomoviruses may encode as many as four suppressor proteins – V2, 

TrAP/(A)C2, (A)C4 and Rep (Amin et al., 2011a; Raja et al., 2010; Rodriguez-

Negrete et al., 2013; Sharma and Ikegami, 2010; Vanitharani et al., 2004; Zrachya et 

al., 2007). For the satellite-associated viruses the βC1 and, at least in some cases, the 

Rep encoded by the alphasatellite may also have suppressor activity (Amin et al., 

2011a; Cui et al., 2005b; Gopal et al., 2007; Kon et al., 2007; Nawaz-ul-Rehman et 

al., 2010; Shukla et al., 2013; Yang et al., 2011a). For a number of these 

begomovirus-encoded suppressor proteins there is evidence to suggest at which point 

in the RNAi network they act. The AC4 protein of ACMV binds single-stranded 
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siRNAs, likely preventing their integration into RISC (Vanitharani et al., 2004). 

Interestingly the AC4 of EACMV did not bind siRNA, showing that the same protein 

from different viruses may show different functions when it comes to suppression of 

silencing. The work of Amin et al. (2011) suggested that the TrAP and C4 of 

CLCuMuV, as well as the βC1 of its associated betasatellite (CLCuMuB), bind long 

RNA, possibly preventing its processing into siRNA duplexes by Dicer. The ability of 

the CLCuMuV C4 protein to also bind siRNA suggested that this could possibly also 

sequester siRNAs from incorporation into RISC. The AC4 protein and likely also the 

βC1 protein block both the PTGS and miRNA pathways by interfering in a common 

step of both pathways, leading to developmental abnormalities (Bisaro, 2006; 

Chellappan et al., 2005). The suppressor activity of AC4 of East African cassava 

mosaic Zanzibar virus (EACMZV) depends on the myristoylation sequence present 

on its N-terminus, where acetylation occurs due to attachment of myristate and 

palmitate (Fondong et al., 2007). Furthermore, the C4 of ToLCV suppresses RNA-

silencing by interacting with a shaggy- like kinase via its C-terminus (Dogra et al., 

2009). Recently, it has been found that the expression pattern of miRNAs in N. 

benthamiana plants infected with TYLCCNV and TYLCCNB, and plants infected 

with TYLCCNV and a TYLCCNB with a mutated βC1 differ (Xiao et al., 2014). The 

observations indicated that there are miRNAs that are responsive to βC1. Co-

inoculation of CLCuMuB and a heterologous virus, ToLCV, reduced the ToLCV 

siRNAs and increased the helper virus titer, suggested that the βC1 protein inhibits 

the long distance movement of PTGS-signals (Eini et al., 2012).  

 The ssDNA genomes of geminiviruses replicate in the nucleus through 

dsDNA intermediates that interact with histones to produce minichromosomes 

(Abouzid et al., 1988; Pilartz and Jeske, 1992). Such minichromosomes are targets for 

the third RNAi pathway, RNA-directed methylation leading to TGS/epigenetic 

repression, which is as a plant defense system against geminiviruses (Raja et al., 

2010). Early on during the study of geminiviruses it was realized that methylation 

may feature in host defense against geminiviruses (Brough et al., 1992; Ermak et al., 

1993) and, as with PTGS, geminiviruses have evolved counter-defensive strategies. 

So far three geminivirus encoded proteins (TrAP/C2, V2 and Rep) and the 

betasatellite-encoded βC1 have been shown to counter TGS (Figure 4.2). Most 

recently the V2 protein encoded by TYLCV was demonstrated to reduce host genome 

methylation by an as yet unknown mechanism (Wang et al., 2014). The Rep proteins 
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of several distinct begomoviruses were shown to reduce global DNA methylation by 

reducing the expression of two methyltransferases (Rodriguez-Negrete et al., 2013). 

This work also showed an ancillary role for the C4 protein in this process. The βC1 

protein of Tomato yellow leaf curl China betasatellite interacts with and inhibits S-

adenosyl homocysteine hydrolase (SAHH; Yang et al., 2011b). SAHH is an enzyme 

in the methyl cycle which generates the methyl donor S-adenosyl methionine (SAM), 

an essential cofactor for methyltransferases. The C2 protein of BCTV was shown to 

reduce degradation of S-adenosyl-methionine decarboxylase 1 mediated by the the 

26S proteasome (SAMDC1; Zhang et al., 2011). SAMDC converts SAM to 

decarboxylated S-adenosyl-methionine during polyamine biosynthesis, decreasing the 

SAM available to methyltransferases for DNA methylation. The TrAP of the 

begomovirus TGMV and the C2 of the curtovirus BCTV reduce DNA methylation by 

interacting with and inactivating adenosine kinase (ADK; Buchmann et al., 2009). 

ADK is required for the production of SAM. Moreover, in the nucleus, the TrAP 

encoded by MYMV activates the transcription of several host genes, including 

WEL1, which is involved in suppressing RNA-silencing by an as yet unknown 

mechanism (Trinks et al., 2005). 

 The study conducted here was designed to investigate suppression of post-

transcriptional gene silencing activity of the βC1 protein encoded by CLCuMuB, in 

order to identify amino acids and amino acid motifs important in suppression activity.  

 

 

 

 

 

 

 

 

83 
 



Suppression of PTGS activity of mutants of βC1                                                                Chapter 4 
 

 

 

 

 

 

 

 

 

84 
 



Suppression of PTGS activity of mutants of βC1                                                                Chapter 4 
 

 

 

 

 

 

 

Figure 4.2 Geminivirus-encoded suppressor proteins interfere in RNA silencing. Two silencing 

pathways, post transcriptional gene silencing (PTGS) and transcriptional gene silencing (TGS) are 

shown. Geminiviruses replicate in the nucleus and the rep licat ive dsDNA form is targeted by 

methyltransferases that are involved in  modification of DNA and histones (blue rectangles). The 

geminivirus-encoded suppressor proteins (red) interfere in these silencing pathways at various steps. 

The replication associated protein (Rep) reduces the expression of methyltransferases (Rodriguez-

Negrete et al., 2013) while the βC1 inhibits the enzyme S-adenosyl homocysteine hydrolase (SAHH), 

which is required for p roduction of S-adenosyl methionine (SAM), a methyl transferase cofactor (Yang 

et al., 2011b). TrAP encoded by bipartite begomoviruses and the curtovirus C2 protein inhibits 

adenosine kinase (ADK) and thus delays trans-methylation (Wang et al., 2003). In  the nucleus, TrAP is 

involved in activation of transcription of host gene WEL1, which suppress silencing in an unknown 

manner (Trinks et al., 2005). The (A)C4/V2 proteins bind with ss-siRNA and block RISC 

programming (Amin et al., 2011a; Chellappan et al., 2005; Fukunaga and Doudna, 2009). The 

βC1/TrAP/V2/C4 proteins bind with long dsRNA preventing Dicer activity and AC4 may sequester 

siRNA from incorporation to RISC (Amin et  al., 2011a;  Zrachya et al., 2007). The RNA v irus encoded 

suppressors are shown in  blue. The Tobacco etch virus (TEV)-encoded helper-component protease 

(HC-Pro) inhibits unwinding of ds-siRNA by Dicer, thus preventing siRNA incorporation into RISC 

(Chapman et  al., 2004;  Dunoyer et  al., 2004). Moreover HC-Pro induces the expression of host protein 

calmodulin-related protein (rgsCAM), which is itself an RNA-silencing suppressor (Anandalakshmi et  

al., 2000).The Cymbidium ringspot virus (CymRSV)-encoded p19 protein b locks and sequesters 

siRNAs, preventing b inding to the RISC-complex (Lakatos et al., 2004; Vargason et al., 2003). Turnip 

crinkle virus-encoded CP (TCV-CP) interferes with the activ ity of Dicer (Xie et al., 2004). The 

Cucumber mosaic virus (CMV)-encoded 2b protein inh ibits the spread of silencing to neighbouring 

cells (Brigneti et  al., 1998;  Guo  and Ding, 2002). The figure is a  modified  form of the figure in Bisaro 

(2006).  
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4.2 Materials and Methods 

4.2.1 Clones and constructs used in the study 

 The mutant βC1 gene constructs created by site-directed mutagenesis were 

used as described earlier (Chapter 3, section 3.2.2). The N- and C-terminal deletion 

mutants of CLCuMB were produced previously (Qazi, 2009). The plasmid 35S-GFP 

(the green fluorescent protein [GFP] gene cloned under the control of the 35S 

promoter in the binary vector pBin61; Voinnet and Baulcombe, 1997) was kindly 

provided by Dr. David C. Baulcombe (Sainsbury Laboratory, Norwich, UK). The 

construct PVX.NSs (the NSs suppressor of silencing from Tomato spotted wilt virus 

[TSWV] in the PVX vector; Bucher et al., 2003; Takeda et al., 2002) was kindly 

provided by Dr. Renato O. Resende (Universidade de Brasilia, Brazil). Plants were 

infiltrated as described earlier (Chapter 2, section 2.16) and maintained in a 

glasshouse as described earlier (Chapter 2, section 2.23).  

4.2.2 GFP visualization and imaging 

 Visually GFP fluorescence was detected in leaf patches using a hand-held 

long-wave UV lamp (Black Ray model B 100AP, UV products, Upland, CA, USA). 

The leaves were photographed under UV illumination with a Nikon Coolpix 8700 

digital camera. 

4.2.3 RNA analysis 

 Total RNA was isolated from 100 mg of frozen leaf tissue using Trizol reagent 

as described earlier (Chapter 2, section 2.4). For the detection of PVX, total RNA  (10 

μg)  was fractionated on 1% formaldehyde agarose gels and processed for northern-

blot hybridization as described previously (Chapter 2, section 2.19) and hybridized 

with a probe of the PVX coat protein labeled with digoxigenin (Chapter 2, section 

2.17 and Chapter 3, section 3.2.4).   

4.2.4 Experimental design 

 βC1 mutants were agro- infiltrated to N. benthamiana plants along with 35S-

GFP for investigation of post-transcriptional gene silencing (PTGS) activity. 

PVX.NSs or empty PVX vector co- infiltrated with 35S-GFP were used as controls. 

Inoculated leaves were photographed at 4 dpi, 9 dpi, 14 dpi and 20 dpi. The 

experiments were conducted three times to demonstrate reproducibility. RNA was 
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extracted from the plants inoculated with mutants of βC1 and northern-blot 

hybridization was performed using a probe for the coat protein gene of PVX.  

 

4.3 Results 

4.3.1 Suppression activity of N- and C-terminal deletion mutants of the 

CLCuMuB encoded βC1 gene  

 N. benthamiana plants at the 4-5 leaf stage were co- infiltrated with each N- 

and C-terminal deletion mutant construct of βC1 and 35S-GFP. The same numbers of 

plants were infiltrated with positive, negative controls and with PVX habouring the 

full length βC1 gene (βC1) along with 35S-GFP. The fluorescence was checked daily 

and photographs of the leaves were taken at 4 dpi (Figure 4.3), 9 dpi (Figure 4.4), 14 

dpi (Figure 4.5) and 20 dpi (Figure 4.6). 

 Fluorescence was observed in all infiltrated leaves at 4 dpi including for the 

positive and negative controls. In comparison to leaves inoculated with the N- and C-

terminus deletion mutants, the green fluorescence was weak in 35S-GFP and empty 

PVX vector inoculated leaves (Table 4.1). Leaves from the healthy control plant 

showed no green fluorescence (Figure 4.3), showing only red fluorescence 

(chlorophyll autofluorescence).  

 The infiltrated leaves showed fluorescence up to 6 dpi but after 7 dpi loss in 

fluorescence was observed for some groups of plants. No fluorescence was detected 

in the infiltrated patch at 9 dpi for the leaves inoculated with negative controls (35S-

GFP or empty PVX vector), while the PVX.NSs and βC1 inoculated leaves continued 

to fluoresce green. For one of the N-terminal deletion mutants, βC1N24, green 

fluorescence was not detected at 9dpi, although all the other deletion mutants 

continued to exhibiting fluorescence in the infiltrated patches (Figure 4.4).  

 Gradually the intensity of green fluorescence decreased and at 14 dpi (Figure 

4.5) and 20 dpi (Figure 4.6) there was less fluorescence evident for all the deletion 

mutants and the intact βC1 infiltrated leaves in comparison to the fluorescence 

recorded at 4 dpi and 9 dpi. TSWV NSs protein is toxic and plants inoculated with 

PVX.NSs died after 10 dpi due to severe leaf curling and necrosis of the infiltrated 

leaves.  
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 Figure 4.3 Analysis of the suppressor of RNA-silencing activity of N- and C-terminal deletion 

mutants of the CLCuMuB-encoded βC1 gene in N. benthamiana plants at 4 days post-

inoculation. Shown are a leaf from an N. benthamiana plant that was not infiltrated (A), a leaf 

infiltrated with 35S-GFP (B) and leaves co-infiltrated with 35S-GFP and PVX (C), PVX.NSs (D), βC1 

(E), βC1N5 (F), βC1N10 (G), βC1N24 (H), βC1C1 (I), βC1C2 (J), βC1C6 (K), βC1C9 (L) and  βC1C18(M). 

Pictures were taken  at 4 dpi under UV illumination. Fluorescence is denoted as positive (+) or negative 

(-) on the photographs. 
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Figure 4.4 Analysis of the suppressor of RNA-silencing activi ty of N- and C-terminal deletion 

mutants of the CLCuMuB-encoded βC1 gene in N. benthamiana plants at 9 days post-

inoculation. Shown are a leaf from an N. benthamiana plant that was not infiltrated (A), a leaf 

infiltrated with 35S-GFP (B) and leaves co-infiltrated with 35S-GFP and PVX (C), PVX.NSs (D), βC1 

(E), βC1N5 (F), βC1N10 (G), βC1N24 (H), βC1C1 (I), βC1C2 (J), βC1C6 (K), βC1C9 (L) and  βC1C18 (M). 

Pictures were taken  at 9 dpi under UV illumination. Fluorescence is denoted as positive (+) or negative 

(-) on the photographs. 
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Figure 4.5 Analysis of the suppressor of RNA-silencing activi ty of N- and C-terminal deletion 

mutants of the CLCuMuB-encoded βC1 gene in N. benthamiana plants at 14 days post-

inoculation. Shown are a leaf from an N. benthamiana plant that was not infiltrated (A), a leaf 

infiltrated with 35S-GFP (B) and leaves co-infiltrated with 35S-GFP and PVX (C), βC1 (D), βC1N5 (E), 

βC1N10 (F), βC1N24 (G), βC1C1 (H), βC1C2 (I), βC1C6 (J), βC1C9 (K) and  βC1C18(L). Pictures were taken 

at 14 dpi under UV illumination. Fluorescence is denoted as positive (+) o r negative (-) on the 

photographs. 
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Figure 4.6 Analysis of the suppressor of RNA-silencing activi ty of N- and C-terminal deletion 

mutants of the CLCuMuB-encoded βC1 gene in N. benthamiana plants at 20 days post-

inoculation. Shown are a leaf from an N. benthamiana plant that was not infiltrated (A), a leaf 

infiltrated with 35S-GFP (B) and leaves co-infiltrated with 35S-GFP and PVX (C), βC1 (D), βC1N5 (E), 

βC1N10 (F), βC1N24 (G), βC1C1 (H), βC1C2 (I), βC1C6 (J), βC1C9 (K) and  βC1C18(L). Pictures were taken 

at 20 dpi under UV illumination. Fluorescence is denoted as positive (+) o r negative (-) on the 

photographs. 
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4.3.2 Northern hybridization analysis 

 All N. benthamiana plants infiltrated with PVX expressing βC1 C-terminal 

deletion mutants exhibited symptoms typical of infection with PVX - mild vein 

yellowing. Only for two mutants (βC1C1 and βC1C2) were the symptoms more severe 

than a typical PVX infection, consisting additionally of some mild leaf curling. 

Similarly, for the N-terminal deletion mutants, only one (βC1N5) showed symptoms in 

N. benthamiana comparable to the symptoms induced by inoculation with  PVX-βC1, 

although the symptom were milder and delayed as described previously (Qazi, 2009). 

Northern hybridization showed that PVX was present in all inoculated plants (Figure 

4.7). The virus levels in plants infected with PVX expressing βC1 mutants was overall 

slightly lower than for plants inoculated with PVX, suggesting that the βC1 gene, or 

the expressed protein, interferes with PVX infection of plants. Also, overall for the 

majority PVX expressing βC1 mutants, PVX levels were higher than those of PVX-

βC1, suggesting that the mutations in the gene ameliorate the interference in PVX 

infection seen for the wild type βC1. 
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Figure 4.7 Northern blot analysis of RNA extracted from N. benthamiana plants infected with 

PVX expressing the N- and C-terminus deletion mutants of CLCuMuB βC1. RNA was isolated 

from a non-infiltrated healthy N. benthamiana plant (lane 1) and at 10 dpi from plants infiltrated with 

CLCuMuB βC1 mutants βC1C1 (lane 2), βC1C2 (lane 3), βC1C6 (lane 4), βC1C9 (lane 5), βC1C18 (lane 6), 

βC1N5 (lane 7), βC1N10 (lane 8), βC1N24 (lane 9), PVX (lane 10) and βC1 (lane 11). Approximately  

equal amounts of total RNA (10µg) was electrophoresed on a 1% agarose-formaldehyde gel, blotted 

onto a nylon membrane and hybridized with a specific p robe for coat protein gene of PVX. The 

ethidium bromide stained 18S RNA band on the gel is shown below the northern-blot. 
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4.3.3 Suppression of RNA-silencing activity of CLCuMuB βC1 gene site-directed 

mutants 

 N. benthamiana plants co- inoculated with 35S-GFP and PVX.NSs showed 

green fluorescence in the infiltrated patch for at least 7 days after inoculation, as 

described earlier (Cañizares et al., 2008). For plants inoculated with 35-GFP or 35S-

GFP and PVX, infiltrated leaves fluoreseced green at 4 dpi but gradually the 

fluorescence decreased and by 9 dpi the infiltrated leaves were not exhibiting 

fluorescence (Table 4.1).  

 For all the site-directed βC1 mutants, when co- infiltrated to plants with 35S-

GFP, the GFP fluorescence levels were equivalent to plants that were inoculated with 

35S-GFP and PVX-βC1 at 4 dpi (Figure 4.8), 9 dpi (Figure 4.9) and 14 dpi (Figure 

4.10). This indicates that none of the amino acid changes introduced affected 

suppression activity of the βC1 protein.   
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Figure 4.8 Analysis of the suppressor of RNA-silencing activi ty of CLCuMuB βC1 gene site-

directed mutants in N. benthamiana plants at 4 days post-inoculation. Shown are a leaf from an N. 

benthamiana plant that was not infiltrated (A), a leaf infilt rated with 35S-GFP (B) and leaves co-

infiltrated with 35S-GFP and PVX (C), PVX.NSs (D), βC1 (E), βC134 (F), βC133, 34 (G), βC148 (H), 

βC159 (I), βC163 (J), βC188 (K), βC192 (L), βC1101 (M) and βC1107 (N). Pictures were taken at 4 dpi 

under UV illumination. Fluorescence is denoted as positive (+) o r negative (-) on the photographs. 
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Figure 4.9 Analysis of the suppressor of RNA-silencing activi ty of CLCuMuB βC1 gene site-

directed mutants in N. benthamiana plants at 9 days post-inoculation. Shown are a leaf from an N. 

benthamiana plant that was not infiltrated (A), a leaf infilt rated with 35S-GFP (B) and leaves co-

infiltrated with 35S-GFP and PVX (C), PVX.NSs (D), βC1 (E), βC134 (F), βC133, 34 (G), βC148 (H), 

βC159 (I), βC163 (J), βC188 (K), βC192 (L), βC1101 (M) and βC1107 (N). Pictures were taken at 9 dpi 

under UV illumination. Fluorescence is denoted as positive (+) o r negative (-) on the photographs. 
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Figure 4.10 Analysis of the suppressor of RNA-silencing activity of CLCuMuB βC1 gene site-

directed mutants in N. benthamiana plants at 14 days post-inoculation. Shown are a leaf from an N. 

benthamiana plant that was not infiltrated (A), a leaf infilt rated with 35S-GFP (B) and leaves co-

infiltrated with 35S-GFP and PVX (C), βC1 (D), βC134 (E), βC133, 34 (F), βC148 (G), βC159 (H), βC163 

(I), βC188 (J), βC192 (K), βC1101 (L) and βC1107 (M). Pictures were taken at 14 dpi under UV 

illumination. Fluorescence is denoted as positive (+) or negative (-) on the photographs. 
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Table 4.1 Suppression of RNA-silencing activity of mutants of βC1 in N. 
benthamiana plants 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

☼ The constructs were co-infiltrated with 35S-GFP to N. benthamiana leaves.  
$ Non-infiltrated plants. 

* Intensity of fluorescence at 4 dpi, 9dpi, 14 dpi and 20 dpi is shown. The intensity recorded was either 

very strong (++++), strong (+++), weak (++), very weak (+), no fluorescence (-) or not determined 

(nd).  
£ Fluorescence could not be recorded due to the infiltrated leaves being severely curled and necrotic. 

 

 

Constructs Intensity of fluorescence *  
4 dpi  9 dpi  14 dpi  20 dpi  

-$ - - - - 

35S-GFP ++ - - - 

PVX ☼ ++ - - - 

PVX.NSs ☼ ++++ ++++ ?£ ?£ 

βC1 ☼ +++ +++ ++ + 

βC1C1 ☼ +++ +++ ++ + 

βC1C2 ☼ +++ +++ ++ + 

βC1C6 ☼ +++ +++ ++ + 

βC1C9 ☼ +++ +++ ++ + 

βC1C18 ☼ +++ +++ ++ + 

βC1N5 ☼ +++ +++ ++ + 

βC1N10 ☼ +++ +++ ++ + 

βC1N24 ☼ ++ - - - 

βC134 ☼ +++ +++ ++ nd 

βC133, 34 ☼ +++ +++ ++ nd 

βC148 ☼ +++ +++ ++ nd 

βC159 ☼ +++ +++ ++ nd 

βC163 ☼ +++ +++ ++ nd 

βC188 ☼ +++ +++ ++ nd 

βC192 ☼ +++ +++ ++ nd 

βC1101 ☼ +++ +++ ++ nd 

βC1107 ☼ +++ +++ ++ nd 
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4.4 Discussion 

 RNA silencing is an important component of the protection system of plants 

against invading viruses. To counteract this defense mechanism viruses have evolved 

suppressors (Zrachya et al., 2007). Many distinct suppressors of silencing have been 

identified for plant infecting viruses (Qu and Morris, 2005). The 

CLCuMuV/CLCuMuB/Cotton leaf curl Multan alphasatellite complex has been 

demonstrated to encode a minimum of four suppressors of PTGS (Amin et al., 2011a) 

and recent evidence suggests that the complex may encompass greater than 6 

suppressors (Nawaz-ul-Rehman et al., 2010; Rodriguez-Negrete et al., 2013). The 

analysis described here has examined the suppressor activity of the βC1 encoded by 

CLCuMuB by deletion and site-directed mutagenesis.  

 The results presented here show that amino acids at the N-terminal end of  

CLCuMuB βC1 are important for suppression of PTGS. Specifically the results 

suggest that amino acids 11 to 24 are important for suppression activity (Figure 4.12). 

This finding does not agree with the study of Yang et al. (2011) which, by deletion 

mutagenesis of the βC1 gene of Tomato leaf curl China betasatellite (ToLCCNB),  

showed the middle portion (amino acids 44-74) to be essential for suppression 

activity. However, for three of the ToLCCNB βC1 mutants, one involving deletion of 

the first 30 amino acids and the second involving the deletion of amino acids 31 to 43 

and the third involving amino acids 96-118, the study noted a “strong attenuation in 

GFP fluorescence” indicating that for these mutants suppression activity was strongly 

compromised. However, for a deletion involving the first 17 amino acids no 

significant attenuation in GFP fluorescence was noted, suggesting that amino acids 

18-43 of ToLCCNB βC1 are important but not absolutely essential for suppression. 

These sequences of ToLCCNB overlap the sequences shown to be important for 

suppression in the study here (Figure 4.11). The strong attenuation in GFP 

fluorescence for the C-terminal deletion mutant (amino acids 96 to 118) of ToLCCNB 

βC1 certainly was not seen in the study here. The reason for the difference between 

these two βC1 proteins is unclear. However, we should note that the predicted 

sequences of CLCuMuB βC1 and ToLCCNB βC1 show only 29% amino acid 

sequence identity, indicating that they have diverged significantly. It is thus possible 

that for these two betasatellites, which are adapted to different hosts (Malvaceae and 

Solanaceae respectively), differing amino acids of the protein are responsible for 

suppression of PTGS. It was somewhat surprising
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 Figure 4.11. Sequences of βC1 proteins shown to be important for suppression of RNA-silencing. Shown is an  alignment o f the amino  acid  sequences of the βC1 

proteins encoded by Tomato leaf curl Ch ina betasatellite (ToLCCNB βC1;  AJ704612), Tomato yellow leaf curl Ch ina betasatellite (TYLCCNB βC1;  AJ421621) and Cotton 

leaf curl Multan betasatellite  (CLCuMuB βC1; AJ298903). Highlighted are the amino acid sequences of CLCuMuB βC1 (11-24) shown here to be important for suppression 

of post-transcriptional gene silencing (Sup; A), the amino acid residues of ToLCCNB βC1 shown to be necessary for suppression and nuclear localization (NLS; 44-74; B) 

and amino acid residues 1-30  and 96-118 in the absence of which the suppression activity was strongly attenuated (C and D) by Yang et al. (2011), as well as amino acid 

sequences of shown by Cui et al. (2005) to be required for nuclear localizat ion (37-41; E) and multimerization (Mul; 60-100; F) of TYLCCNB βC1 and sequences of 

CLCuMuB βC1 shown by Eini et al. (2009) to  be important for multimerization (103-108;G). Amino acid numbering  is according to CLCuMuB βC1. Note that TYLCCNB 

encodes a 126 aa βC1. 
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Figure 4.12 Summary of the effects of mutations on the RNA-silencing suppressor activi ty of 

CLCuMuB βC1 protein. The predicted secondary structure of the βC1 protein relative to the amino 

acid sequence is shown. Predicted β-strands (β1 to β6) and α-helices (α1 and α2) are indicated as blue 

arrows and red bars, respectively. The suppression activity determined for PVX constructs expressing 

mutant CLCuMuB βC1 proteins produced by site-directed mutagenesis as part of this work and 

deletion mutants produced by earlier (Qazi, 2009) are shown. Suppressor (Sup) activity is denoted as 

either positive (+) or negative (-). 
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to find that for none of the site-directed mutants of CLCuMuB βC1 was the 

suppression of PTGS activity compromised (Figure 4.12). This would seem to 

indicate that the motif(s) of βC1 which mediated suppression can tolerate single 

amino acid changes. Cui et al. (2005) mutated a predicted nuclear localization signal 

identified in the βC1 protein of TYLCCNB and showed that this mediated nuclear 

localization and that the NLS sequence (and thus presumably nuclear localization) 

was essential of suppression activity and the induction of typical symptoms in plants. 

However, the mutation altered three consecutive amino acids (three lysine [K] 

residues; Figure 4.11) and, interestingly, the homologous sequence in CLCuMuB βC1 

does not have the characteristics of an NLS.  

 Based on the results presented in this chapter it will be necessary to produce 

further deletion mutants of the CLCuMuB βC1, so as to further refine the 

identification of sequences required for suppression. Additionally it would be 

interesting to mutate the sequences homologous to the NLS identified by Cui et al. 

(2005) to see whether these similarly mediate nuclear targeting and affect 

suppression. Yang et al. (2011) have shown that TYLCCNB βC1 reduces methylation 

of both the virus and the host genomic DNA and reverses TGS. Plants use 

methylation and TGS as defenses against geminiviruses (Raja et al., 2010). The 

TYLCCNB βC1 was shown to interacts with and inhibit S-adenosyl homocysteine 

hydrolase (SAHH), an enzyme of the methyl cycle necessary for TGS. Future studies 

will look to identify the sequences of βC1 which interact with SAHH using a strategy 

similar to that employed here to investigate suppression of PTGS. 
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Chapter 5 

Analysis of the infectivity of the sweepovirus-associated satellites with 
Sweet potato leaf curl Lanzarote virus 

5.1 Introduction 

5.1.1 Sweet potato 

 Sweet potato (Ipomoea batatas) is in the morning-glory family of plants, the 

Convolvulaceae, and is an important food crop grown in many of the warmer regions 

of the world. Root crops are important dietary sources for humans. Sweet potato ranks 

third amongst important root crops, behind potato and cassava. In global food crop 

production it is ranked seventh (Valverde and Gutierrez, 2007) while in the 

Developing World it ranks fourth in importance, after rice, wheat and corn (Kays, 

2004). Sweet potato has its origins in Central/South America (Loebenstein and 

Thottappilly, 2009). At present China is the leading producer, at 109 million metric 

tons, producing 86% of the world output (FAO, 2007). Sweet potato is a rich source 

of carbohydrates, beta carotene, vitamins and dietary fiber, and as such is useful for 

human consumption, animal feed and industrial applications (Bovell-Benjamin, 

2007). Sweet potato is of agricultural importance in warmer areas due to its ability to 

grow at high temperature and in soils of low fertility (Karyeija et al., 1998). The crop 

is vegetatively propagated, with vine cuttings from mature plants used to produce new 

plants. 

 Diseases caused by many pathogens, including fungi, bacteria, nematodes, 

viruses, and mycoplasma, reduce sweet potato production (Clark and Moyer, 1988). 

Due to accumulation of viruses and other pathogens in propagating material, 

commercial sweet potato cultivars are gradually declining (Clark and Hoy, 2006; 

Lewthwaite et al., 2011). This decline may be due to the build-up of viruses, other 

pathogens and mutations which accumulate in organisms that are not propagated 

sexually (Clark et al., 2002; 2003).  

 Viruses have a profound affect not only on yield but also on the quality of 

storage roots of sweet potato (Clark and Hoy, 2006). Losses in some countries due to 

virus infections amount to nearly half of potential production (Clark and Hoy, 2006; 

Di Feo et al., 2000; Gutierrez et al., 2003; Hahn, 1979; Ngeve and Bouwkamp, 1991). 
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So far 30 viruses have been identified that infect sweet potato (Clark et al., 2012). 

These viruses belong to 9 families; Geminiviridae (15 viruses), Potyviridae (9), 

Caulimoviridae (3), Closteroviridae (1), Bunyaviridae (1), Comoviridae (1), 

Luteoviridae (1), Betaflexiviridae (1), and Bromoviridae (1). More than half of these 

viruses are DNA viruses of the families Geminiviridae and Caulimoviridae (Clark et 

al., 2012). 

 The sweet potato viruses mostly cause symptomless infection. These viruses 

exhibit typical leaf curl symptoms only in the warm periods of the year. The viruses 

are often found in mixed infections (Clark et al., 2001). For sweet potato virus disease 

in East Africa two viruses Sweet potato chlorotic stunt virus (SPCSV; a whitefly-

transmitted crinivirus) and Sweet potato feathery mottle virus (SPFMV; an aphid-

transmitted potyvirus) interact synergistically to reduce sweet potato yield by up to 

80-90% (Karyeija et al., 1998). A begomovirus, Sweet potato leaf curl virus 

(SPLCV), has been identified in mixed infection with Sweet potato leaf curl Georgia 

virus (SPLCGV; a begomovirus) and SPFMV (Lotrakul et al., 2003; Lotrakul et al., 

1998). Similarly, SPLCV was found with SPCSV in sweet potato in Peru (Fuentes 

and Salazar, 2003). Analyses of single and dual infections of SPLCV and SPFMV 

demonstrated that the titer of SPLCV was higher in dual infections, whereas the titre 

of SPFMV was the same as in single infections – a phenomenon known as synergism 

(Kokkinos, 2006).  

5.1.2 Sweepoviruses  

 The majority of the DNA viruses that infect sweet potato are begomoviruses 

(Clark et al., 2012). The sweet potato infecting begomoviruses are generally known as 

sweepoviruses (Fauquet and Stanley, 2003). The sweepoviruses are monopartite 

begomoviruses with all the characteristics of begomoviruses originating from the 

OW, including the presence of a V2 gene (an example, Sweet potato leaf curl 

Lanzarote virus (SPLCLaV), is given in Figure 5.1). However, they are genetically 

very distinct from all other begomoviruses and segregate, in phylogenetic analyses, 

basal to all begomoviruses, suggesting that they are an ancient lineage (Briddon et al., 

2010b; Lozano et al., 2009). With the exception of TYLCV, which was introduced 

into the NW in the 1990s (McGlashan et al., 1994; Polston et al., 1994; Polston et al., 

1999), the sweepoviruses are the only OW (-like) viruses present in the NW. It would 
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seem likely that sweepoviruses were introduced into the NW with sweet potato, 

although their precise geographic origin remains unclear. 

 The first Sweepovirus was identified in Taiwan (Chung et al., 1985). 

Subsequently, these viruses were reported in the United States (Lotrakul et al., 1998), 

Japan (Osaki and Inouye, 1991) and numerous other countries that include Spain, 

Italy, China, Kenya, Peru and Brazil (Albuquerque et al., 2012; Briddon et al., 2006; 

Fuentes and Salazar, 2003; Lozano et al., 2009; Luan et al., 2006). These viruses can 

also infect other hosts (mostly weeds of the family Convolvulaceae) such as Ipomoea 

indica (Banks et al., 1999), I. setosa and I. nil (Trenado et al., 2011).  

 An isolate of the sweepovirus SPLCV has been identified with two distinct 

betasatellites, Croton yellow vein mosaic betasatellite and Papaya leaf curl 

betasatellite (PaLCuB), in Ipomoea purpurea exhibiting yellow vein and leaf curl 

symptoms from India (Geetanjali et al., 2012). The interaction between SPLCV and 

the betasatellites was not further investigated.  

  A novel class of satellites has recently been shown to be present in sweet 

potato plants in Malaga (Spain) and Lanzarote (Canary Islands; Trenado et al., 

manuscript in preparation). The satellites were identified in I. batata and I. indica 

plants in association with a range of sweepoviruses, including Sweet potato leaf curl 

Canary virus (SPLCCaV), Sweet potato leaf curl Spain virus (SPLCESV), Sweet 

potato leaf curl virus (SPLCV) and SPLCLaV (Table 5.1). 

 5.1.3 Structure of the sweepovirus-associated satellites 

 The sweepovirus-associated satellites (SAS) are structurally identical to the 

satellite identified in association with Tomato leaf curl virus (ToLCV-sat) in Australia 

(Dry et al., 1997) and a group of satellites identified in Cuba in association with 

bipartite begomoviruses (Fiallo-Olive et al., 2012a). Other than an examination of the 

sequences, these NW begomovirus associated satellites have not been further 

characterized.  

 The SAS have a structure that is conserved and consists of an A-rich region of 

125 to 169 nucleotides with an adenine content of 57 to 60 %, a sequence derived 

from the betasatellite SCR which has sequence similarity to sequences of ToLCV-sat 

in the same position (this will here be referred to as the SCR-derived sequence [SDS]) 

and two predicted hairpin- loop structures (HI and HII; Figure 5.1). HI contains, as 

part of the loop, the conserved nonanucleotide motif TAATATTAC which is the 
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sequence that is nicked for initiation of RCR in geminiviruses (Laufs et al., 1995a; 

Lazarowitz, 1992). Several of the SAS contain repeated sequences of between 69 and 

89 nt immediately 3’ of HI (Figure 5.1). The significance of these is unclear. 

 

 

 

 

 

 

Table 5.1 Origins of sweepovirus-associated satellites. 

 Host Isolate Origin Size (nt) Accession 
number 

I. batata SBG51 Lanzarote (Canary Islands) 662 FJ914390 
I. batata SBG32 Lanzarote (Canary Islands) 662 FJ914391 
I. batata SBG59 Lanzarote (Canary Islands) 738 FJ914403 
I. batata SBG57 Malaga (Spain ) 750 FJ914397 
I. batata SBG58 Malaga (Spain ) 662 FJ914398 
I. batata SBG53 Malaga (Spain ) 707 FJ914393 
I. batata SBG54 Malaga (Spain ) 708 FJ914394 
I. batata SBG55 Malaga (Spain ) 707 FJ914395 
I. batata SBG52 Malaga (Spain ) 664 FJ914392 
I. batata SBG3-5 Malaga (Spain ) 633 FJ914404 
I. batata SBG3-6 Malaga (Spain ) 707 FJ914405 
I. batata SBG56 Malaga (Spain ) 694 FJ914396 
I. indica SI3C-3 Malaga (Spain ) 694 FJ914399 
I. indica SI3C-5 Malaga (Spain ) 704 FJ914400 
I. indica SI3D-11 Malaga (Spain ) 705 FJ914401 
I. indica SI3D-12 Malaga (Spain ) 705 FJ914402 

 

The sweepovirus-associated satellites used as part of this study are highlighted in pink. 
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Figure 5.1 Genome organizations of Sweet potato leaf curl Lanzarote virus (SPLCLaV) and the 

sweepovirus-associated satellites. The position and orientation of genes predicted to be encoded by 

the virus are indicated by arrows. The genes encode the V2 protein  and the coat protein  (CP) in  the 

virion-sense and the replication-associated protein (Rep), the transcriptional-activator protein (TrAP), 

the replication-enhancer protein (REn) and C4 protein in  the complementary-sense. For the satellites 

the positions of the satellite conserved region-derived sequences (SDS), a  reg ion of sequence rich  in  

adenine (A-rich) and two predicted hairpin loop structures (HI and HII) are shown. For some satellites 

repeated sequences are indicated by small blue arrows. 
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5.1.4 Comparison of the structure of the sweepovirus-associated satellites with 

betasatellites and ToLCV-sat 

 Comparison of the structures of the SAS, ToLCV-sat and betasatellites show 

them to have some similarities (Figure 5.2). All three satellites have an A-rich region. 

The SAS and ToLCV-sat encode a sequence which is in the same position as the SCR 

of begomoviruses and shows some sequence relatedness to the SCR of betasatellites; 

likely the sequence is derived from the SCR. All three satellites contain two predicted 

hairpin- loop structures (Figure 5.3). For betasatellites and ToLCV-sat the second 

hairpin occurs in a region of sequence shown experimentally to be important for 

transreplication by helper begomoviruses (Dry et al., 1997; Hussain, 2011; Lin et al., 

2003; Saunders et al., 2008).  In contrast to the SAS and ToLCV-sat, which are non-

coding, betasatellites contain single gene encoding the βC1 protein (Dry et al., 1997; 

Zhou, 2013). This evidence suggests that the SAS and ToLCV-sat are deletion 

mutants of betasatellites (lacking the βC1 gene). Whether the SAS and ToLCV-sat 

have a common ancestor (other than a betasatellite) or have evolved separately from 

betasatellite ancestors is unclear. 

 

 

 

 
 
Figure 5.2 Comparison of the structures of the sweepoviruses-associated satellites with ToLCV-

sat and betasatellites. The circular satellite DNAs are shown in a linear fo rm. The positions of the 

satellite conserved region (SCR - b lue), satellite conserved region derived sequences (SDS - green), the 

adenine-rich sequence (yellow) and the βC1 gene (red) are shown. The small b lack arrows show the 

repeated DNA sequences present in some SAS.  
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Figure 5.3 Comparison of the predicted hairpin-loop structures and iterons for a s weepovirus 

satellite (pSBG51), the Tomato leaf curl virus-satellite and the betasatellite Cotton leaf curl  

Multan betasatellite. The predicted iterons (or iteron like sequences) are highlighted in b lue. The 

hairpin-loop structure (HI) containing the nonanucleotide sequence (TAATATTAC) and the additional 

hairpin  structure (HII) for each satellite is indicated. The position at which the virus-encoded 

replicat ion-associated protein (Rep) produces a nick in HI to initiate rolling-circle replication is shown. 

The digits represent the numbers of nucleotide between features. 
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5.1.5 Comparison of the sequences of the sweepovirus-associated satellites with 

other satellites 

 The SAS ranges in size from 633-750 nts (Table 5.1; Trenado et al., 

manuscript in preparation) and show between 88.7 and 99.9% nucleotide sequence 

identity (Table 5.2). To ToLCV-sat the SAS show between 43.4 and 46.9% identity. 

To the NW begomovirus-associated (ToLCV-sat- like) satellites the SAS showed less 

than 15% identity. For comparisons with betasatellites the SAS showed less than 50% 

identity. To Croton yellow vein betasatellite (CroYVB; accession number AJ968684), 

which a BLAST analysis of SAS returned the top result, the levels of identity were 

between 22.3-36.9% (Table 5.2). It should be noted that the sequence of CroYVB is 

short (739 nt) and lacks a βC1 coding sequence. This sequence is thus defective and 

the designation as a distinct betasatellite “species” must remain tentative (no other 

similar sequence is available in the databases).  

 Alignment of the sequences of selected satellites immediately upstream of the 

nonanucleotide-containing hairpin is shown in Figure 5.4. The sequences shown (for 

the betasatellites) covers the region of the SCR described as “Block A” in Briddon et 

al. (2003). The alignment indicates that the NW begomovirus-associated (ToLCV-sat-

like) satellites have no sequence related to the betasatellite SCR (at least in the 

sequence shown here). ToLCV-sat and the SAS have a significant amount of 

sequence identical to SCR sequences (thus a partial SCR). It is noteworthy that in all 

respects the sequence of CroYVB (AJ968684) is more similar to the sequence of SAS 

than it is to betasatellites, including an insertion between the nonanucleotide-

containing hairpin structure and the start of the SCR(-like) sequences. Overall these 

findings suggest that, rather than being a betasatellite, the molecule described as 

CroYVB is a ToLCV-sat-like satellite; with the greatest similarity to the SAS.  
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Table 5.2 Percent nucleotide sequence identities between the sweepovirus-

associated satellites and selected other satellites. 

 
 AYVB  LAYVB  CroYVB  ToLCV-sat NW-sat (26) SAS (16) 

SAS (16) 32.9-48.3 12.9-47.3 22.3-36.9 43.4-46.9 4.1-14.5 88.7-99.9 
NW-sat (26) 5.7-10.6 3.2-11.6 2.9-5.8 3.7-9.8 74.2-100  
ToLCV-sat 35.5 38.1 31.4 100   

CroYVB  8.4 39.5 100    
LAYVB  60.9 100     
AYVB  100      

 
The sequences compared are ToLCV-sat (acc. no. U74627), the ToLCV-sat-like satellites associated 

with NW bipartite begomovirus orig inating from Cuba (26 sequences; for accession numbers see 

Fiallo -Olivé et al. [2012a]), the Sweepovirus-associated satellites (16 sequences; for accession numbers 

see Table 5.1) and the betasatellites Ageratum yellow vein betasatellite (AYVB; acc. no. AJ252072), 

Lindernia anagallis yellow vein betasatellite (LaYVB; DQ641715) and Croton yellow vein  

betasatellite (CroYVB; AJ968684). Note that the sequence of CroYVB (the only sequence of this 

presumed betasatellite species) is defective; the sequence is only 739 nt in length and lacks a βC1 

coding region. The alignments were produced with the ClustalW algorithm and percentage identity 

values were calcu lated in Megalign (Lasergene, DNASTAR). 
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Figure 5.4 Alignment of sequences immediately upstream of the nonanucleotide-containing  

hairpin structure for selected satellites. Aligned are the sequences of two betastellites (Ageratum 

yellow vein betasatellite  [AYVB] and Lindernia anagallis yellow vein betasatellite [LaYVB]), the 

presumed defective betasatellite Croton yellow vein  betasatellite  (CroYVB), two SAS (SBG51 [sat51] 

and SBG59 [sat59])  and two NW begomovirus-associted satellites (NW-sat). For each the database 

accession number is given. The red  highlighting shows nucleotide sequences identical to that of 

AYVB. 
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5.1.6 Virus encoded factors involved in begomovirus-satellite interactions 

 Although alphasatellites code for a Rep and making them capable of 

independent replication (Mansoor et al., 1999), betasatellites and SAS do not encode a 

Rep and rely instead on the Rep of the helper virus to initiate their RCR (see section 

5.1.7). For all other processes, intra- and intercellular movement in plants and plant-

to-plant transmission , the satellites rely on virus-encoded factors. For ToLCV-sat Dry 

et al. (1997) showed by immunocapture PCR that this satellite is encapsidated in the 

ToLCV capsid. Mansoor et al. (1999) showed that the DNA of an alphasatellite is 

encapsidated within the capsids of its helper begomoviruses and Tabein et al. (2013) 

showed the same for a betasatellite. Saunders et al. (2002a) showed that, in infections 

with a curtovirus, an alphasatellite was transmitted plant-to-plant by the curtovirus 

leafhopper vector. 

 More recently Iqbal et al. (2012) have shown by mutagenesis that the helper 

virus-encoded V2, C2 and CP products are required for the maintenance of the 

betasatellite by the virus in plants. The V2 protein and CP of monopartite 

begomoviruses are involved in in planta movement (Rojas et al., 2001) and the CP 

(for all geminiviruses) determines insect vector specificity (Briddon et al., 1990). 

Overall these findings indicate that the relationship between satellites and  

begomoviruses (with the exception of the alphasatellites) involves more than just Rep. 

 

5.1.7 Trans-replication of satellites and other virus-dependent DNAs 

 Geminivirus DNA replication occurs in the nuclei of host cells where a 

supercoiled dsDNA form acts as the template for transcription and is copied by RCR 

(Davies, 1987; Stenger et al., 1991) and also by recombination dependent replication 

(RDR) mechanisms (Alberter et al., 2005; Jeske et al., 2001). They depend on the host 

DNA replication machinery since they do not encode a polymerase. The only virus-

encoded factor essential for replication is Rep, a RCR initiator protein (Hanley-

Bowdoin et al., 2004), a multifunctional protein that is involved in recognition of, and 

interaction with, the origin of replication and nicking and ligation of viral DNA 

(Orozco et al., 1997).  

 Rep is a DNA binding protein with sequence specificity that recognises the 

origin of replication (ori) to initiate RCR (Fontes et al., 1992). The ori of 

geminiviruses consists of the nonanucleotide-containing hairpin structure and 

repeated motifs (known as iterons) that are the high affinity binding sites for Rep 
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(Argüello-Astorga et al., 1994a,1994b; Argüello-Astorga and Ruiz-Medrano, 2001; 

Chatterji et al., 2000; Fontes et al., 1994b; Orozco et al., 1998; Orozco and Hanley-

Bowdoin, 1996). In general different geminivirus species have differing iteron 

sequences ensuring that the Rep of a virus species will not recognize, bind to and 

initiate replication of the genome of another species (Chatterji et al., 1999, 2000). For 

the bipartite begomoviruses the two genomic components share a sequence (known as 

the common region [CR]; Briddon et al., 2010b; Hamilton et al., 1984; Stanley and 

Gay, 1983) that encompasses the ori, meaning that the cognate components of a 

species contain identical (or very similar) iterons, ensuring that the Rep encoded on 

DNA A may initiate replication of DNA B. Viral DNA of less than genome (or 

genomic component) size frequently occur in geminivirus infections (Patil and 

Dasgupta, 2006; Patil et al., 2007; Stanley and Townsend, 1985). Such defective 

molecules are commonly known as defective interfering DNAs (DI-DNAs) and are 

usually half the size of their parental begomoviruses (or begomovirus components). 

For bipartite begomoviruses DI-DNAs preferentially derive from the DNA B 

component. Such molecules always maintain the ori, since otherwise they would not 

be amplified and maintained by their parental “helper” virus. 

 Although also transreplicated, betasatellites do not encode the Rep binding 

sequences encoded by their helper begomoviruses and the precise mechanism of Rep 

recognition of the betasatellite ori remains unclear. Deletion mutagenesis studies have 

indicated that sequences of betasatellites sandwiched between the SCR and the A-rich 

region play a part in transreplication (Hussain, 2011; Nawaz-ul-Rahman et al., 2009; 

Saunders et al., 2008). This sequence contains iteron- like sequences, which have been 

proposed to be involved in Rep binding, although this hypothesis has yet to be tested. 

In comparison to the interaction between cognate DNA A and DNA B components, 

the interaction between monopartite begomoviruses and betasatellites is more relaxed 

– betasatellites apparently having the ability to be transreplicated by more than one 

begomovirus (Dry et al., 1997; Mansoor et al., 2003a; Saunders et al., 2008). Several 

heterologous begomoviruses can trans-replicate a single betasatellite encoding 

differing IRDs in their Rep proteins (Saunders et al., 2008). This suggests that the 

begomoviruses that associate with betasatellites have Rep proteins that recognise a 

wider range of iterons than viruses that are not associated with betasatellites (Nawaz-

ul-Rehman et al., 2009). However, the fact that betasatellites are progressively being 

identified with viruses that do not commonly associate with them and with bipartite 
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begomoviruses suggests that possibly the Rep proteins of all begomoviruses have a 

wider iteron selectivity than previously thought.  

 The first begomovirus-associated satellite identified, ToLCV-sat, although 

now believed to have evolved from a betasatellite, does encode a sequence identical to 

the iterons of its helper begomovirus ToLCV, on a predicted hairpin structure (hairpin 

II; Figure 5.3), and plays a part in the interaction with Rep (Dry et al., 1997). The 

work also showed that ToLCV-sat can be trans-replicated and maintained in in planta 

by ACMV and the curtovirus BCTV which do not share iterons with ToLCV – 

suggesting, as for the betasatellites, a more relaxed interaction. Subsequent studies 

with ToLCV and ToLCV-sat suggested that Rep- iteron interaction was not strictly 

required for initiation of replication – suggesting that other sequences could function 

in Rep recognition. The trans-replication of the sweepovirus-associated satellites, 

specifically the interaction with helper virus-encoded Rep, has not so far been 

investigated. 

 The study described in this chapter has analyzed the interaction between a 

sweepovirus and the recently identified ToLCV-sat- like, sweepovirus-associated 

satellites to assess the effects of the satellites on virus infections. Additionally the 

transmission of a sweepovirus-associated satellite, in infections with a sweepovirus, 

by B. tabaci has been assessed. 
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5.2 Material and methods 

5.2.1 Origins of viruses and satellites used in the study 

 A construct for the infectivity SPLCLaV isolate [ES:MAL:BG30:06] 

(EU839579) has been described previously (Trenado et al., 2011). ToLCV-sat- like 

molecules isolated from sweet potato plants originating from Malaga and Lanzarote, 

Spain, (Table 5.1; Trenado et al., manuscript in preparation) were used for the 

production of constructs for infectivity. 

5.2.2 Production of constructs for Agrobacterium-mediated inoculation 

 Head-to-tail dimer constructs of seven satellites (SBG51, SBG53, SBG54, 

SBG55, SBG57, SBG58 and SBG59) were produced as described earlier (Ferreira et 

al., 2008; Wu et al., 2008). The satellites were PCR amplified using 5' phosphorylated 

primer pair MA1386/MA1387 (CCTTAGCTTCGCACGTAGCT/ 

CTGCTTAGCGTAGCGGTTTGG). The amplified products of ~700 bp were 

purified, self- ligated and then multiplied by RCA (TempliPhi DNA Amplification Kit, 

GE Healthcare, Little Chalfont, UK). The RCA amplified product was partially 

digested with 0.25-U of PstI enzyme at 37 oC for 10 min. The digested RCA products 

of ~1400 bp (dimers of the satellites) were excised from 0.8 % agarose gels, purified 

and ligated in a binary vector pCAMBIA0380 (Cambia, Canberra, Australia) linerized 

with PstI and dephosphorylated using alkaline phosphatase (Roche). The dimers 

ligated in the binary vector were confirmed by restriction with BamHI and HindIII, 

and by sequencing. The dimeric constructs will henceforth be referred as DIM-

SBG51, DIM-SBG53, DIM-SBG54, DIM-SBG55, DIM-SBG57, DIM-SBG58 and 

DIM-SBG59, respectively. 

5.2.3 Agrobacterium-mediated inoculation 

 The binary vector (pCAMBIA0380) constructs were transfered into 

Agrobacterium tumefaciens strain GV3101 by eletroporation. Agrobacterium cultures 

(250 ml) were incubated at 28 oC until an OD600 of 1 was achieved and processed as 

described earlier (section 2.16). N. benthamiana and susceptible tomato 

cv.Moneymaker plants were inoculated at the 4-5 leaf stage.  I. setosa and I. nil were 

inoculated at the cotyledon stage, while sweet potato (cvs. Beauregard and Promesa) 

cuttings were inoculated at the 2-3 new leaf stage. Plants were maintained at insect-

proof growth chamber until further analysis. 
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5.2.4 Insect transmission 

 To examine the whitefly transmission of the satellites, non-viruliferous 

Bemisia tabaci (Mediterranean species, previously called biotype Q) insects were 

reared on melon (Cucumis melo) plants. Approximately 3000 adult whiteflies were 

collected and released on infected I. setosa (source plant) and an acquisition-access 

period (AAP) of 48 hrs was provided, after which the insects were transferred into 

clamp cages on healthy test plants. A single clamp cage contained ~50 whiteflies was 

applied to each healthy I. setosa or I. nil plant at the cotyledon stage. An inoculation-

access period (IAP) of 48 hrs was provided and plants were then treated with 

imidacloprid and pyriproxyfen to kill the whiteflies. The plants were transferred to an 

insect- free glass house and examined daily for the appearance of symptoms.  

5.2.5 Virus inoculation by grafting 

 Healthy I. batata (cv. Beauregard or Promesa) plants were used as root stock 

and were graft inoculated with scions from I. Setosa plants infected by 

agroinoculation, as described previously (Trenado et al., 2011). 

5.2.6 DNA extraction and virus/satellite detection 

 Total DNA was extracted by CTAB method (Chapter 2, section 2.3). The 

presence of begomovirus and satellites in plants was confirmed by PCR and/or dot-

blot hybridization. Probes for virus (SPLCLaV CP gene) and full length satellite 

molecules were PCR amplified using specific primers MA292/MA293 

(CCYTAGGGTTCGAGCTVTGTTCGG/ TTTATTAATTDTTRTGCGAATC; 

Lozano et al., 2009) and MA1386/MA1387 (section 5.2.2), respectively, and labeled 

using a non-radioactive DIG DNA labeling kit (Roche). The above primers were also 

used for detection of virus and satellites using PCR. For Southern-blot hybridization 

approx. 6 µg of genomic DNA was electrophoresed on 0.8 % agarose gels and 

processed as described earlier (Chapter 2, section 2.18). Band intensities on X-ray 

film were quantified using imageJ software (Schneider et al., 2012).   
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5.3 Results 

5.3.1 Infectivity of the satellites with Sweet potato leaf curl Lanzarote virus in N. 

benthamiana 

 Agrobacterium-mediated inoculation of SPLCLaV to N. benthamiana resulted 

in the majority of plants becoming symptomatic (18 out of 20 plants inoculated; Table 

5.3). Plants showed the initial symptoms of infection, consisting of leaf yellowing and 

mild leaf curling at 16 dpi. Subsequently (at approx. 22 dpi) plants showed foliar 

yellowing, downward leaf curling, as well as leaf crumpling of leaves developing 

subsequent to inoculation and general stunting of plants relative to non- inoculated 

plants (Figure 5.5; Table 5.3). 

 N. benthamiana plants inoculated with SPLCLaV in association with the 

satellites showed the same symptoms irrespective of the satellite used. The plants 

showed initial symptoms consisting of leaf yellowing which developed (at approx. 

22dpi) into leaf curling, leaf crumpling and reduction in growth in comparison to 

healthy control plants (Figure 5.5; Table 5.3). The symptoms induced by SPLCLaV in 

the presence of satellites did not differ significantly from the symptoms induced by 

the virus in plants in the absence of the satellites. Plants inoculated with only DIM-

SBG51 did not develop symptoms. 

 Southern/dot-blot/PCR analysis showed that the satellites were well 

maintained by SPLCLaV – all virus infected plants showed the presence of the 

satellite (Figure 5.6; Table 5.3). Additionally, the infectivity of the virus to N. 

benthamiana was not affected by the satellites  

 A Southern-blot of N. benthamiana plants co-inoculated with SPLCLaV and 

either DIM-SBG51 or DIM-SBG59 showed the DNA forms, for both virus and 

satellites, typical of RCR (Figure 5.7 panels A and B). However, the blot also showed 

an apparent reduction of the amount of viral DNA for plants infected with the virus in 

the presence of either of the satellites in comparison to plants infected with only the 

virus. An ImagJ analysis indicated the viral DNA levels to be reduced by approx. 40 

% in the presence of the satellites (Figure 5.7 panel C). 
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Table 5.3 Infectivity of the satellites with SPLCLaV in N. benthamiana by 
Agrobacterium-mediated inoculation 
 

Inoculum@ 

Infectivi ty 
(plants 

symptomatic/ 
plants 

inoculated) 

Detection$ Latent 
period 
(dpi) 

Symptoms☼ 

Virus Sat 
SPLCLaV 18/20 18/20 0/20 16 LY, LC, LCr, RG 

SPLCLaV/Sat51 14/15 14/15 14/15 16 LY, LC, LCr, RG 
SPLCLaV/Sat53 5/5 5/5 5/5 16 LY, LC, LCr, RG 
SPLCLaV/Sat54 5/5 5/5 5/5 16 LY, LC, LCr, RG 
SPLCLaV/Sat55 5/5 5/5 5/5 16 LY, LC, LCr, RG 
SPLCLaV/Sat57 8/10 8/10 8/10 16 LY, LC, LCr, RG 
SPLCLaV/Sat58 5/5 5/5 5/5 16 LY, LC, LCr, RG 
SPLCLaV/Sat59 10/10 10/10 10/10 16 LY, LC, LCr, RG 

Sat51 0/5 0/5 0/5 - - 
-* 0/20 0/20 0/20 - - 

 

@ The viruses and satellites used were Sweet potato leaf curl Lanzarote virus (SPLCLaV), SBG51 

(Sat51), SBG53 (Sat53), SBG54 (Sat54), SBG55 (Sat55), SBG57 (Sat57), SBG58 (Sat58) and SBG59 

(Sat59). 

* For each experiment the same number o f healthy N. benthamiana plants were maintained as controls. 
$ Virus and satellites were detected by dot blot, Southern blot and/or PCR.   
☼ Symptoms are denoted as leaf yellowing (LY), leaf curling (LC), leaf crumpling (LCr) and retarded 

growth (RG). 
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Figure 5.5  Symptoms induced by SPLCLaV and SPLCLaV in the presence of satellites in N. 

benthamiana plants. The N. benthamiana plants shown were either non-inoculated (A) or inoculated 

with SPLCLaV (B), SPLCLaV and DIM-SBG51 (C), SPLCLaV and DIM-SBG53 (D), SPLCLaV and 

DIM-SBG54 (E), SPLCLaV and DIM-SBG55 (F), SPLCLaV and DIM-SBG57 (G), SPLCLaV and 

DIM-SBG58 (G) and SPLCLaV and DIM-SBG59 (H). The photographs were taken at 22 dpi. 
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Figure 5.6 Dot blot analysis of DNA samples extracted from N. benthamiana plants infected with 

SPLCLaV and satellites by Agrobacterium-mediated inoculation. Blots were probed for the 

presence of SPLCLaV (A) and SBG51/SBG53 (B). The DNA ext racts were from N. benthamiana 

plants inoculated with SPLCLaV (a[1-5]), SPLCLaV and DIM-SBG51 (b[1-5]), SPLCLaV and DIM-

SBG53 (c[1-5]), SPLCLaV and DIM-SBG54 (d[1-5]), SPLCLaV and DIM-SBG55 (e[1-5]), SPLCLaV 

and DIM-SBG57 (f[1-5]), SPLCLaV and DIM-SBG58 (g[1-5]), SPLCLaV and DIM-SBG59 (h[1-5]), 

DIM-SBG51 (i1 and i2). Plasmid DNA (0.1 µg) of SPLCLaV (i3), plas mid DNA (0.1 µg) of DIM-

SBG51 (i4) and DNA ext racts from a field-infected (SPLCLaV/pSBG51) sweet potato plant (i5) are 

indicated. For agroinoculated plants DNA was extracted at 20dpi and approx. 1.5 µg  of total DNA was 

loaded in each square. 
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Figure 5.7 Southern blot analysis of DNA samples extracted from N. benthamiana infected with 

SPLCLaV and satellites by Agrobacterium-mediated inoculation. Blots were probed for the 

presence of SPLCLaV (A) and SBG51 (Sat51)(B). The DNA extracts were from a healthy non-

inoculated N. benthamiana (lane 1) and N. benthamiana plants inoculated with SPLCLaV (lanes 2-6), 

SPLCLaV/DIM-SBG51 (lanes 7-10) and SPLCLaV/DIM-SBG59 (lanes 11-13). The positions of viral 

single stranded (ss) super-coiled (sc), linear (lin) and open-circular (oc) DNAs are indicated. The 

ethidium bromide-stained genomic DNA band on the gel is shown below the Southern blot in each 

case. DNA was ext racted at 20dpi and approx. 6µg of total DNA was loaded in each case. The bar 

graph shows the mean value (with standard error of the mean) o f calculated SPLCLaV levels (based on 

band intensities) in N. benthamiana plants in healthy, non-inoculated plants (H) and plants infected 

with SPLCLaV (SP), SPLCLaV/SBG51 (SP/Sat51) and SPLCLaV/SBG59 (SP/Sat59) by agro-

inoculation (C). The levels of virus were calculated by taking the levels in p lants infected with only  

SPLCLaV as 1.0. 
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5.3.2 Infectivity of satellites to Ipomoea setosa and I. nil by co-inoculation with 

Sweet potato leaf curl Lanzarote virus  

 Agrobacterium-mediated inoculation of I. setosa and I. nil with SPLCLaV 

alone resulted in most plants becoming infected and showing symptoms (Table 5.4). I. 

setosa and I. nil differed in the latent period for symptoms appearing, with I setosa 

showing a latent period of 18 days and I. nil 17 days, under the condition of the 

experiment. Both plant species initially showed some vein yellowing and leaf 

curling/crumpling which increased in intensity up to approx. 35 dpi.  For I. setosa the 

vein yellowing was more pronounced than for I. nil (Figure 5.8 and Figure 5.11). The 

vein yellowing initiated at the leaf margins and progressed towards the main vein, 

although there was no yellowing along the main vein. Plants that were infected were 

stunted relative to non- inoculated plants, with fewer leaves and a reduced leaf size, 

which was particularly evident for I. nil (Figure 5.10). 

 Overall the symptoms induced in both I. setosa and I. nil by inoculation with 

SPLCLaV in the presence of the satellites were qualitatively similar to plants 

inoculated with virus alone. However, for all satellites the time to first appearance of 

symptoms was extended by one to two days (Table 5.4) and ultimately the symptoms 

were milder with less leaf curling/crumpling and less vein yellowing (the results for  

SBG51 are shown in Figure 5.11). The results with the other satellites were 

comparable (results not shown). Overall plants infected with virus and satellite were 

less stunted and had more leaves that were larger in size than plants infected with only 

virus and again this effect was particularly evident for I. nil (Figure 5.8 and 5.10). 

Two of the inoculated I. setosa plants showed no symptoms although SPLCLaV was 

present in both plants and the satellite in one of the plants (Table 5.4). In both I. 

setosa and I. nil, SBG57 was less infectious in the presence of SPLCLaV than the 

other satellites – fewer inoculated plants that became infected ultimately retained 

SBG57 (Table 5.4). 

 Band intensity analysis using ImageJ for the Southern-blot of SPLCLaV and 

SBG51 infected I. setosa plants suggested that there was no significant difference in 

virus titre in the presence and absence of the satellite (Figure 5.9, panel C). However, 

a plot of calculated SPLCLaV DNA levels against satellite DNA levels suggested that 

there was an inverse relationship between the two – lower virus levels at higher 

satellite levels (with a calculated R2 value of  0.8094); Figure 5.9, panel D). Further 
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experiments will be required to confirm this suggestion which is based on an analysis 

of relatively few plants. 

  

 
 
 
 
 
 
 
 
Table 5.4 Infectivity of the satellites with SPLCLaV in Ipomoea setosa and I. nil 
plants by Agrobacterium-mediated inoculation 

 

Host 
Plant 

 
Inoculum@ 

Infectivi ty 
(plants 

symptomatic/
plants 

inoculated) 

Detection$ Latent 
period 
(dpi) 

Symptoms☼ 

Virus Sat 

I. setosa 
 

SPLCLaV 13/15 13/15 0/15 18 SVY,LC,RG 
SPLCLaV+Sat51 9/10 10/10 10/10 20 SVY,LC,RG 
SPLCLaV+Sat55 4/4 4/4 4/4 20 SVY,LC,RG 
SPLCLaV+Sat57 4/7 5/7 4/7 20 SVY,LC,RG 
SPLCLaV+Sat59 3/4 3/4 3/4 20 SVY,LC,RG 

-* 0/15 0/15 0/15 - - 

I. nil 
 

SPLCLaV 5/5 5/5 0/5 17 VY,SDLC,RG 
SPLCLaV+Sat51 8/8 8/8 8/8 18 VY,SDLC,RG 
SPLCLaV+Sat57 4/5 4/5 3/5 18 VY,SDLC,RG 

-* 0/5 0/5 0/5 - - 
 
@ Viruses and satellites are denoted as Sweet potato leaf curl Lanzarote virus (SPLCLaV), SBG51 

(Sat51), SBG55 (Sat55), SBG57 (Sat57) and SBG59 (Sat59) 

* Non-inoculated I. setosa and I. nil control plants. 
$ Virus and satellites were detected by dot blot, Southern blot and/or PCR   
☼ Symptoms are denoted as severe vein yellowing (SVY), leaf curling (LC), retarded growth (RG), 

vein yellowing (VY) and severe downward leaf curling (SDLC)  
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Figure 5.8 Symptoms induced by infection of SPLCLaV and SPLCLaV with satellites in I. setosa 

plants. The I. setosa plants shown were either non-inoculated (A), inoculated with SPLCLaV (B), 

SPLCLaV and DIM-SBG51 (C), SPLCLaV and DIM-SBG55 (D) or SPLCLaV and DIM-SBG59 (E). 

The photographs were taken at 25 dp i. 
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Figure 5.9 Southern blot analysis of DNA samples extracted from agro-inoculated I. setosa 

plants. Blots probed for the presence of SPLCLaV (A) and SBG51 (Sat51; B). The DNA ext racts were 

from a healthy non-inoculated I. setosa (lane 1) and I. setosa plants inoculated with SPLCLaV (lanes 2-

6) and SPLCLaV/DIM-SBG51 (lanes 7-11). The positions of viral single stranded (ss) super-coiled 

(sc), linear (lin) and open-circular (oc) DNAs are indicated. The ethidium bromide-stained genomic 

DNA band on the gel is shown below the Southern blot in  each case. DNA was extracted at  20dpi and 

approx. 6µg of total DNA was loaded in  each case. The bar graph shows the mean value (with standard 

error o f the mean) of calculated SPLCLaV levels (based on band intensities) in I. setosa plants in 

healthy, non-inoculated plants (H) and plants infected with SPLCLaV (SP) and SPLCLaV/SBG51 

(SP/Sat51) by agro-inoculations (C). The levels of virus were calcu lated by taking the levels in plants 

infected with only SPLCLaV as 1.0. A scatter diagram showing the relationship between the calculated 

levels of SPLCLaV (SP) and SBG51 (Sat51) in SPLCLaV/SBG51 infected I. setosa plants calculated 

from the blot in panel A and B (D).   
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Figure 5.10 Symptoms induced in I. nil plants following Agrobacterium-mediated inoculation with 

SPLCLaV and SPLCLaV with satellites. The I. nil plants shown were either non-inoculated (A) or 

inoculated with SPLCLaV (B), SPLCLaV and DIM-SBG51 (C) and SPLCLaV and DIM-SBG59 (E). 

The photographs were taken at 25 dp i. 
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Figure 5.11 Foliar symptoms in I. setosa and I. nil plants induced by infections of SPLCLaV and 

SPLCLaV with satellites by Agrobacterium-mediated inoculation. The I. setosa plants shown were 

either non-inoculated (A) inoculated with SPLCLaV (B), or with SPLCLaV and DIM-SBG51 (C). The 

I. nil plants shown were either non-inoculated (D) or inoculated with SPLCLaV (E) and SPLCLaV and 

DIM-SBG51 (F). The photographs were taken at 35 dpi. 
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5.3.3 Infectivity of the satellites to sweet potato in the presence of Sweet potato 

leaf curl Lanzarote virus  

 Plants of neither of the sweet potato cultivars, ‘Beauregard’ and ‘Promesa’, 

showed symptoms of infection following Agrobacterium-mediated inoculation with 

SPLCLaV or SPLCLaV with either DIM-SBG51 or DIM-SBG57. However, the 

presence of SPLCLaV and satellites was detected in a small number of plants (Table 

5.5). Relatively poor infectivity and plants taking a long time (as long as 5 months for 

cv. Beauregard) to show mild symptoms for agroinoculation of SPLCLaV to 

seetpotato have been noted previously (Trenado et al., 2011). This was not a suitable 

system for investigating the effects of satellites on virus infection. For this reason 

grafting was investigated as a possible means of overcoming the inoculation of sweet 

potato problem. 

 Grafting with scions of I. setosa plants infected with SPLCLaV/SBG51 by 

agroinoculation to root stocks of healthy Beauregard and Promesa plants also did not 

result in symptoms, although the presence of virus/satellite was detected in most of 

the inoculated plants by PCR and Southern hybridization (Table 5.5). Graft 

inoculation of I. setosa plants resulted in symptoms consisting of severe leaf curling, 

vein yellowing and deformed growth. These symptoms were indistinguishable from 

the symptoms induced in I. setosa plants by Agrobacterium-mediated inoculation of 

the virus.  

 In the two graft- inoculated, symptomatic I. setosa plants the presence of 

SPLCLaV and satellite was confirmed by PCR and Southern hybridization (results 

not shown). However, for SPLCLaV/satellite inoculated Promesa plants, SPLCLaV 

was detected in three out of four plants, whereas only two also contained the satellite. 

Out of four graft- inoculated Beauregard plants, three were found positive for both 

SPLCLaV and the satellite (Table 5.5).  

 Southern hybridization showed that the titer of DNA for satellite and 

SPLCLaV was very low in Beauregard and Promesa in comparison to infected I. 

setosa plants. SPLCLaV and satellite were detected in a greater number of Promesa 

plants than in I. setosa plants. A long exposure time for the blots was required to see 

the signal for satellite in graft- inoculated Beauregard plants (Figure 5.12).  
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Table 5.5 Infectivity of the satellites with SPLCLaV in sweet potato. 
 

Inocula-
tion 

method 

Host Plant 
 Inoculum@ 

Infectivi ty 
(plants 

symptomati
c/plants 

inoculated) 

Detection$ Latent 
period 
(dpi) 

Symptoms☼ 
Virus Sat 

Agro-
inoculation 

Beauregard 

SPLCLaV 0/5 1/5 0/5 - - 
SPLCLaV+

Sat51 0/5 1/5 1/5 - - 

SPLCLaV+
Sat57 0/5 0/5 0/5 - - 

-* 0/5 0/5 0/5 - - 

 
Promesa 

 

SPLCLaV 0/5 1/5 1/5 - - 
SPLCLaV+

Sat51 0/5 1/5 1/5 - - 

SPLCLaV+
Sat57 0/5 0/5 0/5 - - 

-* 0/5 0/5 0/5 - - 

Graft ing 

Promesa SPLCLaV+
Sat51 0/4 3/4 2/4 - - 

Beauregard SPLCLaV+
Sat51 0/4 3/4 3/4 - - 

I. setosa SPLCLaV+
Sat51 2/2 2/2 2/2 20 SVY,LC,RG 

 
@ Viruses and satellites are denoted as Sweet potato leaf curl Lanzarote virus (SPLCLaV), SBG51 

(Sat51) and SBG57 (Sat57) 

* In each experiment the same number of non-inoculated sweet potato cv. Beauregard  and cv. Promesa  

plants were maintained as controls. 
$ Virus and satellites were detected by dot blot, Southern blot and/or PCR   
☼ Symptoms are denoted as severe vein yellowing (SVY), leaf curling (LC) and retarded growth (RG) 
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Figure 5.12 Southern blot analysis of DNA samples extracted from graft-inoculated s weet potato 

(cvs. Beauregard and Promesa) and I. setosa plants probed for the presence of SPLCLaV (A) and 

SBG51 (B). The DNA extracts were from sweet potato cv. Beauregard  (lanes 2-4), cv. Promesa (lanes 

5-7) and I. setosa (lane 8) p lants graft-inoculated with scions from SPLCLaV/SBG51 in fected I. setosa 

plants. A DNA sample extracted from a healthy, non-inoculated sweet potato cv. Promesa plant was 

run as a control (lane 1). The positions of viral single stranded (ss) super-coiled (sc), linear (lin) and 

open-circular (oc) DNAs are indicated. The ethidium bromide-stained genomic DNA band on the gel is 

shown below the Southern blot in each case. DNA was extracted at 20dpi and approx. 6µg of total 

DNA was loaded in each case. 
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5.3.4 Transmission of SBG51 with Sweetpotato leaf curl Lanzarote virus by B. 

tabaci 

 The insect transmissibility of one of the sweepovirus-associated satellites 

(SBG51) was assessed using B. tabaci (Mediterranean species) insects that were fed 

(48 hrs AAP) on an I. setosa plant infected with SPLCLaV and SBG51 by 

Agrobacterium-mediated inoculation before the insects were transferred to healthy I. 

nil and I. setosa plants (48 hrs IAP, 50 insects per plant). In the first experiment, out 

of twenty I. nil plants inoculated, eight plants developed symptoms. Symptoms in 

these plants appeared at 17 dpi and by 35 dpi the plants were showing severe leaf 

curling, vein yellowing and retarded growth, as described earlier (section 5.3.2). The 

remaining plants showed no symptoms of infection. Dot-blot and PCR amplification 

showed only SPLCLaV to be present in all symptomatic plants and two of the non-

symptomatic plants (Figure 5.13). For none of the insect inoculated I. nil plants was 

the presence of the satellite detected (Table 5.6). 

 For 15 out of 30 whitefly- inoculated I. setosa plants symptoms appeared at 3 

weeks post inoculation and plants developed symptoms indistinguishable from those 

exhibited by the plants that were used as a virus source, consisting of yellowing, 

stunted growth and mild leaf curling. Dot-blot hybridization and PCR showed the 

presence of SPLCLaV in 22 plants. However, SBG51 was detected in only 19 of the 

22 plants harbouring virus (Figure 5.14). The non-symptomatic I. setosa plants were 

negative for both the virus and satellite (Table 5.6).  

 Southern hybridization of the six randomly selected SPLCLaV/SBG51 

infected I. setosa plants and the three plants which, following insect transmission, 

were found to contain only SPLCLaV showed the DNA forms typical of virus and 

satellite replication (Figure 5.15). Although the viral DNA levels in plants containing 

both SPLCLaV and SBG51 were quite variable, overall the virus DNA levels in 

plants harboring both virus and satellite were lower than in plants harboring only 

virus. Analysis of band intensities showed that SPLCLaV levels in plants co- infected 

with the satellites were 40% of those for plants infected with the virus alone (Figure 

5.15 panel C). 
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Table 5.6 Transmission of satellite SBG51 with SPLCLaV by B. tabaci  

Host 
plant 

Infectivi ty 
(plants 

symptomatic/ 
plants inoculated) 

Latent 
period 
(dpi) 

Detection$ 

Virus Sat 

I. setosa 15/30 20 22/30 19/30 
I. nil 8/20 17 10/20 0/20 

 
$ Virus and satellite were detected using dot blot, Southern blot and/or PCR   

 

 

 

 

 
 
Figure 5.13 Dot blot analysis of DNA samples extracted from I. nil plants inoculated with B. 

tabaci. Blots were probed for the presence of SPLCLaV (A) and SBG51 (B). The DNA extracts were 

from I. nil plants inoculated with B. tabaci insects fed on a SPLCLaV/SBG51 infected plant (a [1-10] 

and b [1-10]), a healthy non-inoculated I. nil plant (c3), plas mid DNA (0.1 µg) of SPLCLaV (c5) and 

plasmid DNA (0.1 µg) of DIM-SBG51 (c4). Squares where no DNA was added are indicated (-). DNA 

was extracted from p lants at 20 dpi and approx. 1.5 µg of total DNA was loaded in each square of the 

membrane. 
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Figure 5.14 Dot blot analysis of DNA samples extracted from I. setosa plants inoculated with B. 

tabaci. Blots were probed for the presence of SPLCLaV (A) and SBG51 (B). The DNA extracts were 

from I. setosa plants inoculated with B. tabaci insects fed on a SPLCLaV/SBG51 infected plant (a [1-

10], b [1-10] and c [1-10]), a healthy non-inoculated I. setosa plant (d9), plas mid DNA (0.1 µg) of 

SPLCLaV (d10, panel A) and plas mid  DNA (0.1 µg) of DIM-SBG51 (d10, panel B). Squares where no 

DNA was added are indicated (-). DNA was extracted at 20dpi and approx. 1.5 µg of total DNA was 

loaded in each square of the membrane. 
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Figure 5.15 Southern blot analysis of DNA samples extracted from I. setosa plants inoculated 

with B. tabaci probed for the presence of SPLCLaV (A) and SBG51 (B). The DNA extracts were 

from a healthy non-inoculated I. setosa plant (lane 1) and I. setosa plants inoculated with B. tabaci 

insects fed on a SPLCLaV/SBG51 infected p lant (lanes 2-9). The positions of viral single stranded (ss) 

super-coiled (sc), linear (lin) and open-circular (oc) DNAs are indicated. The ethid ium bromide-stained 

genomic DNA band on the gel is shown below the Southern blot in each case. DNA was extracted at 

20dpi and approx. 6µg of total DNA was loaded in each  case. The bar graph shows the mean value 

(with standard error of the mean) of calculated SPLCLaV levels (based on band intensities) in I. setosa 

plants for healthy, non-inoculated plants (H) and plants in fected with SPLCLaV (SP) and 

SPLCLaV/SBG51 (SP/Sat51) by insect transmission (C). The levels of virus were calcu lated by taking 

the levels in plants infected with only SPLCLaV as 1.0. 
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5.4 Discussion 

 The study conducted here was prompted by the recent identification of 

satellite molecules associated with sweepoviruses in sweet potato (Trenado et al., 

manuscript in preparation). The sweepovirus-associated satellite molecules identified 

are non-coding and resemble, both in structure and sequence, the first satellite 

molecule identified with a begomovirus - ToLCV-sat (Dry et al., 1997). Despite the 

fact that ToLCV-sat was identified in the 1990s, not a lot is known concerning the 

maintenance of ToLCV-sat by begomoviruses and the effects it has on virus 

infections. There was thus a need to investigate the effects of ToLCV-sat- like 

satellites on begomovirus infections and their interactions with their helper 

begomoviruses for comparison to the better characterized, and more numerous, 

betasatellites and alphasatellites. 

 The clone of SPLCLaV used here has previously been demonstrated to be 

highly infectious to N. benthamiana (Trenado et al., 2011) and this was confirmed by 

the work conducted here – all inoculated plants becoming infected. Inoculation of N. 

benthamiana plants with only the satellite (for one of the satellites - SBG51) did not 

lead to symptoms and the satellite was not detected in young, newly emerging leaves 

of these plants. This is consistent with the finding that the satellite does not encode 

proteins. However, when co- inoculated with SPLCLaV, all plants that became 

symptomatic, and showed the presence of virus away from the inoculation site, also 

showed the presence of the satellite. This indicates that in N. benthamiana SPLCLaV 

efficiently moves, in trans, the satellites. It is also likely that SPLCLaV trans-

replicated the satellites, since the satellites do not encode a RCR initiator protein, 

although this was not shown directly here. The presence of satellite DNA forms 

typical of RCR in Southern blots would indicate that RCR of the satellites is occurring 

and in the system the only RCR initiator protein present is that encoded by SPLCLaV. 

 The evidence indicates that the SAS are efficiently transreplicated by 

SPLCLaV despite the absence of interons. It is thus likely that, as has been proposed 

for betasatellites (Hussain, 2011; Nawaz-ul-Rehman et al., 2009; Saunders et al., 

2008), that SAS contain sequences that mimic iterons in the interaction with helper 

virus-encoded Rep. Sequences of SAS that may possibly represent such iteron- like 

sequences have been identified (see the introduction to this chapter). Mutagenesis 

studies, such as those conducted by (Dry et al., 1997; Hussain, 2011; Lin et al., 2003; 
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Nawaz-ul-Rehman et al., 2009; Saunders et al., 2008) will be required to prove this 

hypothesis.  

 For agroinoculated N. benthamiana and insect- inoculated I. setosa plants the 

presence of the satellite led to a clear reduction in virus DNA levels. This is indicative 

of the satellites interfering with virus infection. The effect of satellites on SPLCLaV 

infection was, however, not so clear upon Agrobacterium-mediated inoculation of I. 

setosa. The reason for the difference between insect and agroinoculation for I. setosa 

is likely due to the amount of virus delivered. Whiteflies deliver minute amounts of 

begomoviruses to plants. Caciagli and Bosco (1997) determined that B. tabaci adults 

acquire no more than 1.6 ng of TYLCSV DNA and only a small fraction of this would 

be inoculated to plants during a feed. Whitefly transmission is thus a very tight 

bottleneck and an initial focal point of infection would contain very few copies of the 

virus that would be very susceptible to the effects of interference by, for example, 

satellites. In contrast, Agrobacterium-mediated inoculation delivers more virus and 

there is the possibility of cells being infected without the presence of the satellite, 

meaning that the effects of any interference by the satellite might be masked. This 

does not, however, explain why interference is seen in N. benthamiana but not so 

clearly in I. setosa following Agrobacterium-mediated inoculation. 

 Sweepovirus infections are frequently latent, showing no, or only very mild, 

symptoms (Albuquerque et al., 2012; Clark and Hoy, 2006; Valverde et al., 2007). 

This latent characteristic of SPLCLaV, and sweepoviruses in general, may explain 

why, for many of the inoculations of plants conducted as part of this study, there were 

plants that were ultimately shown to contain virus but which were non-symptomatic. 

The factors that lead to latency (non-symptomatic infections) are unclear, although 

environmental factors may play a part. Nawaz-ul-Rehman et al. (2012) identified a 

range of viruses and satellites in exotic cotton species, the infections of some of which 

were non-symptomatic. Although the study did not show this to be the case, there was 

the suggestion that the satellites may have a part in the latency phenomenon. This 

phenomenon of latency should be investigated in the future.  

 Virus levels in sweet potato were too variable (following graft inoculation) to 

be able to detect any possible effect of satellite on virus levels. This is likely due to 

infections initiating at different times as graft unions are established between the scion 

and root stock. Clearly insect transmission is a possible way to investigate the effects 

of satellites on sweepovirus infections of sweet potato in the future. 
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 For the other begomovirus-associated satellites, the betasatellites and 

alphasatellites, numerous studies have addressed the issue of effect of satellites on 

virus infections. Betasatellites have been shown to encode a dominant pathogenicity 

determinant that, in many cases, enhances virus DNA levels in plants and increases 

symptom severity (Saunders et al., 2000; Zhou, 2013). For the few studies that have 

been conducted, alphasatellites have been shown to reduce virus DNA levels 

(Saunders and Stanley, 1999). For several unusual alphasatellites the presence of the 

satellite was shown to reduce symptom severity by preferentially reducing 

betasatellite DNA levels (Idris et al., 2011; Nawaz-ul-Rehman et al., 2010; Wu and 

Zhou, 2005).  

 For alphasatellites and DI molecules the precise mechanism of interference 

with its helper virus leading to symptom amelioration and reduced viral DNA levels is 

unclear. For both types of molecules it has been suggested that interference may be 

due to competition for cellular resources such as the DNA replication machinery 

(Frischmuth and Stanley, 1991; Mansoor et al., 2000; Saunders and Stanley, 1999). 

There would also be competition for virus encoded factors including those involved in 

virus movement in plants – for monopartite begomoviruses this includes the CP, V2 

and C4 (Iqbal et al., 2012; Rojas et al., 2001). Additionally, for DI molecules but not 

alphasatellites (which encode their own Rep), there may be competition for the helper 

virus-encoded Rep, which is required for initiation of RCR and may be limiting. For 

alphasatellites it is also possible that the encoded Rep interacts with the helper virus 

Rep to form non-functional Rep complexes (Briddon and Stanley, 2006; Patil and 

Fauquet, 2010). Since the sweepovirus-associated satellites rely on virus-encoded Rep 

for initiation of replication and virus-encoded factors for movement in plants, both of 

these mechanisms can be proposed to explain their interference with virus infections 

of plants. Additional studies will be required to determine the actual mechanism 

involved. 

 For agroinoculated I. setosa and I. nil plants there was a clear extension in 

latent period for SPLCLaV infections in the presence of satellites which was not 

evident for N. benthamiana. This is likely due to N. benthamiana being a highly 

susceptible species due to it having a compromised RNA silencing response resulting 

from it encoding a truncated RNA-dependent RNA polymerase 1 (RDR1; Yang et al., 

2004). Possibly SPLCLaV is able to replicate and spread more effectively in N. 

benthamiana thereby masking the effects of the interference of the satellite on latent 
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period. This may also explain why the satellites caused little, if any, amelioration in 

the symptoms in co- infections with SPLCLaV in N. benthamiana.  

 For viruses that infect vegetatively-propagated plants, transmission may be by 

the use of infected planting materials. The most prominent examples here are the 

viruses which cause cassava mosaic disease in Africa and Asia being maintained by 

the planting of infected cassava stakes (Fauquet and Fargette, 1990). For some 

ornamental plants, vegetatively-propagation is specifically used to maintain the 

desirable symptoms induced by begomoviruses, since the viruses are lost by growing 

plants from seed. These include variegated Abutilon and variegated honeysuckle 

(Lonicera japonica), the beautiful yellow mosaic symptoms in which are induced by 

the begomoviruses Abutilon mosaic virus and Honeysuckle yellow vein virus (together 

with a betasatellite), respectively (Frischmuth et al., 1991; Saunders et al., 2008). 

Maintenance of insect transmitted viruses without the positive selection (for 

transmissibility) of insect transmission has been shown to lead to mutant viruses 

which lack the ability to be transmitted. For the ACMV isolate from which the first 

sequenced clones of a geminivirus were obtained (Stanley and Gay, 1983), these 

sequence changes were shown to involve both the CP and the genes involved in 

movement (Liu et al., 1997b; Liu et al., 1998). This ACMV isolate was maintained by 

serial mechanical transmission in N. benthamiana for many years before the clones 

were obtained. These findings showed that not only must the CP maintain the epitopes 

required for interaction with the vector, the virus must also be moved to the correct 

tissues in the plant for transmission to occur – presumably these are the tissues in 

which the insect vector feeds.   

 Sweet potato is vegetatively propagated and the clone of SPLCLaV used in the 

study here has previously been shown to be transmissible by the Q biotype of B. 

tabaci (Trenado et al., 2011). The results obtained here show that, in co- infection with 

SPLCLaV, one of the sweepovirus-associated satellites is transmissible. This is the 

first demonstration of the insect transmission of a ToLCV-sat- like satellite. This 

finding, at least indirectly, shows that the satellite is encapsidated in the begomovirus 

CP. The virions of geminiviruses consist of only ssDNA and CP, specifically a 

geminate particle consist of one circular ssDNA of ~2.7kb and 110 copies of CP 

(Hatta and Francki, 1979; Zhang et al., 2001b). The CP is essential for and determines 

specificity of insect transmission (Briddon et al., 1990; Höfer et al., 1997). For the 

half unit- length (~1400bp) defective interfering molecules associated with 
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geminiviruses, encapsidation has been shown to be in isometric particles (thus half a 

geminate particle; Casado et al., 2004; Frischmuth et al., 2001). Although 

betasatellites have been shown to be insect transmissible (Saunders et al., 2000) and 

encapsidated in helper virus CP (Tabein et al., 2013), the nature (multiplicity) of the 

particles has not been investigated, although it would seem likely that they are 

encapsidated in isometric particles. The nature of virus particles encapsidating quarter 

unit- length DNAs, such as the ToLCV-sat- like satellites, remains unclear. However, 

encapsidation of ToLCV-sat DNA in the CP of ToLCV has been demonstrated by 

immunocapture PCR (Dry et al., 1997). 

 SBG51 was efficiently insect transmitted from infected I. setosa plants to 

healthy I. setosa plants in the presence of SPLCLaV – most plants which ultimately 

contained the virus also ultimately contained the satellite. This was not, however, the 

case for insect transmission to I. nil, even though the same source plants and insect 

colony was used. The reason for this is unclear. It is unlikely that this is occurring due 

to an incompatibility between the satellite and I. nil, since by agroinoculation SBG51 

was highly infectious in the presence of SPLCLaV to this species and the satellites 

(including SBG51) resulted in ameliorated symptoms. SPLCLaV was less infectious 

to I. nil than to I. setosa using insect transmission so possibly this has something to do 

with the inability of insects to also transfer the satellites. Additional studies will be 

required to investigate this apparent anomaly. 

 Although study of ToLCV-sat by Dry et al. (1997) examined in some detail 

the requirements for maintenance of the satellite, it did not address the effects of the 

satellite on virus infection or the possible selective advantage, for the virus, of 

maintenance of the satellite. For betasatellites the encoded βC1 protein provides a 

strong selective advantage for maintenance by the helper begomovirus, in most cases. 

The βC1 protein is a suppressor of silencing (Amin et al., 2011a; Cui et al., 2005b; 

Zhou, 2013) and also possibly plays a part in virus movement in plants (Saeed et al., 

2007). A prime example here is the association of CLCuMuB with several 

begomoviruses that cause cotton leaf curl disease in South Asia. These viruses are 

poorly infectious to cotton in the absence of the CLCuMuB, meaning that all 

infections of cotton are in the presence of the betasatellite (Briddon et al., 2001). 

However, for some virus-satellite combinations the selection is less strong. For 

example, in the interaction of Tobacco curly shoot virus (TbCSV) with Tobacco curly 

shoot betasatellite (TbCSB), in the field, only some plants contain the betasatellite (Li 
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et al., 2005). TbCSV was shown to efficiently infect plants and induce symptoms 

without the betasatellite and TbCSV did not enhance symptoms, although its presence 

did lead to an increase in virus DNA levels. For alphasatellites the situation is less 

clear. Few studies have been conducted and those that have suggest that 

alphasatellites attenuate symptoms by reducing the levels of betasatellite DNA 

without affecting virus DNA levels (Idris et al., 2011; Nawaz-ul-Rehman et al., 2010). 

The results here suggest that the sweepovirus-associated satellites behave very much 

like the alphasatellites and virus-derived DI molecules in attenuating virus symptoms 

and reducing virus DNA levels. Likely this is by competing for cellular and virus-

encoded resources/factors. However, in not encoding an RCR initiator protein, the 

SAS are more akin to DI molecules. As has been argued for DI molecules, and 

alphasatellites, it is likely that the SAS (and other such satellites) are a benefit to the 

virus in reducing the damage caused by the virus to the plant; thereby extending its 

life span and consequently the possibility of being (insect or vegetatively) transmitted 

to the next host plant. For a virus that infects a vegetatively propagated species, such 

as sweet potato, being non-symptomatic (or at the very least mildly symptomatic) 

would appear to be a beneficial trait; in selecting material for onward propagation a 

farmer might avoid symptomatic plants to take cuttings from and heavily 

symptomatic plants might, in the long term, become weaker due to the virus infection.  

 The results presented here have shown for the first time that the SAS are 

infectious to plants in the presence of a helper begomovirus. Additionally the work 

showed that the satellites generally attenuate virus symptoms and reduce virus DNA 

levels. However, the results also suggest that the effects of the satellites on helper 

virus may be host dependent.  
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Chapter 6 

Analysis of the maintenance of sweepovirus satellites by heterologous 
begomoviruses 

6.1 Introduction 

 The first satellite associated with a geminivirus identified, ToLCV-sat, was 

shown to be trans-replicated and maintained by ACMV and the curtovirus BCTV 

(Dry et al., 1997). Although ToLCV-sat contains a sequence identical to the predicted 

iteron sequences of ToLCV, which was shown to play a part in transreplication, 

ACMV and BCTV iterons are distinct from those of ToLCV, suggesting that there is 

a relaxed specificity for interaction of ToLCV-sat with helper virus encoded Rep. 

Subsequent studies suggested that, possibly, ToLCV-sat sequences other than the 

iteron could be involved (Lin et al., 2003).  

 The betasatellites are competent for transreplication by distinct begomoviruses  

(Mansoor et al., 2003a; Ranjan et al., 2014; Saunders et al., 2008; Saunders et al., 

2002b) and even by begomoviruses that are not usually associated with satellites, 

including those from the NW (Nawaz-ul-Rehman et al., 2009; Saeed et al., 2007; 

Saunders et al., 2002b). Betasatellites do apparently have the iterons of their helper 

viruses, indicating that interaction with HV-encoded Rep is more relaxed (Saunders et 

al., 2008). It has recently been shown that, in addition to Rep, several other virus gene 

products are important for maintenance of betasatellites in plants (Iqbal, 2013; Iqbal 

et al., 2012). 

 The recently discovered sweepovirus-associated satellites have not so far been 

analysed for their ability to be maintained by distinct begomoviruses. In this chapter 

the interaction of two sweepovirus-associated satellites with two heterologous viruses, 

the monopartite Tomato yellow leaf curl virus (TYLCV) and Tomato yellow leaf curl 

Sardinia virus (TYLCSV; Figure 6.1) has been investigated.  
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Figure 6.1 Genome organization of the begomoviruses Tomato yellow leaf curl virus (TYLCV) 

and Tomato yellow leaf curl Sardinia virus (TYLCSV) and the s weepovirus-associated satellites 

SBG51 and SBG59. The positions and orientations of genes are indicated by arrows. The genes 

encode the V2 and the coat protein  (CP) in  the virion-sense and the replication-associated protein 

(Rep), transcriptional-activator protein (TrAP), rep licat ion-enhancer protein (REn) and the C4 protein  

in the complementary-sense. For the satellites the satellite conserved region derived sequences (SDS), a  

region of sequence rich in adenine (A-rich), two predicted hairpin loop structures (HI and HII) and 

repeated nucleotide sequences (blue arrows) are shown. 
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6.2 Materials and Methods 

6.2.1 Clones and constructs used in the study 

 Constructs for the Agrobacterium-mediated inoculation of two begomovirus 

species, an isolate of the “Spain” strain of Tomato yellow leaf curl Sardinia virus 

(TYLCSV; Z25751; Morilla et al., 2005) and an isolate of the “Israel” strain of 

Tomato yellow leaf curl virus (TYLCV; AJ489258; Noris et al., 1994b) have been 

described previously. The constructs for the infectivity of the sweepovirus-associated 

satellites DIM-SBG51 and DIM-SBG59 were described earlier (section 5.2.2).  

6.2.2 Dot-blot and Southern-blot hybridization 

 The presence of the begomoviruses and the satellites in plants was assessed by 

dot-blot and Southern blot hybridization as described earlier (sections 2.18 and 2.20). 

Probes specific for TYLCV and TYLCSV were prepared by PCR amplifying their 

intergenic regions (IR) using specific primer pairs MA30/MA31 

(GAGCAATTAGGATATGTGAGG/AGTGGGTCCCACATATTGC) and 

MA14/MA15 (TGCATTTATTTGAAAACG/AAAGGATCCCACATATTG), 

respectively (Navas-Castillo et al., 1999). The probes were labelled with a DIG DNA 

labelling kit (Roche). A probe for satellites was prepared by amplifying the full length 

satellite molecules as described earlier (section 5.2.6). Bands on X-ray film were 

quantified as described earlier (section 2.21). 

6.3 Results 

6.3.1 Effects of sweepovirus satellites on TYLCV infections of N. benthamiana 

plants 

   N. benthamiana plants inoculated with TYLCV started showing symptoms of 

infection at 15 dpi. The initial symptoms consisted of leaf yellowing at the margins of 

the young leaves (developing after inoculation) and mild leaf curling. Subsequently, 

from approx. 22 dpi onwards, symptoms became more severe consisting of severe 

downward leaf curling, leaf crumpling, yellowing and stunting of plants (Table 6.1; 

Figure 6.2, panel B). There was reduction in the internodes of the young, newly 

developing leaves and the leaves were cup-shaped. All healthy, non- inoculated 

control plants (Figure 6.2, panel A) and plants inoculated with only DIM-SBG51 were 

non-symptomatic throughout their life span. 
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 N. benthamiana plants challenged with TYLCV and DIM-SBG51 or TYLCV 

and DIM-SBG59 exhibited symptoms that were overall milder than the symptoms of 

plants infected with only TYLCV and the latent period was longer. The plants initially 

exhibited leaf yellowing at 17 dpi, which started from the leaf margins. Subsequently, 

from approx. 22 dpi onwards, young newly developing leaves showed mild 

downward leaf curling (Figure 6.2, panels C and D). Overall plants co- infected with 

the satellites showed less leaf curling and more yellowing than plants infected with 

the virus alone. 

 Dot-blot mediated diagnosis confirmed the presence of the satellites as well as 

TYLCV in all co- inoculated plants (Figure 6.3). Southern hybridization detected the 

characteristic DNA forms typical of begomovirus (Figure 6.4; panel A) and satellite 

replication (Figure 6.4; panel B). The blots showed that the titre of TYLCV was 

higher in N. benthamiana plants infected with TYLCV than in plants co- infected with 

TYLCV and DIM-SBG51 or TYLCV and DIM-SBG59. Analysis of band intensities 

indicated that TYLCV levels in plants co-infected with the satellites were ~40 % 

those for plants infected with only the virus (Figure 6.4; panel C).     

 
 
Table 6.1 Infectivity of the satellites with TYLCV in N. benthamiana plants by 
Agrobacterium-mediated inoculation 
 

Inoculum@ 

Infectivi ty 
(plants 

symptomatic/ 
plants 

inoculated) 

Detection$ Latent 
period  
(dpi) 

Symptoms☼ 

Virus Sat 
TYLCV 10/10 10/10 0/10 15 SDLC, LCr, LY, IR, LC, ST 

TYLCV/Sat51 10/10 10/10 10/10 17 LY, MDLC 
TYLCV/Sat59 4/4 4/4 4/4 17 LY, MDLC 

Sat51 0/5 0/5 0/5 - - 
-* 0/10 0/10 0/10 - - 

@ The virus and satellites used were Tomato yellow leaf curl virus (TYLCV), DIM-SBG51 (Sat51) and 

DIM-SBG59 (Sat59). 
$ Virus and satellites were detected by dot blot, Southern blot and/or PCR. 
☼ Symptoms are denoted as severe downward leaf curling (SDLC), leaf crumpling (LCr), leaf 

yellowing (LY), reduction in internode size (IR), leaf cupping (LC), stunting (ST) and mild  downward  

leaf curling (MDLC) 

* For each experiment the same number o f healthy N. benthamiana plants were kept as controls. 
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Figure 6.2 Effects of satellites on the symptoms induced TYLCV infections of N. benthamiana. 

Photographs of N. benthamiana plants that were either non-inoculated (A), inoculated with TYLCV 

(B), TYLCV and DIM-SBG51 (C) or TYLCV and DIM-SBG59 (D). The photographs were taken at 22 

dpi. 
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Figure 6.3 Duplicate dot-blots probed for the presence of TYLCV (A) and the s weepovirus 

satellites (B). The DNA samples were ext racted from tomato (MM) and N. benthamiana (NB)  p lants 

agroinoculated with  TYLCV [MM: a(1-5), NB: a(6-10)] TYLCV/DIM-SBG51 [MM: b(1-5), NB: b(6-

10)], TYLCV/DIM-SBG59 [MM: c(1-4), NB: c(6-8)], TYLCSV [MM: d(1-5), NB: d(6-10)], 

TYLCSV/DIM-SBG51 [MM: e(1-4), NB: e(6-10)], and TYLCSV/DIM-SBG59 [MM: f(1-3), NB: f(6-

8)]. Samples were extracted from plants at 20dpi and approx. 1.5 µg of DNA of each sample was 

applied on each membrane. TYLCV p las mid  DNA (0.1 µg; panel A f4) and DIM-SBG51 plas mid  

DNA (0.1 µg; panel B f4) were included as hybridisation controls. DNA samples ext racted from mock 

inoculated N. benthamiana (f9) and tomato (f10) were used as negative controls. Squares where no 

DNA was applied are indicated (-). 
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Figure 6.4 Southern blot analyses of nucleic acids extracted from inoculated N. benthamiana 

plants probed for the presence of TYLCV (A) and s weepoviruses-associated satellites (B). The 

DNA samples were ext racted at 20dpi from N. benthamiana plants inoculated with TYLCV (lanes 2-

6), TYLCV and DIM-SBG51 (lanes 7-11) and TYLCV and DIM-SBG59 (lanes12-14). The DNA 

extract run in lane 1 was from healthy non-inoculated N. benthamiana plant. In each lane approx. 6µg  

of total DNA was loaded. The positions of viral DNA forms are labelled as single-stranded (ss), 

supercoiled (sc), linear (lin) and open circular (oc). The ethid ium stained genomic DNA band of the gel 

is shown below the Southern blot in each case to confirm equal loading. (C) The bar graph shows the 

mean value (with standard error of the mean) of calculated TYLCV levels (based on band intensities) 

in N. benthamiana infected with TYLCV (TY), TYLCV/DIM-SBG51 (TY/Sat51) and TYLCV/DIM-

SBG59 (TY/Sat51). The healthy control p lant is represented by “H”. The relat ive levels of virus for 

plants co-infected with TYLCV and satellites were calculated by taking the levels in plants infected 

with only TYLCV as 1.0.    
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6.3.2 Effects of sweepovirus satellites on TYLCV infections of S. lycopersicon 

cv. Moneymaker plants  

 TYLCV was highly infectious to the S. lycopersicon cv. Moneymaker plants 

by Agrobacterium-mediated inoculation. The symptoms in inoculated plants started 

with yellowing of leaves at 17 dpi. Subsequently the symptoms became more severe 

showing severe leaf yellowing (particularly along the leaf margins and interveinal 

tissues), severe leaf curling, leaf rolling, a reduced leaflet size and the plants were 

stunted (Figure 6.5; panel B). The healthy, non-inoculated tomato plants which were 

kept as controls under the same conditions remained symptomless throughout their 

life span (Table 6.2; Figure 6.5 panel A). 

 Tomato plants co- inoculated with TYLCV and DIM-SBG51 or TYLCV and 

DIM-SBG59 developed symptoms qualitatively similar to the symptoms exhibited by 

plants inoculated with only TYLCV. The symptoms in these plants appeared at 18 

days after inoculation, possibly slightly delayed over plants inoculated with only 

TYLCV, and consisted of mild leaf yellowing (along the leaf margins), mild leaf 

curling and reduction in growth in comparison to non- inoculated/healthy plants 

(Figure 6.5, panels C and D). Overall leaflets were not significantly reduced in size 

compared to healthy, non-inoculated plants. 

 The presence of TYLCV and satellites was confirmed in plants by dot-blot 

hybridization (Figure 6.3). TYLCV was detected in all the inoculated plants. For 

plants co- inoculated with DIM-SBG51 the satellite was detected in all inoculated 

plants. However, for plants co- inoculated with DIM-SBG59, the satellite was found in 

3 out of 4 plants. 

  Southern hybridization showed the accumulation of both TYLCV and satellite 

DNA in tomato plants (Figure 6.6). However, an ImagJ analysis of band intensities 

suggested that the presence of the satellites did not significantly affect the level of the 

virus (Figure 6.6; panel C).     
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Table 6.2 Infectivity of the satellites with TYLCV in S. lycopersicon cv. 
Moneymaker plants by Agrobacterium-mediated inoculation 

Inoculum@ 

Infectivi ty 
(plants 

symptomatic/
plants 

inoculated) 

Detection$ 
 

Latent 
period  
(dpi) 

 

Symptoms☼ 
 

Virus Sat 
TYLCV 5/5 5/5 0/5 17 SLC,LR,SLY,S 

TYLCV/Sat51 5/5 5/5 5/5 18 MLC, LY, S 
TYLCV/Sat59 4/4 4/4 3/4 18 MLC, LY, S 

-* 0/5 0/5 0/5 - - 

@ The virus and satellites used were Tomato yellow leaf curl virus (TYLCV), DIM-SBG51 (Sat51) 

and DIM-SBG59 (Sat59). 
$ Virus and satellites were detected by dot blot, Southern blot and/or PCR. 
☼ Symptoms are shown as severe leaf curling (SLC), mild leaf curling (MLC), leaf rolling (LR), severe 

leaf yellowing (SLY), leaf yellowing (LY) and stunting (S).   

* Non-inoculated S. lycopersicon plants were maintained as controls. 
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Figure 6.5 Effects of satellites on the symptoms induced TYLCV infections of S. lycopersicon cv. 

Moneymaker. The tomato plants shown were either non-inoculated (A) or inoculated with TYLCV 

(B), TYLCV and DIM-SBG51 (C) or TYLCV and DIM-SBG59 (D). The plant photographs were taken 

at 22 dpi whereas the close-up views of the leaves were taken at 40 dpi.  
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Figure 6.6 Southern blot detection of TYLCV (A) and s weepovirus-associated satellites (B) in 

agroinoculated S. lycopersicon cv. Moneymaker plants. The DNA samples were ext racted at 20dpi 

from tomato plants that were inoculated with TYLCV (lane 2-6), TYLCV and DIM-SBG51 (lane 7-10) 

and TYLCV and DIM-SBG59 (lane11-14). The DNA ext ract run in lane 1 was from a healthy, non-

inoculated tomato plant. In each lane approx. 6µg of total DNA was loaded. The ethid ium stained 

genomic DNA band of the gel is shown below the Southern blot in  each case to confirm equal loading. 

The positions of viral and satellite DNAs forms  are labelled as single stranded (ss), supercoiled (sc), 

linear (lin) and open circu lar (oc). ImagJ analysis of the band intensities of the Southern blot in panel A 

(C). The bar graph shows the mean values (with standard error of the mean) of calculated TYLCV 

levels in S. lycopersicon cv. Moneymaker plants infected with TYLCV (TY), TYLCV/DIM-SBG51 

(TY/Sat51) and TYLCV/DIM-SBG59 (TY/Sat59). The healthy control plant is represented by “H”. 

The relative band intensities for plants co-infected with TYLCV and satellites were calculated by 

taking the intensity of TYLCV infected plants as 1.0. 
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6.3.3 Effects of sweepovirus satellites on TYLCSV infections of N. benthamiana 

and S. lycopersicon cv. Moneymaker plants 

 All TYLCSV inoculated N. benthamiana plants developed symptoms at 16 dpi 

(Table 6.3). Young leaves developing at the time of inoculation showed yellowing at 

the margins. Subsequently plants showed mild upward and downward leaf curling and 

growth was retarded (Figure 6.7, panel B). N. benthamiana plants co- inoculated with 

TYLCSV and DIM-SBG51 or TYLCSV and DIM-SBG59 developed symptoms that 

were similar to the symptoms of plants infected with only the virus. The major 

differences were less intense foliar yellowing and possibly a slight extension in the 

latent period (Figure 6.7, panels C and D).  

 Tomato plants inoculated with TYLCSV showed the first symptoms of 

infection at 19 dpi and all plants ultimately became symptomatic. The symptoms 

started with yellowing of the top most leaves but with the passage of time downward 

leaf curling was clearly visible. Infected plants were shorter in stature than the healthy 

control plants (Figure 6.9, panel B). For tomato plants co- inoculated with virus and 

either satellite the symptoms were qualitatively the same as plants infected with only 

the virus. The plants infected with satellite and TYLCSV, however, showed less 

intense foliar yellowing and only mild leaf curling but were equally stunted (Figure 

6.9, panels C and D). In contrast to tomato plants inoculated with virus only, for 

which all plants became symptomatic, for plants inoculated with virus and either of 

the satellites, not all plants ultimately showed symptoms (Table 6.3).  

 No symptoms developed in the healthy (non- inoculated) control N. 

benthamiana (Figure 6.7, panel A) or tomato (Figure 6.9, panel A) plants throughout 

their life span (Table 6.3). 

 In all plants inoculated with TYLCSV only, virus was detected by dot-blot 

hybridization. Similarly both the virus and the satellites were detected in all the N. 

benthamiana plants co-inoculated with TYLCSV and either of the satellites. The 

satellite and virus was also detected in tomato plants co- inoculated with TYLCSV and 

either of the satellites. However, for DIM-SBG51 only one of the three symptomatic 

plants showed the presence of the satellite whereas for DIM-SBG59 both of the 

symptomatic plants showed the presence of the satellite (Figure 6.3; Table 6.3).  

 Southern hybridization (Figure 6.7) showed that there is a decrease in the titer 

of TYLCSV in N. benthamiana plants infected with both TYLCSV and DIM-SBG51 

or TYLCSV and DIM-SBG59 compared to the TYLCSV alone infected N. 
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benthamiana plants. The ImagJ quantification showed that the TYLCSV titer 

decreased approx. 40 % in plants infected with TYLCSV and DIM-SBG51, and 

approx. 60 % for TYLCSV/DIM-SBG59 infected plants in comparison to the plants 

infected with TYLCSV alone (Figure 6.8). 

 
 
 
 
 
 
 
Table 6.3 Infectivity of the satellites with TYLCSV in N. benthamiana and S. 
lycopersicon cv. Moneymaker plants by Agrobacterium-mediated inoculation 
 

Plant 
Species† Inoculum@ 

Infectivi ty 
(plants 

symptomati
c /plants 

inoculated) 

Detection$  
Latent 
period  
(dpi) 

 

Symptoms☼ 

Virus Sat 

N.b. 

TYLCSV 10/10 10/10 0/10 16 YM,MULC,MDLC,S 

TYLCSV/Sat51  9/9 9/9 9/9 17 MLY,MULC,MDLC,S 
TYLCSV/Sat59  4/4 4/4 4/4 17 MLY,MULC,MDLC,S 

-* 0/10 0/10 0/10 - - 

S.l. 

TYLCSV 5/5 5/5 0/5 19 LY,DLC,S 
TYLCSV/Sat51  3/4 3/4 1/4 19 MLY,MDLC,S#  
TYLCSV/Sat59  2/3 2/3 2/3 19 MLY,MDLC,S 

-* 0/5 0/5 0/5 - - 
 
† The inoculated species were N. benthamiana (N.b.) and S. lycopersicon (S.l.). 

@ The viruses and satellites used were Tomato yellow leaf Sardinia curl virus (TYLCSV), DIM-

SBG51 (Sat51) and DIM-SBG59 (Sat59). 
$ Virus and satellites were detected by dot blot, Southern blot and/or PCR. 
☼ Symptoms are indicated as yellowing of leaf marg ins (YM), leaf yellowing (LY), mild leaf yellowing 

(MLY), mild upward  leaf curling (MULC), mild downward leaf curling (MDLC) downward leaf 

curling (DLC) and stunting (S).  

* For each experiment a number of healthy N. benthamiana and S. lycopersicon plants were kept as 

controls. 
# The symptoms shown are for the single p lant infected with TYLCSV and SBG51. The remain ing 3 

plants showed symptoms typical of TYLCSV infection in the absence of the satellite. 

 

 

 

 

154 
 



Maintenance of satellites by heterologous viruses                                                              Chapter 6  
 

 

 

 

 

 

 

 

 
Figure 6.7 Effects of satellites on the symptoms induced TYLCSV infections of N. benthamiana. 

The N. benthamiana plants shown were either non-inoculated (A) or inoculated with TYLCSV (B), 

TYLCSV and DIM-SBG51 (C) and TYLCSV and DIM-SBG59 (D). The photographs were taken  at 22 

dpi. 
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Figure 6.8 Southern blot detection of TYLCSV (A) and s weepovirus associated satellites (B) in 

agroinoculated N. benthamiana plants. DNA was extracted at  20dpi from the N. benthamiana plants 

inoculated with TYLCSV (lanes 2-6), TYLCSV and  DIM-SBG51 (lanes 7-9) and TYLCSV and DIM-

SBG59 (lanes 10-12). The DNA extract run in lane 1 was from healthy non-inoculated N. benthamiana 

plant. In  each lane approx. 6µg  of total DNA was loaded. The ethid ium stained genomic DNA band of 

the gel is shown below the southern blot in each case to confirm equal loading. The positions of viral 

single stranded (ss), supercoiled (sc), linear (lin) and open circular (oc) DNA forms are indicated. (C) 

The bar graphs show the mean value (with standard error of the mean) o f calculated TYLCSV levels in  

N. benthamiana infected with TYLSCV-ES (TS), TYLCSV/DIM-SBG51 (TS/Sat51) and 

TYLCSV/DIM-SBG59 (TS/Sat59). The healthy control plant is represented by “H”. The relative levels 

of virus for plants co-infected with TYLCSV and satellites were calcu lated by taking the levels in  

TYLCSV alone infected plants as 1.0. 
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Figure 6.9  Effects of satellites on the symptoms induced TYLCSV infections of S. lycopersicon cv. 

Moneymaker plants. Plants were either non-inoculated (A) or inoculated with TYLCSV (B), TYLCSV 

and DIM-SBG51 (C) and TYLCSV and DIM-SBG59 (D). The photographs of plants were taken at 22 

dpi whereas the close-up views of symptomatic leaves were taken at 40 dpi. 
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6.4 Discussion 

 The satellite molecules associated with sweepoviruses are closely related to 

ToLCV-sat, the first satellite identified with a begomovirus (Dry et al., 1997). Both 

ToLCV-sat and the sweepovirus satellites would appear to have evolved from 

betasatellites (Saunders et al., 2000). Earlier studies showed that ToLCV-sat could be 

trans-replicated and moved systemically in Datura stramonium plants by TYLCSV 

and by the curtovirus BCTV. Although ACMV (a bipartite begomovirus) could trans-

replicate and move the satellite in Datura, this was less efficient with fewer 

inoculated plants containing the satellite and those that did contained less satellite 

DNA. However, the studies with ToLCV-sat did not address whether the presence of 

the satellite affected virus symptoms or viral DNA levels. Rather the studies 

concentrated on the interaction between the satellite and begomoviruses for trans-

replication (Dry et al., 1997; Lin et al., 2003). 

 For the other begomovirus associated satellites, betasatellites and 

alphasatellites, numerous studies have addressed the issue of effect of satellites on 

virus infections. Betasatellites have been shown to encode a dominant pathogenicity 

determinant that, in many cases, enhances virus DNA levels in plants and increase 

symptom severity (Saunders et al., 2000; Zhou, 2013). For the few studies that have 

been conducted, alphasatellites have been shown to reduce virus DNA levels 

(Saunders and Stanley, 1999). For several unusual alphasatellites the presence of the 

satellite was shown to reduce symptom severity by preferentially reducing 

betasatellite DNA levels (Idris et al., 2011; Nawaz-ul-Rehman et al., 2010; Wu and 

Zhou, 2005). The study described in this chapter was conducted to examine the ability 

of heterologous begomoviruses to trans-replicate and maintain the sweepovirus-

associated satellites, to establish whether the satellites affect the symptoms induced by 

heterologous viruses and to establish whether the host has any effect on the 

interaction. 

 The results presented in this chapter show that the sweepovirus-associated 

satellites can be trans-replicated and maintained in plants by heterologous 

begomoviruses. Both TYLCV and TYLCSV are not commonly associated with 

satellites, although for one unusual strain of TYLCV, the “Oman” strain, the 

association with both a betasatellite (Tomato leaf curl betasatellite) and an 

alphasatellite (Ageratum yellow vein Singapore alphasatellite) has been shown to 
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occur in a few cases in Oman; not all TYLCV-Oman infected plants contain the 

satellites (Idris et al., 2011; Khan et al., 2008). Additionally one study has shown a 

TYLCV isolate that does not associate with satellites to be capable of trans-replicating 

and maintaining a betasatellite in plants (Ueda et al., 2012). In this respect the 

sweepovirus-associated satellites thus behave very much like ToLCV-sat and the 

betasatellites, apparently having little or no helper-virus specificity, and not like DNA 

B components or DI-DNAs (derived from DNA B components) that show a high 

degree of “helper-virus” specificity (Briddon et al., 2010b).   

 For both the viruses, in both the hosts examined here, the presence of the 

satellites ameliorated symptoms and appeared to slow-down infections, with 

symptoms possibly taking longer to appear after inoculation. This suggests that the 

sweepovirus-associated satellites interfere with the infections of both TYLCV and 

TYCSV and is consistent with the actions of both alphasatellites and DI molecules 

(Frischmuth and Stanley, 1991; Idris et al., 2011; Nawaz-ul-Rehman et al., 2010; Wu 

and Zhou, 2005). For infections of N. benthamiana there is a clear reduction in virus 

DNA levels in plants in the presence of the satellites – levels being decreased by as 

much as 60%. There was also evidence for a reduction in virus levels in tomato 

although for TYLCV these were not statistically significant. Why there should be a 

difference between TYLCV and TYLCSV, two closely related begomoviruses, is 

unclear. TYLCV is overall the more aggressive virus, giving more severe symptoms 

in plants and, in some areas, TYLCV has displaced TYLCSV under field conditions 

(although this was attributed to TYLCV being more efficiently transmitted by local B. 

tabaci biotypes (Sánchez-Campos et al., 1999) and has the ability to infect tomato 

varieties with resistance to other tomato- infecting begomoviruses (García-Andrés et 

al., 2009). It may thus be possible that TYLCV spreads more efficiently (rapidly) in 

tomato which might mask any interference by satellites. 

 For alphasatellites and DI molecules the precise mechanism of interference 

with its helper virus leading to symptom amelioration and reduced viral DNA levels is 

unclear. For both types of molecules it has been suggested that interference may be 

due to competition for cellular resources such as the DNA replication machinery 

(Frischmuth and Stanley, 1991; Mansoor et al., 2000; Saunders and Stanley, 1999). 

There would also be competition for virus encoded factors including those involved in 

virus movement in plants – for monopartite begomoviruses this includes the CP, V2 

and C4 (Iqbal et al., 2012; Rojas et al., 2001). Additionally, for DI molecules but not 
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alphasatellites (which encode their own Rep), there may be competition for the helper 

virus-encoded Rep, which is required for initiation of RCR and may be limiting. Since 

the sweepovirus-associated satellites rely on virus-encoded Rep for initiation of 

replication, both of these mechanisms can be proposed to explain their interference 

with virus infections of plants. Additional studies will be required to ascertain the 

actual mechanism involved. 

 For all the infectivity studies conducted in this chapter, but particularly for the 

infectivity studies conducted in N. benthamiana, DIM-SBG59 has a greater effect on 

the virus (induces a greater reduction in virus DNA levels) than DIM-SBG51. The 

reason for this difference is unclear. The major difference between these two satellites 

is in DIM-SBG59 having a repeated sequence immediately 3’ of the nonanucleotide 

containing hairpin structure (Figure 6.1) and it is tempting to speculate that this may 

be the reason for the difference. However, it is not possible to provide a mechanistic 

explanation as to why a repeated sequence should cause this effect. This phenomenon 

could be investigated by producing chimeric molecules, between DIM-SBG59 and 

DIM-SBG51, to identify the sequences of the satellite responsible.  

 Both of the viruses used in the study are highly infectious to both N. 

benthamiana and tomato; all plants inoculated became infected.  For TYLCV in both 

N. benthamiana and tomato, co-inoculation with the sweepovirus-associated satellites 

had no effect on the numbers of plants that became infected and all infected plants 

ultimately also contained the satellite. However, for TYLCSV this was not the case. 

Although for N. benthamiana all plants became infected and contained the satellite, 

for tomato the inclusion of either satellite appeared to reduce the infectivity of the 

virus and ultimately not all infected plants contained the satellite. This suggests firstly 

that the satellites interfere with the infectivity of TYLCSV and secondly that the host 

plays a part in this. However, a greater number of plants would need to be inoculated 

to accurately quantify this effect. It would also be of interest to see if, at lower 

inoculum pressure, the effects of the satellites become more evident. For the 

experiments conducted here no efforts were done to control the amount of inoculum, 

other than to ensure that each plant received the same amount of inoculum. By 

initially titrating the inoculum, to determine the minimum amount of inoculum which 

can yield 100% infectivity and then repeating the experiments with the satellites at the 

minimal inoculum dose for 100% infectivity of the virus might more clearly highlight 

possible effects of the satellites on virus infectivity and the ability of the virus to 
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retain the satellite in the infection. It is possible that at low virus inoculum doses, such 

as those delivered by whiteflies, the effects of the satellites on infectivity and 

ultimately symptoms are greater. This would have significant bearing on the possible 

use of satellites to engineering virus resistance – as discussed later.  

 Extensive efforts have been made to investigate the possibility of using DI 

molecules to engineer resistance in plants against geminiviruses. Although the initial 

results in model plants such as N. benthamiana were promising (Frischmuth et al., 

1997; Frischmuth and Stanley, 1994), subsequent more detailed studies in crops have 

been less than encouraging (Horn et al., 2011). The study by Horn et al. (2011), using 

a BCTV-derived DI in transgenic sugarbeet lines, actually suggested that the 

transgene-derived DI molecules served to enhance symptoms (possibly due to this 

containing a complete C4 gene and complementary-sense promoter) rather than the 

anticipated symptom attenuation. The transgenic DI approach also has some 

limitations. The DI sequence is virus-derived and could thus be silenced upon virus 

infection and any resistance obtained would only be active against a narrow range of 

viruses (the virus from which the DI was derived and closely related isolates/strains) 

due to Rep specificity for trans-replication. As it stands, no commercially available 

crops lines are available that utilise the DI approach to resistance and this approach to 

virus resistance for geminiviruses seems to have been abandoned. Satellite molecules, 

such as ToLCV-sat and the sweepovirus satellites, could possibly provide a reprieve 

for the “DNA interference” approach to geminivirus resistance. These satellites act 

much like DI molecules (appearing to compete with the virus for cellular resources 

leading to reduced virus levels and attenuated symptoms) and have none of the 

drawbacks thereof. They are not virus-derived, reducing the chance of silencing, they 

do not encode any genes and could potentially provide broad-spectrum resistance 

(apparently not suffering from the Rep specificity problem of DI molecules). This 

possibility should be investigated. 

 Overall the results presented here show that the satellites associated with 

sweepoviruses have a relaxed specificity for their interactions with helper viruses and 

behave very much like DI molecules. They attenuate the symptoms of the helper virus 

and their presence leads to a reduction in helper virus DNA levels. The results also 

suggest that there is a helper virus and/or host element to the interaction of the virus 

with the satellites, although the precise basis for this is unclear.  
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Chapter 7 

Summary and general discussion 

 Although the first geminivirus associated satellite was identified in the mid-

1990s (Dry et al., 1997), it is only recently, following the identification of 

alphasatellites and betasatellites, that the diversity and importance of satellites has 

become evident. Three classes of satellites have been identified that associate with 

begomoviruses – the betasatellites, the alphasatellites and the betasatellite-derived, 

ToLCV-sat- like satellites. The study described here has analysed two of these satellite 

groups. 

 The mutagenesis study of the CLCuMuB-encoded βC1 suggests that the 

suppressor and pathogenicity properties of the protein can be separated (the results of 

the study are summarised in Figure 7.1). Why it is possible to genetically dissect 

symptoms from suppression is unclear. Virus-encoded suppressors are almost 

invariably pathogenicity determinants (Brigneti et al., 1998) and it was assumed that 

the pathogenicity of virus-encoded suppressors of PTGS occurs due to them 

interfering with overlapping steps of the siRNA and miRNA pathways (Bisaro, 2006; 

Chellappan et al., 2005; see Chapter 4). Thus the effects on plant development 

(symptoms) occur due to the suppressor, in preventing the formation of active RISC 

complexes targeting the virus (by various means), also prevents active RISC 

complexes harbouring miRNA forming that are required to regulate gene expression 

for correctly controlled development. If this were the whole story, one would expect 

any mutations affecting (reducing) pathogenicity to also negatively affect suppression. 

The results here suggest this is not the case. There are two possible explanations for 

this. The first is that the mutations produced here have affected suppression but that in 

the system used they were not detected. The suppressor analyses conducted were not 

quantitative and thus a significant reduction in suppressor activity could have 

occurred, due to the mutations, but might not have been evident in the fluorescence 

assays, even though they were sufficient to prevent symptom induction by PVX 

expression. Analysis of GFP transgene-specific siRNA and plant mRNA levels, which 

still needs to be done, should provide an answer to this. The alternative explanation is 

that βC1 suppresses PTGS by more than one mechanism and the mutations affect only 
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one of the mechanisms. βC1 is known to interfere in two pathways of RNA silencing ; 

the PTGS pathway (affecting both siRNA and miRNA) and the TGS/DNA 

methylation pathway (Amin et al., 2011b; Yang et al., 2011b; see Figure 4.2). The 

possibility that it interferes in the PTGS pathway by a second mechanism warrants 

closer analysis. 

 The analyses presented in Chapter 3 highlighted a conflict between the 

deletion mutagenesis here and the results of Yang et al. (2011a). Yang et al. (2011a) 

suggested that sequences at the N-terminal end of βC1 are important for pathogenicity 

whereas the work here showed no such function for these sequences of CLCuMuB 

βC1. The differences in these findings are likely due to the way the experiments were 

conducted. Yang et al. (2011a) mutated an intact betasatellite and examined its 

pathogenicity in planta in the presence of a begomovirus whereas the study here 

expressed the mutated βC1 from PVX. As was stated in Chapter 3, this likely 

indicates the βC1 sequences are not required for pathogenicity of the protein but 

interfere with its activity leading to a non-pathogenic (thus non-symptom modulating) 

betasatellite. This highlights the importance of not only examining the activity of the 

protein in a heterologous system, but also examining it in the homologous system 

(thus in a betasatellite in interaction with a begomovirus). In this respect efforts are 

already under way to introduce the mutated βC1 genes produced here into a (βC1 

deletion) betasatellite vector (described in Qazi, 2009) to examine the effects of the 

mutations on infectivity and the ability to modulate virus symptoms in plants. This 

will expand our understanding of the effects of the mutations on βC1 function. 

 A suppressor of PTGS protein having no deleterious effects on plant 

development is potentially useful in biopharming (the production of foreign proteins 

in plants or plant cell/tissue culture; Viana et al., 2012). Suppressors of PTGS 

essentially stabilize mRNA, by various mechanisms (as described in Chapter 5), and 

lead to enhance expression. Rahman et al. (2012) demonstrated that the TrAP of 

Mungbean yellow mosaic India virus (MYMIV; a bipartite begomovirus) is a 

suppressor of PTGS and can enhance expression of a GFP transgene in plants. 

However, what their study also showed very eloquently is that, since virus-encoded 

suppressors are invariably pathogenicity determinants (Brigneti et al., 1998) 

producing TrAP transgenic plants was difficult and many of the resultant transgenic 

lines showed severe developmental anomalies. An engineered suppressor, genetically 

dissected to remove pathogenicity would thus be useful in this respect. Further studies 
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are underway to confirm the results obtained and investigate the use of “engineered” 

βC1 in enhancing transgene expression. 

  

  

 
 

Figure 7.1 Effects of mutations on the pathogenicity and suppressor activity of the CLCuMB βC1 

protein. Schematic representation of the secondary structure of the CLCuMB βC1 protein. Predicted β-

strands (β1 to β6) and α-helices (α1 and α2) are shown as blue arrows and red bars, respectively. The 

amino acids sequences contributing to each structural element (boxed sequences) are shown on the 

predicted amino acid sequence of the protein  below which the effects of single amino acid changes are 

detailed. The symptoms (Sym) induced PVX constructs expressing the CLCuMuB βC1 protein are 

shown as severe (s; symptoms similar to those induced by PVX expressing the non-mutated βC1 gene; 

Table 3.3), mild (m; very mild leaf curling was observed by inoculating these constructs) or similar to 

symptoms induced by the PVX vector with no insert (p; Table 3.3). Suppressor (Sup) activ ity is 

denoted as either positive (+), negative (-) or not determined (nd). Below this is the linear sequence of 

CLCuMB βC1 with amino acid sequences homologous to those identified for Tomato yellow leaf curl 

China betasatellite to be involved in multimerization (box b; Cheng et al., 2010), a possible nuclear 

export signal for Bhendi yellow vein mosaic v irus βC1 (Kumar et al., 2006; box c), sequences required 

for suppressor activity and symptom induction by Tomato yellow leaf curl China betasatellite βC1 

(Yang et al., 2011; box b). 
 

 The study of the sweepovirus-associated satellites has for the first time 

examined in detail the effects of ToLCV-sat-like satellites on helper begomoviruses. 

The results highlight the major difference between betasatellites and the ToLCV-sat-

like satellites. The ToLCV-sat- like sweepovirus-associated satellites are non-

pathogenic and this difference to betasatellites can be attributed to the absence of the 
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βC1 gene (Cui et al., 2005a; Kon et al., 2007; Qazi et al., 2007; Saeed et al., 2005; 

Saunders et al., 2004). Defective betasatellites (which look very much like ToLCV-

sat- like satellites) have been isolated from plants but always occur in the presence of 

fully functional (intact) betasatellites (Akhtar, 2014; Briddon et al., 2003; Usharani et 

al., 2004). The ToLCV-sat-like satellites are structurally distinct from betasatellites 

(the main difference being the presence, in ToLCV-sat- like satellites, of only a 

reduced SCR) and do not occur in plants with betasatellites. Betasatellites possess a 

strong selection for maintenance by their helper begomoviruses provided by the βC1. 

The ToLCV-sat- like satellites lack this positive selection and the (possible) reason for 

their maintenance by begomoviruses has been the subject of speculation. The results 

presented here provide good evidence that, in common with DI-DNAs and 

alphasatellites, the ToLCV-sat- like satellites interfere with virus infection. The 

selection for maintenance is thus like in the satellites reducing the severity of 

infection, extending the life of the infected plant and allowing a greater period for 

onward transmission of the complex (by either whitefly transmission or vegetatively, 

in the case of sweet potato). In this respect the work here for the first time showed B. 

tabaci transmission of a ToLCV-sat- like satellite in the presence of a begomovirus. 

 The results additionally confirmed that, as is the case of betasatellites, 

ToLCV-sat- like satellites are promiscuous for helper viruses. However, the 

sweepovirus-associated satellites are distinct from ToLCV-sat in not containing the 

iteron sequences of their helper begomoviruses. The interaction of helper virus-

encoded Rep with the sweepovirus-associated satellites requires detailed analysis but 

the evidence suggests that they likely interact with helper virus Rep by the same 

mechanism as betasatellites (by encoding iteron- like sequences). 

 The ToLCV-sat- like satellites behave in most respects like alphasatellites and 

the DI-DNAs associated with many begomoviruses. Specifically they interfere with 

virus infection, ameliorating symptoms - likely due to slowing down (retarding) 

infection resulting in reduce viral DNA levels in plants and consequent lower levels 

of expression of pathogenicity (symptom) determinants. DI-DNAs have been 

intensively examined for their possible use in mediating resistance against 

geminiviruses in plants (Frischmuth et al., 1997; Frischmuth and Stanley, 1991, 1993; 

Patil and Dasgupta, 2006). Although alphasatellites have not so far been investigated 

for their potential use in protecting plants, the results (Idris et al., 2011; Wu and Zhou, 

2005) suggest that they could possibly be used as such. However, the demonstration 
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by Nawaz-ul-Rehman et al. (2010) that at least some alphasatellites encode Rep 

proteins with suppressor of RNA silencing activity possibly makes them unsuitable – 

a resistance strategy that introduces a factor that interferes with host plant defenses is 

clearly undesirable. In common with DI-DNAs, the ToLCV-sat- like satellites do not 

express proteins and could thus provide a possible alternative for obtaining resistance 

in plants. The results presented in chapter 6, showing that the sweepovirus-associated 

satellites can interact with a range of viruses, is an advantage that these satellites have 

over DI-DNAs, which would only provide resistance against the virus from which 

they were derived (due to the specificity of Rep interaction). Additionally, a ToLCV-

sat- like satellite transgene would be unlikely to be silenced, since they have little, if 

any, sequence relatedness to their helper begomoviruses. DI-DNAs in contrast have 

high sequence relatedness to their helper viruses and thus stand a high chance of being 

silenced. The possibility of using ToLCV-sat- like satellites as a means of obtaining 

resistance in plants should be investigated.  

 The ToLCV-sat-like satellites and defective betasatellites are in most respects 

very similar; apparently the only significant difference being the presence of a 

reduced SCR in the case of ToLCV-sat-like satellites. This raises the question of how 

the ToLCV-sat- like satellites evolved and what selective forces were active to lead to 

the changes seen. This could be investigated by maintaining a defective betasatellite, 

with a suitable helper begomovirus, in plants over extended periods by passaging 

using insect transmission. Nawaz-ul-Rehman et al. (2009) showed that sequence 

changes occur in a betasatellite during even just one infection cycle. The changes 

included sequences of betasatellites shown to be involved in interaction with the 

helper virus for replication by. The experiment suggested might provide an insight 

into the changes that happen in the absence of βC1 which lead to ToLCV-sat- like 

satellites and how these benefit virus-satellite interaction. The hypothesis to be tested 

would be that a defective betasatellite evolves to better interact with its helper 

virus(es) by changes in the SCR (the function of which remains unclear) and 

ultimately becomes more closely tied (adapted) to its helper virus by encoding iterons 

of its helper virus (as is the case for ToLCV-sat). 

 The results presented here extend our understanding of the betasatellites and 

betasatellite-derived satellites associated satellites. Although of academic interest, it is 

hoped that a better understanding of the agriculturally important betasatellites will 

ultimately allow means to be devised to counter losses to agriculture caused by them. 
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List of database accession numbers of betasatellite encoded βC1 proteins used to 
produce Figure 3.2 panel A 

 

AAR28535, AAR32710, AAR32712,  AAR32713, AAR32715, AAV98446, AAW67348, 

AAX21514, AAX32890, AAX84755, ABA40413,  ABB69058,  ABD59943, ABN80228, 

ABO31247,  ABP96798, ABR08358, ABR10667, ABR10668, ABR10669, ABR10670, 

ABR10671, ABR19758, ABR19760, ABW69251, ABW69252, ABW75908, ABY27555, 

ACA21813, ACA21820, ACB46961, ACC66072, ACC77741, ACC78769, ACC78770, 

ACC78771, ACC78779,  ACC78782, ACE79025,  ACJ54437, ACR57807, ACR57809, 

ACR61710,  ACT53236, ACT78997, ACU00726, ACU43584, ACU65214, ACU65215, 

ACZ71251, AD65758, ADB43265, ADB43268, ADB43270,  ADB43271, ADB43276, 

ADB43280, ADB43283, ADB43287, ADB43288, ADB43289, ADB43290, ADB43291,  

ADB43293,  ADB43294, ADB43297, ADB43298, ADB43299, ADB43300, ADB43308, 

ADB43309, ADB43312,  ADB43313,  ADB43318, ADB43319, ADB43320, ADB43321, 

ADC32120, ADC79612,  ADD80786, ADG01895, ADJ57305, ADK73354, ADM32426,  

ADN85604,  ADO14246, ADO14247, ADO14248, ADO20903, ADO95327, ADO95328, 

ADO95329, ADO95330,  ADO95331, ADO95332, ADO95333, ADO95335, ADO95336, 

ADO95337, ADQ55860, ADQ55862, ADQ55863, ADQ55864, ADQ55865, ADQ55871, 

ADQ55873, ADQ55875, ADQ55878, ADQ55879, ADQ55884, ADQ55885, ADT70811, 

AEA76863, AEA76865, AEG42010, AEI52888, AEI52889, AEQ38925, AET50436, 

AEY78483, AEY78484, AEY78485, AEZ52493, AFB35645, AFB81474,  AFB81475, 

AFB81478, AFB81480, AFB81481, AFB81482, AFB81483, AFB81485, AFB81486, 

AFB81488, AFB81489,  AFB81490, AFB81492, AFB81493, AFB81494, AFB81495, 

AFB81496, AFB81497, AFB81498,  AFI41885, AFJ00780, AFN55009,  AFO64656, 

AFO64657, AFO64658, AFR11402, AFS44532, AFS44560, AFU34516, AFX60959, 

AFY63441, AGA60239, AGA60240, AGA60247, AGC25863,  AGE12529, AGE12530, 

AGE12533, AGE12534, AGE12535, AGE12536, AGE12539, AGF33925, AGF37248, 

AGH33883, AGH33884, AGH33885,  AGI37643, AGI37644, AGL33691, AGM90566, 

AGM90567, AGR92024, AGS11238, AGS46470, BAC55600, BAC78824, BAC81505, 

BAF63876, BAF80885, CAC44026, CAC85957, CAC87061, CAC87062, CAC87064, 

CAD12396, CAD12397, CAD12398, CAD13346, CAD13478, CAD13480,  CAD13482, 

CAD30045,  CAD30046, CAD30047, CAD30049, CAD60550, CAD60551, CAD60552,  

CAD60553, CAD60554,  CAD65754, CAD65755, CAD65757,  CAD65759, CAD65760, 

CAD65761,  CAD89717, CAG28718, CAG28782, CAG28783, CAG28786, CAG28787, 

CAG28788, CAG28789, CAG28790, CAG28793, CAG28794, CAH03763, CAH17786, 

CAI96121, CAI96122, CAI96123, CAI96124, CAI96125, CAI96491, CAI96493,  

CAI96496,  CAI96556, CAI96557, CAI96558, CAI96559, CAI96560, CAI96758, 

CAI96759, CAI96760, CAI96761, CAI96762, CAI96764, CAI96765, CAI96766, 

CAI96768, CAI96769, CAJ15638,  CAJ15639, CAJ15640, CAJ15641, CAJ19092, 



CAJ19093,  CAJ19259, CAJ29883, CAJ85972, CAJ85985, CAJ85986, CAJ85987, 

CAJ98484,  CAJ98486, CAJ98487,  CAJ98488, CAJ98491, CAJ98494, CAJ98495,  

CAJ98498, CAJ98499,  CAJ98500, CAJ98505,  CAM32420,  CAM56209,  CAN39449, 

CAN39457,  CAO85818, CAO85821, CAO85823, CAQ35107,  CBG27554,  CBG27555, 

CBG27557, CBG27559, CBK44061, CBL58160, CBL58161, CBY88997, CCH15350, 

CCH15351, CCH15352, CCH15353, CCH15354, CCH15355, CCH15356,  CCH15357, 

CCH15358,  CCH15359, CCH15360, CCH15361,  CCH15362,  CCO62012,  CCO62013, 

CCO62015, CCQ03695, CCQ03696, CCQ03697, CCQ03698, CCQ03699, CCQ03701, 

DO41102,  NP443746, NP570977, NP777546, NP778144,  NP821073, NP821132,  

NP835276, NP859030, NP859031, NP958778, NP976233, YP001285 
479, 

YP001285 
937, 

YP001285 
938, 

YP001285 
940, 

YP001285 
942, 

YP001285 
944, 

YP001293 
193, 

YP001504 
109, 

YP001604 
086,  

YP001648 
982, 

YP001672 
007, 

YP001816 
825, 

YP001856 
217, 

YP003264 
272, 

YP003433 
565, 

YP003934 
625, 

YP004123 
723, 

YP006273 
072, 

YP006732 
325, 

YP007008 
153, 

YP007517 
309, 

YP015695, YP077193,  

YP184756, YP224228, YP241106, YP271830, YP271917, YP338237, YP425035,  

YP453680, YP460025,  YP803552, YP803553, YP851013, YP873920, YP899470 

 



Appendix B 
 

List of database accession numbers of betasatellite encoded βC1 proteins used to 
produce Figure 3.2 panel B 

 

 
AAR32714, AAW67348, AAX21514, AAX32890,  ABA40413, ABD59943, ABG90921, 

ABQ10631, ABR10667, ABR10668, ABR19760,  ACC78769,  ACC78770, ACC78771, 

ACC78779, ACC78780, ACC78782,  ACH70071,  ACH70072, ACR57807, ACR57809, 

ACR61710,  ACT35476, ACT53236, ACU43584, ACU65214, ACU65215, ADD80786, 

ADJ57305, ADO41102,  ADO41103, AEG42016, AEI52885, AEI52888, AFB35645,  

AFB81474, AFB81475, AFB81478,  AFB81480, AFB81481, AFB81482, AFB81483, 

AFB81485, AFB81486, AFB81488, AFB81489,  AFB81490, AFB81492, AFB81493, 

AFB81494, AFB81495, AFB81496, AFB81497, AFB81498, AFJ00780,  AFN55009,  

AFR11402,  AFS44532,  AFS44560,  AFY63441,  AGL81303, AGS46470, CAC44025, 

CAC44026, CAC82742,  CAC85957, CAC87064, CAJ29883,  CAM32420, CAN39457, 

CAO85818, CAO85819, CAO85821, CAO85823,  CBG22793,  CBG27554,  CBG27555,  

CBG27557, CBG27559, CBK44061,  CCO62012, CCO62013, CCO62015 

 



Appendix C 
 

List of database accession numbers of betasatellite encoded βC1 proteins used to 
produce Figure 3.9 panel B 

AAL05303, AAL05304, AAL05305, AAL05306, AAL89479, AAL91094, AAL91095, 

AAL91096, AAM90581, AAM90582, AAO85384, AAO86823, AAR28535, AAR32710, 

AAR32711, AAR32712, AAR32713, AAR32714, AAR32715, AAU34006, AAU34007, 

AAV87478, AAV98446, AAW28995, AAW67348, AAW82635, AAW82642, AAX21495, 

AAX21514, AAX32890, AAX84755, AAZ20174, AAZ52662, AAZ78309, ABA40413, 

ABB69058, ABC18315, ABC61670, ABD59943, ABG26119, ABG26120, ABG26121, 

ABG26122, ABG26123, ABG26124, ABG26125, ABG26126, ABG90921, ABG90927, 

ABG90928, ABJ99723, ABK57995, ABK96822, ABN80228, ABO31247, ABP04010, 

ABP57432, ABP57433, ABP96798, ABQ10631, ABR08358, ABR10667, ABR10668, 

ABR10669, ABR10670, ABR10671, ABR19758, ABR19759, ABR19760, ABS29541, 

ABS29542, ABW69251, ABW69252, ABW69253, ABW75908, ABX74941, ABX90073, 

ABY27555, ABY71026, ACA21813, ACA21820, ACB46960, ACB46961, ACC38252, 

ACC66072, ACC66073, ACC77741, ACC78769, ACC78770, ACC78771, ACC78772, 

ACC78774, ACC78775, ACC78776, ACC78777, ACC78778, ACC78779, ACC78780, 

ACC78781, ACC78782, ACC78783, ACC78784, ACC78785, ACC78786, ACC78787, 

ACC78788, ACC78789, ACC78790, ACE79025, ACE80628, ACF33804, ACF33805, 

ACG60017, ACG60018, ACG60019, ACH70071, ACH70072, ACH78336, ACI06008, 

ACI06009, ACI06010, ACI06011, ACJ54437, ACK77819, ACK77820, ACL00857, 

ACN94461, ACP40518, ACP40531, ACP41025, ACR57807, ACR57808, ACR57809, 

ACR57810, ACR61710, ACS34892, ACS92540, ACS92541, ACT35476, ACT35642, 

ACT53236, ACT78997, ACT82442, ACT82443, ACU00726, ACU43583, ACU43584, 

ACU64817, ACU65214, ACU65215, ACV53152, ACV92103, ACX31613, ACZ71251, 

ADA60716, ADB43265, ADB43266, ADB43267, ADB43268, ADB43269, ADB43270, 

ADB43271, ADB43272, ADB43273, ADB43274, ADB43275, ADB43276, ADB43277, 

ADB43278, ADB43279, ADB43280, ADB43281, ADB43282, ADB43283, ADB43284, 

ADB43285, ADB43286, ADB43287, ADB43288, ADB43289, ADB43290, ADB43291, 

ADB43292, ADB43293, ADB43294, ADB43295, ADB43296, ADB43297, ADB43298, 

ADB43299, ADB43300, ADB43301, ADB43302, ADB43303, ADB43304, ADB43305, 

ADB43306, ADB43307, ADB43308, ADB43309, ADB43310, ADB43311, ADB43312, 

ADB43313, ADB43314, ADB43315, ADB43316, ADB43317, ADB43318, ADB43319, 

ADB43320, ADB43321, ADB43322, ADB43323, ADB43324, ADC32120, ADC79612, 

ADD70016, ADD80786, ADF42593, ADF42594, ADF42595, ADF42596, ADG01895, 

ADJ57305, ADK24723, ADK73353, ADK73354, ADM32426, ADM32427, ADN85603, 

ADN85604, ADO14246, ADO14247, ADO14248, ADO20902, ADO20903, ADO20904, 

ADO20906, ADO41102, ADO41103, ADO95327, ADO95328, ADO95329, ADO95330, 

ADO95331, ADO95332, ADO95333, ADO95334, ADO95335, ADO95336, ADO95337 

ADQ55858, ADQ55859, ADQ55860, ADQ55861, ADQ55862, ADQ55863, ADQ55864, 



ADQ55865, ADQ55866, ADQ55867, ADQ55868, ADQ55869, ADQ55870, ADQ55871, 

ADQ55872, ADQ55873, ADQ55874, ADQ55875, ADQ55876, ADQ55877, ADQ55878, 

ADQ55879, ADQ55880, ADQ55881, ADQ55882, ADQ55883, ADQ55884, ADQ55885, 

ADQ92354, ADR79368, ADT70811, ADZ45272, ADZ45273, ADZ45286, AEA76862, 

AEA76863, AEA76864, AEA76865, AEA76866, AEA76867, AEA76868, AEA76869, 

AEG42010, AEG42011, AEG42012, AEG42013, AEG42014, AEG42015, AEG42016, 

AEG42017, AEG42018, AEI52885, AEI52886, AEI52887, AEI52888, AEI52889, 

AEI52890, AEI73658, AEI73665, AEK78857, AEK78858, AEL22995, AEO14652, 

AEP27066, AEQ38925, AET50436, AET87480, AEY78284, AEY78285, AEY78483, 

AEY78484, AEY78485, AEZ52493, AEZ67027, AEZ67028, AFA26477, AFB35645, 

AFB81474, AFB81475, AFB81476, AFB81477, AFB81478, AFB81479, AFB81480, 

AFB81481, AFB81482, AFB81483, AFB81484, AFB81485, AFB81486, AFB81487, 

AFB81488, AFB81489, AFB81490, AFB81491, AFB81492, AFB81493, AFB81494, 

AFB81495, AFB81496, AFB81497, AFB81498, AFC41173, AFC41174, AFC75736, 

AFE55702, AFG73156, AFI41885, AFI41886, AFI41887, AFI56575, AFI56576, 

AFI56577, AFI56578, AFI56579, AFI56580, AFJ00780, AFJ54054, AFJ54055, 

AFJ54056, AFJ54057, AFK10476, AFM46208, AFN55006, AFN55007, AFN55008, 

AFN55009, AFO42727, AFO59754, AFO59755, AFO64656, AFO64657, AFO64658, 

AFR11402, AFR54470, AFS32149, AFS44532, AFS44539, AFS44546, AFS44553, 

AFS44560, AFU34516, AFU81117, AFV25602, AFV59237, BAC55600, BAC78824, 

BAC81505, BAD11113, BAD23958, BAF49368, BAF49375, BAF49382, BAF49383, 

BAF63876, BAF63877, BAF64265, BAF64266, BAF75929, BAF80885, BAG12169, 

CAB94288, CAC28127, CAC44025, CAC44026, CAC85957, CAC87052, CAC87053, 

CAC87054, CAC87055, CAC87057, CAC87058, CAC87059, CAC87060, CAC87061, 

CAC87062, CAC87064, CAC87065, CAC87066, CAD12396, CAD12397, CAD12398, 

CAD13343, CAD13344, CAD13345, CAD13346, CAD13478, CAD13479, CAD13480, 

CAD13481, CAD13482, CAD18855, CAD27705, CAD27706, CAD30045, CAD30046, 

CAD30047, CAD30048, CAD30049, CAD44856, CAD60548, CAD60549, CAD60550, 

CAD60551, CAD60552, CAD60553, CAD60554, CAD65754, CAD65755, CAD65756, 

CAD65757, CAD65758, CAD65759, CAD65760, CAD65761, CAD65762, CAD65898, 

CAD89717, CAD97705, CAD97706, CAD97707, CAD97708, CAG28718, CAG28719, 

CAG28782, CAG28783, CAG28784, CAG28785, CAG28786, CAG28787, CAG28788, 

CAG28789, CAG28790, CAG28791, CAG28792, CAG28793, CAG28794, CAG28795, 

CAG32833, CAH03759, CAH03760, CAH03761, CAH03762, CAH03763, CAH10920, 

CAH17784, CAH17785, CAH17786, CAI84288, CAI84641, CAI91195, CAI96120, 

CAI96121, CAI96122, CAI96123, CAI96124, CAI96125, CAI96491, CAI96492, 

CAI96493, CAI96494, CAI96495, CAI96496, CAI96556, CAI96557, CAI96558, 

CAI96559, CAI96560, CAI96756, CAI96757, CAI96758, CAI96759, CAI96760, 

CAI96761, CAI96762, CAI96763, CAI96764, CAI96765, CAI96766, CAI96767, 

CAI96768, CAI96769, CAI96770, CAI96771, CAJ15638, CAJ15639, CAJ15640, 

CAJ15641, CAJ19092, CAJ19093, CAJ19258, CAJ19259, CAJ21290, CAJ29883, 



 

 

CAJ57714, CAJ76462, CAJ76463, CAJ76464, CAJ85965, CAJ85966, CAJ85972, 

CAJ85973, CAJ85974, CAJ85985, CAJ85986, CAJ85987, CAJ87656, CAJ90657, 

CAJ94804, CAJ94805, CAJ98484, CAJ98485, CAJ98486, CAJ98487, CAJ98488, 

CAJ98489, CAJ98490, CAJ98491, CAJ98493, CAJ98494, CAJ98495, CAJ98496, 

CAJ98497, CAJ98498, CAJ98499, CAJ98500, CAJ98501, CAJ98502, CAJ98503, 

CAJ98504, CAJ98505, CAJ98506, CAK50813, CAK50814, CAK50815, CAK50816, 

CAK50817, CAK50819, CAK50820, CAK50821, CAK50822, CAK50823, CAK50824, 

CAK50825, CAL68661, CAL80777, CAM32420, CAM56208, CAM56209, CAM56210, 

CAM84540, CAM91664, CAM91960, CAN39445, CAN39447, CAN39448, CAN39449, 

CAN39450, CAN39451, CAN39452, CAN39454, CAN39457, CAN39458, CAN39459, 

CAN39460, CAN39461, CAO85818, CAO85819, CAO85820, CAO85821, CAO85822, 

CAO85823, CAO85824, CAO85825, CAO98748, CAP58562, CAP70057, CAQ35106, 

CAQ35107, CAQ35108, CAQ63434, CAQ63441, CAQ63442, CAQ63443, CAQ63444, 

CAQ63445, CAQ63446, CAQ63447, CAQ63448, CAQ63449, CAQ63451, CAQ63452, 

CAQ77157, CAT00575, CAW31032, CAX51845, CAX68212, CAX68213, CAX68214, 

CAX68215, CAX68216, CAX68217, CBA10388, CBA10389, CBA13476, CBA18271, 

CBG22788, CBG22789, CBG22790, CBG22791, CBG22792, CBG27553, CBG27554, 

CBG27555, CBG27556, CBG27557, CBG27558, CBG27559, CBJ19308, CBK44061, 

CBL58160, CBL58161, CBX45063, CBX51425, CBX51426, CBX51427, CBX51428, 

CBY85342, CBY88997, CBZ39266, CBZ47002, CCC20972, CCM43973, FV99525 


	1st Signature pages Final
	2nd Dedications and acknowledgements Final
	3rd Table of contents Roman numbers Final 
	1
	Ishtiaq Thesis Final
	2
	3
	4
	5
	6
	7
	8
	app
	Appendix A, B and C Final

