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CHAPTER 1                                                                                                           INTRODUCTION                           

Whitefly (Bemisia tabaci) transmitted begomoviruses, under the family Geminiviridae, possess 

ssDNA in their genome and infect dicot plants. They have emerged as a major threat to the 

productivity of many important vegetables, food and fibre crops in India, like Tomato, Potato, 

Chilli, Okra, Cotton, Mungbean, Black gram, French bean etc. (Verma et al., 2011). Tomato 

yellow leaf curl disease (TYLCD) and tomato leaf curl disease (ToLCD) are the most important 

viral diseases infecting tomato worldwide. More than 13 species of begomoviruses are reported 

to be associated with TYLCD while more than 80 species of begomoviruses are associated with 

ToLCD throughout the world. Amongst them the most prolific species is tomato yellow leaf 

curl virus (TYLCV), a monopartite (2.7kb) begomovirus distributed throughout the world, 

however, in Indian sub-continent till now there is no report of this virus. In India, tomato leaf 

curl disease was first time identified in northern India by Vasudeva and Samraj (1948). 

Amongst the 14 begomoviruses reported to be associated with leaf curl disease of tomato in 

India (Kumar et al., 2018), tomato leaf curl New Delhi virus (ToLCNDV) is the most 

predominant begomovirus (Malathi et al., 2017). ToLCNDV is a bipartite begomovirus 

transmitted by Whiteflies (Padidam et al., 1995).  

 Regardless of the efforts to manage TYLCD and ToLCD, the disease continue persists 

in tomato, entering newer areas every year (Cohen and Lapidot, 2007, Moriones and Navas-

Castillo, 2000). Popular means to manage the disease in field condition mainly rely on control 

of the whitefly (Bemisia tabaci) vector population through the application of insecticides, which 

in short term could be quite satisfactory, however, non-judicious and prolong intensive 

application of such insecticides have resulted in the development of resistant B. tabaci 

populations (Cahill et al., 1996a, Cahill et al., 1996b). This calls for engaging more efforts on 

developing virus resistant cultivars through breeding. Although no resistance to the disease has 

been recorded in the domesticated tomato (Solanum. lycopersicum), several sources of 

resistance with atleast six resistance loci (Ty-1 to Ty-6) have been described in wild relatives of 

tomato that showed resistance against TYLCV and could be used to introgress those resistance 

genes to breed resistant cultivars (Ji et al., 2007). The involvement of Ty-genes in resistance 

against tomato leaf curl virus was first identified with the discovery of Ty-1 gene on the 

chromosome 6 of wild tomato species Lycopersicon chilense by Zamir and his co-workers in 

1994. Among the 6 resistance genes, only two have been biochemically characterized where 

Ty-2 codes for a NBS-LRR protein (Yamaguchi et al., 2018). It has been demonstrated that Ty-

1 and Ty-3 are allelic (present on the long arm of chromosome 6) and code, in part, for an RNA 

dependent RNA polymerase (RDR) of the atypical RDRγ type having a DFDGD catalytic 

domain instead of the well-known DLDGD domain (Verlaan et al., 2013). Several pre-breeding 
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lines were generated through introgression of resistance loci in the cultivated tomato and are 

being utilized by the plant breeders to develop resistant cultivars. These genes have different 

origins. Ty-1, Ty-3, Ty-4 and Ty-6 all introgressed from different S. chilense accessions, Ty-2 

from S. habrochaites, Ty-5 from S. peruvianum (Zamir et al., 1994; Hanson et al., Hutton et 

al., 2012; 2006; Ji et al., 2007; Ji et al., 2009; Gill et al., 2019). Although cultivars or the pre-

breeding lines containing Ty-gene(s) are called resistant, they do not show absolute or complete 

resistance against begomoviruses. Instead, they express variable level of tolerance against the 

viruses and produce different symptoms as the virus replication is not completely inhibited. 

One of the reasons behind this variation is maybe the occurrence of mixed-infection. But the 

exact reason is still unknown. In contrast with classical R-genes none of the resistances to 

TYLCV described so far are associated with a HR. Amongst them genotypes with Ty-1 and Ty-

2 showed considerable resistance against TYLCV but is not very much successful to inhibit 

ToLCNDV. In Indian context, genotypes with Ty-3 allele alone or pyramided with Ty-1 or Ty-

2 gave major success to impart resistance against ToLCNDV (Prasanna et al., 2015). Besides 

Ty-3 and Ty-2, combination of Ty-5 and Ty-6 also showed considerable resistance against the 

monopartite tomato leaf curl Bangalore virus (ToLCBaV) (Prabhandakavi et al., 2020).  

         With respect to evaluation of resistance in Ty-gene containing genotypes, limited 

efforts were carried out in India. Prabhandakavi et al.., 2020 demonstrated evaluation of inbred 

lines of tomato carrying different Ty-gene combination against a monopartite begomovirus, 

tomato leaf curl Karnataka virus (ToLCKV) and a bipartite begomovirus, ToLCNDV. 

However, in majority of the cases such donor lines carrying the resistance loci have neither 

been evaluated thoroughly for determining their disease reaction nor the occurrence of viruses 

in those line have been documented properly.  

Research Gaps: 

i. The resistance behaviour of Ty-gene containing donor lines of tomato is not clear  

ii. Virus indexing has not been done for different naturally occurring begomoviruses in 

these donor lines. 

Title of the research:  

“Evaluation of Resistance Behaviour of Ty-gene containing Donor Lines of Tomato and 

Indexing of Naturally Occurring Begomoviruses Infecting Them”. 

Objectives:  

i. To evaluate the resistance behaviour of Ty-gene(s) containing donor lines of tomato. 

ii. To index the naturally occurring begomovirus species infecting different Ty-gene 

containing donor lines. 
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CHAPTER 2                                                                REVIEW OF LITERATURE                     

2.1.   Tomato 

 Tomato (Solanum lycopersicum L syn. Lycopersicon esculentum Mill, Family-

Solanaceae) is the second most important vegetable crop and among the most important 

processed vegetables in the world. It is especially famous for salad as a good source of vitamin 

A, C and K along with minerals like Potassium (K), Calcium (Ca) and Magnesium (Mg). It is 

also very rich in antioxidant lycopene with a preventive effect on heart diseases and cancer 

(Rao et al., 2000). S. lycopersicum is a native of western South America and Central America 

(Knapp et al., 2016).  Its worldwide introduction was facilitated by European colonizers during 

16th century (Medina et al.,2017). Tomato is cultivated in 5.30 Mha area worldwide with a 

production of 180.76 MT (FAO, 2019). India is the second largest producer of tomato after 

China with 19.00 MT total production in 0.78 Mha area (FAO, 2019). In India, Andhra Pradesh 

is the leading state in tomato production followed by Madhya Pradesh and Karnataka. 

2.2.   Viral diseases of tomato 

 Just like other crops, tomato cultivation is threatened by a number of diseases caused 

by many fungi, bacteria as well as viruses. About 146 viruses belonging to 33 genera are 

reported to infect tomato around the world (Dhaliwal et al., 2019). The major important viral 

diseases of tomato are tomato leaf curl (several species of Begomovirus; Geminiviridae), 

tomato mosaic (Tobacco mosaic virus, Tomato mosaic virus; Tobamovirus; Virgaviridae), 

tomato necrosis (Alfalfa mosaic virus; Alfamovirus; Bromoviridae), tomato spotted wilt 

(Tomato spotted wilt virus; Tospovirus; Tospoviridae), tomato bushy stunt (Tomato bushy stunt 

virus; Tombusvirus; Tombusviridae), curly top (Beet curly top virus; Curtovirus; 

Geminiviridae), pseudo curly top (Tomato pseudo curly top virus; Topcuvirus; Geminiviridae), 

tomato mottle (Tomato mottle virus; Begomovirus; Geminiviridae) etc. (ICTV, 2020) 

2.3.   Leaf curl disease of tomato: etiology and distribution 

 Among the viral diseases of tomato, leaf curl has become the most important emerging 

disease in recent years. In India, Vasudeva and Sam Raj (1948) first time reported leaf curl 

disease of tomato as one of the major constrains. It causes yield loss of 17.6% to 99.7% 

depending on the time and stage of infection, disease incidence and severity (Butter and 

Rataul,1981; Kalloo,1996). Saikia and Muniyappa (1989) estimated a yield loss of 52.5-100% 

in winter planted and 6.4-52.2% in summer planted tomato crop. According to the report by 

Sastry and Singh (1973), when tomato plants get infected by leaf curl disease at 2, 4, 6, 10 

weeks after planting, the estimated yield loss was about 94.90%, 90.00%, 78.00% and 10.80% 

respectively. 
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         The diagnostic symptoms of tomato leaf curl disease include leaf curling, puckering of 

leaves, smalling of leaves, vein yellowing, enation, pale to deep yellowing of leaves and, 

stunting. Severe infection may lead to extreme distortion and complete sterility of the plant. 

Singh and Lal (1964) observed marginal upward rolling of leaves, vein banding, twisting and 

formation of golden island on leaves (Fig. 1). 

 

          

 The causal agents of leaf curl disease of tomato are begomoviruses, a group of viruses 

belonging to the largest plant DNA virus family Geminiviridae, which is characterized by 

circular single stranded DNA (ssDNA) as genomic component, encapsidated in a twinned 

icosahedral capsid (Goodman, 1981). The genus Begomovirus is dicot infecting and transmitted 

by Whitefly (Bemisia tabaci) (Mayo and Martelli, 1993). The begomovirus genome can be 

either bipartite (two genomic components i.e DNA-A and DNA-B, each of ~2.7 kb) or 

monopartite (only one genomic component which is DNA-A homolog). DNA-A and B contains 

six (AC1, AC2, AC3, AC4, AV1, AV2) and two (BC1, BV1) ORFs, respectively (Fig. 2). Each 

genomic component is encapsidated in a twinned icosahedron separately (Stanley, 1985). 

Sometimes, sub-genomic satellite DNAs like alpha- and beta-satellites are also reported to be 

associated with the disease and modify disease severity and host adaptability (Briddon et 

al.,2004). 
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 Tomato yellow leaf curl disease (TYLCD) is the most widely distributed phenotype of 

leaf curl disease of tomato. About 13 species of begomoviruses have been reported to be 

associated with it (ICTV, 2020), distributed in Africa, America, parts of Europe and Asia. 

Amongst them, Tomato yellow leaf curl virus (TYLCV) is most important which is a 

monopartite begomovirus. TYLCV, however, has not been reported yet from India. On the 
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other hand, at least 80 species are associated with another disease phenotype called as tomato 

leaf curl disease (ToLCD) (ICTV, 2020) which is distributed in the Indian sub-continent, China, 

Europe, Taiwan, Panama, Oman and many other places exhibiting mild to severe leaf curling 

symptom.  

 

 

2.4.   Begomoviruses associated with leaf curl disease of tomato in India 

 At least 14 other species of Begomovirus have been reported to be associated with leaf 

curl of tomato (Table 1, Fig. 4). They are Tomato leaf curl New Delhi virus (ToLCNDV), 

Tomato leaf curl Palampur virus (ToLCPalV), Tomato leaf curl Bangalore virus (ToLCBaV), 
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Tomato leaf curl Karnataka virus (ToLCKaV), Tomato leaf curl Joydebpur virus (ToLCJoV), 

Tomato leaf curl Gujarat virus (ToLCGuV), Tomato leaf curl Kerala virus (ToLCKeV), 

Tomato leaf curl Patna virus (ToLCPaV), Tomato leaf curl Rajasthan virus (ToLCRaV), 

Tomato leaf curl Ranchi virus (ToLCRnV), Tomato leaf curl Pune virus (ToLCPV), Tobacco 

curly shoot virus (TbCSV), Ageratum enation virus (AEV), Croton yellow vein mosaic virus 

(CYVMV) (Kumar et al.,2018). Amongst them, Tomato leaf curl New Delhi virus (ToLCNDV) 

is the most prevalent and widely distributed begomovirus infecting tomato, potato, and 

cucurbits. 

Table 1. Begomoviruses associated with leaf curl disease of tomato in India 

  

2.5.   Management of tomato leaf curl disease 

 Like other viral diseases, management of tomato leaf curl disease is a quite difficult 

task. The most commonly practiced method by the growers is use of insecticides for controlling 

the whitefly vectors. But it is not very much effective and also not good for environment along 

with the risk of insecticide resistance development. The common methods for management of 

plant viral diseases including ToLCD are- 

Virus species Acronym Genome Reference 

Tomato leaf curl New Delhi virus ToLCNDV Bipartite Srivastava et al.,1993 

Tomato leaf curl Palampur virus ToLCPalV Bipartite Kumar et al., 2008 

Tomato leaf curl Gujarat virus ToLCGuV Bipartite Chakraborty et al., 2003 

Tomato leaf curl Bangalore virus ToLCBaV Monopartite Muniyappa et al., 2000 

Tomato leaf curl Pune virus ToLCPuV Monopartite Reddy et al., 2004 

Tomato leaf curl Joydebpur virus ToLCJoV Monopartite Tiwari et al., 2013 

Tomato leaf curl Karnataka virus ToLCKaV Monopartite Chatchawankanphani 

 ch et al., 2002 

Tomato leaf curl Kerala virus ToLCKeV Monopartite Pasumarthy et al., 2011 

Tomato leaf curl Patna virus ToLCPaV Monopartite Kumari et al., 2010 

Tomato leaf curl Ranchi virus ToLCRnV Monopartite Kumari et al., 2010 

Tomato leaf curl Rajasthan virus ToLCRaV Monopartite Sivalingam, 2005 

Tobacco curly shoot virus TbCSV Monopartite Swarnalatha et al., 2013 

Ageratum enation virus AEV Monopartite Swarnalatha et al., 2013 

Croton yellow vein mosaic virus CYVMV Monopartite Khan et al, 2014 
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a)  Crop rotation 

      Crop rotation with non-host crops prevents the establishment of large populations of 

the whitefly vector and also set up a host-free periods by naturally breaking the life cycles of 

the disease, insect vectors and weeds (Kumar et al., 2018).  

b)  Eradication of source plants 

 Studies on the epidemiology of leaf curl of tomato have confirmed a positive 

correlation between the level of virus spread and population size of B. tabaci. Destruction of 

alternate hosts harboring viruliferous whiteflies reduces the amount of primary inoculum thus 

restricting the disease spread to a significant level (Ucko et al., 1998; Cohen et al., 1988). In 

Cyprus, the spread of TYLCV was effectively controlled by eradicating the primary inoculum 

sources in overwintered spring tomato, prior emergence of adult whiteflies. 3 consecutive years 

of practice of this measure was undertaken. It almost completely prevented primary virus spread 

to spring plants, while further secondary spread was below 5% to summer plantings, compared 

to 40–50% in previous years (Ioannou, 1987). 

c)  Bait crops      

        Studies have reported that planting alternate rows of tomatoes and cucumbers (planted 

30 days before tomato transplantation) significantly delayed the spread of leaf curl in the 

tomatoes (Al-Musa, 1982). Similarly, tomato was protected from leaf curl disease by using 

squash as a bait plant (Schuster, 2004). The probable controlling mechanism of the bait plants 

is due to the cumulative effects of (1) the huge difference between the canopy volumes and (2) 

baits are much more preferred host for whiteflies and once they land on this bait, they do not 

leave it as long as the plants remain fresh (Cohen, 1988).  

d)  Reflective mulches 

        The use of yellow mulches for controlling whitefly-borne viruses including leaf curl 

has been reported (Cohen & Berlinger, 1986; Cohen & Melamed Madjar, 1974, 1978; Nitzany 

et al., 1964). The whiteflies are attracted to the yellow color of the mulches and subsequently 

killed by the reflected heat. Later studies showed that, tomatoes were better protected from leaf 

curl by aluminum and orange plastic mulches compared to yellow mulches (Csizinsky et al., 

1995). Based on research, it is suggested that the protection effect of the yellow and silver soil 

mulches is linked with their relative high reflections at 560 nm. It is hypothesized that when 

contrast between the plant foliage and soil background is high, the plant image becomes more 

visible to the whitefly eye. In other words, plants which grow over the yellow or reflective 

mulches are camouflaged from the insect eye by the relatively high reflections of the 

background, resulting in a lower number of insect landing (Yehezkel Antignus, 2007). 
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e)  Biological control    

        Use of biocontrol agents like plant growth promoting rhizobacteria (PGPR), 

entomopathogenic fungi, parasitoids, predators etc. represent a potentially attractive alternative 

approach for disease management. Biopesticides based on Beauveria bassiana, Paecilomyces 

fumosoroseus, Encarsia bimaculate, Pseudomonas sp., Isaria javanica, ladybirds, green 

lacewings, minute pirate bugs etc. showed significant effectiveness in controlling whitefly 

vector (Kumar et al.,2018). Artificial application of B. bassiana as endophyte inside tomato 

plants can be an important component in the integrated control of tomato whiteflies. It may 

reduce insect survival on inoculated plants. The potential insecticidal action of B. bassiana 

includes toxic principles production especially Beauvercin, chitin degradation, lectin binding 

and volatile organic compounds release such as sesquiterpene and di-isopropyl naphthalene (El-

Deeb et al., 2012). Recent study showed that the application of Pseudomonas sp. in 

combination with chitosan successfully reduces the severity of the tomato leaf curl disease by 

80.33–90.33 per cent. Higher levels of phenolics, enzymes like phenylalanine ammonia lyase 

(PAL), peroxidase and enhanced chitinase activity were also observed in rhizobacteria-treated 

plants (Mishra et al., 2014).  

f)  Chemical control      

        Use of insecticides is easy and most preferred method by the farmers for controlling 

the vectors of viral diseases including leaf curl disease of tomato. Commonly used insecticides 

against whitefly are imidacloprid 17.8% SL (@100 ml/ha), acetamiprid 20% SP (@50 g/ha), 

thiamethoxam 25 WG (@100 g/ha), nitenpyram 10% WSG (@100 g/ha), diafenthiuron 20% 

WG (@50 g/ha) etc (Bacci et al., 2007). Alternatively, foliar spray of botanical formulations 

like neem oil, garlic oil, datura, eucalyptus extract also proved to be effective in controlling 

whitefly population (Khan et al., 2013). 

g)  Next-Generation Approaches     

        Transgenic approaches have shown very promising results in controlling viral 

infections. However, commercialization of genetically modified organisms (GMOs) has been 

limited in developing countries like India due to low public acceptance. Pathogen derived 

resistance (PDR) strategy (Antignus et al., 2004; Yang et al., 2004), RNA interference (RNAi) 

technology (e Ammara et al. 2015), plantibody production (Reyes et al.,2013), CRISPR 

mediated gene editing (Mehta et al., 2019), marker assisted breeding (Nevame et al., 2018) etc. 

have shown a new and innovative way of plant viral disease management. But, field application 

of these techniques needs more research and improvisation.  

h) Use of resistant varieties   

        Use of disease resistant cultivars is the easiest, most effective and durable way to 
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manage the plant diseases especially those caused by viruses as no other method is available 

for killing the viruses directly. Classical resistance breeding program involves many typical 

steps screening and confirmation of resistance in source plants, discovery of genes/alleles and 

their mapping onto chromosome, transfer of the resistance gene(s) to popular cultivated 

varieties and field screening of the introgressed lines (Singh et al.,2018). In 2003–2004, three 

resistant open-pollinated varieties of tomato (Sankranthi, Nandi, Vaibhav) were developed 

against leaf curl disease and released officially in India (Kumar et al.,2018). 

2.6. Resistance sources of tomato against leaf curl disease 

          All the commercially available tomato cultivars are susceptible to ToLCD. Resistance 

against ToLCD has not been reported from the domesticated S. lycopersicum. But, many wild 

relatives of S. lycopersicum like S. peruvianum, S. chilense, S. habrochaites show resistance 

against the disease. Till-date six independently inherited genes/QTLs (Ty-1, Ty-2, Ty-3, Ty-4, 

ty-5 and Ty-6) have been identified from different wild germplasm resources showing varying 

levels of resistance against leaf curl disease of tomato (Welegama et al.,2021). Prabhandakavi 

et al. (2020) observed a direct correlation between the effectiveness of resistance to 

begomovirueses and the number of Ty gene(s) present.In 1988, the first commercial TYLCV 

resistant hybrid, ‘TY 20’ carrying resistance derived from S. peruvianum ‘PI 126935ʹ was 

developed by Pilowsky and Cohen (1990). 

2.6.1. Ty-1 locus 

             Among the six resistant/tolerant loci against TYLCV, Ty-1 was the first to be identified 

and mapped on the centromeric side of chromosome 6 in S. chilense accession LA1969 by 

Zamir et al. (1994). Marker TG97 and TG297 was found to be linked with Ty-1 locus at 3.1 

and 5.5 cM respectively.  Ty-1 a major incompletely dominant locus and with two modifier 

gene on chromosome 3 and 7. It is the most widely used resistance gene in worldwide breeding 

programs against TYLCV. Subsequently, a new CAPS marker, JB-1, was found to be more 

tightly linked to the Ty-1 locus (de Castro et al.,2007). An extensive study by Verlaan et al. 

(2011) demonstrated that the chromosomal inversions between S. lycopersicum and S. chilense 

‘LA 1969ʹ hampered precise mapping of Ty-1. Also, they precisely determined the actual map 

position on the long arm of chromosome 6 between the marker MSc05732-4 and MSc05732-

14. Ty-1 codes for a DFDGD class RNA dependent RNA polymerase (RDR) (Verlaan et 

al.,2014). Butterbach et al. (2014) reported that, resistance by Ty-1 involves siRNA mediated 

transcriptional gene silencing and increased cytosine methylation of viral genome. Though Ty-

1 shows effective resistance against TYLCV, in India it is not very much successful against 

ToLCD especially against those caused by bipartite begomoviruses. Ty-1 lines showed 

promising result against monopartite ToLCBaV but were relatively less effective against 

bipartite ToLCNDV and are ineffective against bipartite ToLCPalV (Prasanna et al., 2015).  
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2.6.2. Ty-2 locus 

             Hanson et al. (2006) first time reported Ty-2 resistant locus on short arm of 

chromosome 11 (near TG36 region) of S. habrochaites derived line H24. Further molecular 

marker analysis of recombinants and evaluation of progeny for TYLCV resistance from these 

recombinants localized Ty-2 to an approxmiate 300,000-bp interval between two markers UP8 

(51.344 Mb) and M1 (51.645 Mb) on chromosome 11w (Yang et al.,2014). Ty-2 is a dominant 

gene and provided high degree of resistance against many variants of TYLCV. But it is not very 

much effective against bipartite begomoviruses, and the resistance could be overwhelmed by 

some strains of TYLCV (Ji et al. 2007). In India, Ty-2 remain ineffective against monopartite 

ToLCBaV (Kushal et al.,2020) and also against bipartite ToLCNDV and ToLCPalV (Prasanna 

et al.,2015). The Ty-2 gene acts by restricting virus multiplication and accumulation. Candidate 

genes in the Ty-2 region include five putative ORFs codes for CC-NBS-LRR proteins 

(Yamaguchi et al.,2018). Positive correlation was observed between concentration of the virus 

and severity of the disease in genotypes with Ty-2 gene (Barbieri et al., 2010).  

2.6.3. Ty-3 locus 

             In India, Ty-3 showed most promising result in controlling ToLCD and most 

importantly against those caused by bipartite begomoviruses. It is a partially dominant major 

gene, derived from ‘LA 2779ʹ and ‘LA 1932ʹ lines of S. chilense and was mapped in the long 

arm of chromosome 6 (Ji et al., 2007). Subsequently, the name Ty-3a was assigned to the 

resistance locus from ‘LA 1932’ (Koeda et al.,2020). This gene is flanked by CAPS markers 

cLEG-31-P16 and T1079, separated by 7 cM distance. It was found that Ty-3 introgression 

derived from ‘LA 2779ʹ was longer and linked to the Ty-1 locus. Ty-1 mapped to the long arm 

of chromosome 6 and flanked by MSc05732-4 and MSc05732-14 markers, an interval which 

is overlapped with the previously reported map position of Ty-3. This finding confirmed that 

both Ty-1 and Ty-3 are the alleles of the same locus (Verlaan et al., 2011). It is possible that 

Ty-1 is a truncated fragment of Ty-3. Verlan et al. (2013) also reported that Ty-3 locus consists 

five candidate genes and both Ty-1 and Ty-3 encode for DFDGD class RNA dependent RNA 

polymerase (RDR). Prasanna et al. (2015) found that, though Ty-1 and Ty-3 are allelic, but Ty-

1 and Ty-3 alleles showed differential response in genotypes through ToLCV in the field 

screening and challenge inoculation with ToLCPalV. Ty-3 locus though exhibited less 

dominance but tomato genotypes carrying Ty-3 locus exhibited highly resistant response 

against both the monopartite ToLCBaV and bipartite viruses (ToLCNDV and ToLCPalV) 

(Prasanna et al., 2015). Thus, It has been assumed that Ty-3 exhibits a higher level and wider 

spectrum of resistance than the Ty-1 and Ty-2. Moreover, highly effective and durable 

resistance/tolerance to ToLCV was achieved by pyramiding both Ty-2 and Ty-3. It was also 

observed that, although tomato lines carrying both Ty-2 and Ty-3 loci did not exclude the virus 
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completely, yet symptom expression and level of virus accumulation were almost negligible in 

those pyramided lines (Lata et al.,2019; Kushal et al.,2020; Prasanna et al.,2015; Tabein et 

al.,2017; Sadashiva et al.,2017).  

2.6.4. Ty-4 locus 

             Use of advanced breeding lines derived from ‘LA 1932ʹ of S. chilense, a TYLCV 

resistance locus termed Ty-4, was identified and mapped to the 2.3 cM marker interval located 

between C2_At4g17300 and C2_At5g60160 onto the long arm of chromosome 3 (Ji et 

al.,2009). While variance in TYLCV resistance was found to be in the tune of 60% with respect 

to Ty-3 locus, it was only 16% for Ty-4 locus. Hence, it is regarded as minor gene for having 

relatively lesser effect on resistance. Therefore, Ty-4, if used independently, would be 

ineffective under high disease pressure (Ji et al.,2009). Depending on ease of scoring, strength 

and consistency of amplification, Prasanna et al. (2015) identified marker C2_At5g63460 for 

genotyping assays of Ty-4. It is effective against TYLCV, but very few reports are available on 

bipartite begomoviruses. However, inbreds with Ty-3 and Ty-4 showed greater resistance than 

lines with Ty-3 alone in Guatemala (D.P. Maxwell, unpublished data), suggesting the 

effectiveness of Ty-4 against multiple (up to seven) bipartite begomoviruses reported there 

(Nakhla et al., 2005). 

2.6.5. Ty-5 locus 

             The resistance locus, Ty-5, was discovered recently in the breeding line TY172 of S. 

peruvianum. This locus was mapped on chromosome 4 near the marker SlNAC1 (Anbinder et 

al., 2009). Later, marker analysis revealed that SlNAC1 marker co-segregates with a resistance 

allele which is derived from the cultivar Tyking. The present study clearly shows that this allele 

is recessive as mean disease severity of plants heterozygous at ty-5 locus was no different from 

mean disease severity of plants homozygous-susceptible. Data again suggest that there may be 

involvement of an additional resistance gene, because homozygosity of ty-5 allele did not show 

on average equal parental level of resistance, and also absence of Ty-5 allele did not cause on 

average equal parental level of susceptibility (Hutton et al.,2012). Recent finding on fine 

mapping and characterization of ty-5 gene suggested that the origin of this gene may not be S. 

peruvianum (Lapidot et al., 2015). Lapidot and his co-workers also identified a tomato homolog 

of the messenger RNA surveillance factor Pelota (pelo) as the controlling factor of ty-5 

resistance. 

2.6.6. Ty-6 locus 

In 2014, Hutton and Scott first time identified a major resistance gene on chr. 10 of 

S. chilense line Fla. 8383 closely linked to the marker SLM-10-46. It was found that Ty-6 shows 

incomplete dominance in heterozygous condition. Also, further analysis on segregating 
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populations for Ty-6 locus along with Ty-3 or ty-5 locus showed that, when Ty-6 was combined 

with the other resistance alleles, it gave maximum resistance against TYLCV. Ty-6 is proved 

effective against both monopartite (Tomato yellow leaf curl virus) as well as bipartite (Tomato 

mottle virus) tomato infecting begomoviruses. (Gill et al., 2019).  In India, combination of Ty-

6 with other resistance genes like Ty-5, Ty-2 showed considerable effectiveness against 

begomoviruses like Tomato leaf curl New Delhi virus (ToLCNDV) and Tomato leaf curl 

Bangalore virus (ToLCBaV) (Kaushal et al., 2020). 

2.7.  Evaluation of tomato genotypes against leaf curl disease 

Evaluation of tomato genotypes derived from different wild tomato species showed that, 

a number of accessions from S. arcanum, S. chilense, S. chmielewskii, S. corneliomulleri, S. 

habrochaites, S. huaylasense, S. neorickii, S. pennellii and S. peruvianum remained 

symptomless even after inoculation with TYLCD. On the other hand, most of the accessions 

from S. pimpinellifolium and S. lycopersicum were lacking effective resistance with severe 

symptoms like yellowing, purple vein, leaf curling, stunting, and reduced leaflet size etc. (Azizi 

et al., 2008; Yan et al., 2018). Also, highly resistant to highly susceptible disease reactions were 

observed in different wild species derived tomato genotypes against ToLCD (Ponselvakumari 

et al., 2020). Assessment of resistance of different cultivated varieties, hybrids and wild 

accessions against TYLCD/ToLCD based on either percent disease incidence or disease 

severity also resulted similar findings with variable resistance response of the 

domesticated/wild genotypes (Muniyappa et al., 1991; Picó et al. 1998; Maruthi et al.,2003; 

Reddy et al.,2008; Camara et al.,2012; Singh, 2014; Singh et al., 2015; Nadkarni et al.,2017; 

Kumar et al. 2019; Mandali et al.,2020). Similarly, evaluation of many wild tomato genotypes 

containing Ty-genes highlighted superiority of Ty-3, Ty-5 genes with best performance in 

combination with other Ty-genes like Ty-1, Ty-2 etc (Elbaz et al.,2016; Al-Shihi et al.,2018; 

Prabhandakavi et al., 2020). 

2.8. PCR based detection of begomoviruses 

PCR or polymerase chain reaction is one of the most widely used methods of detection 

of plant viruses. Specific primers for different begomovirus species were used to amplify a 

specific region of the genome. Sequencing of the PCR amplicon and comparative sequence 

analysis gave the confirmatory evidence for detection of particular species (Garg et al.,2015; 

Kumar et al.,2018; Prabhandakavi et al., 2018). Genetic diversity and distribution of 

begomoviruese were assessed following the PCR based detection approach (Ribeiro et al.,2002; 

Reddy et al.,2005; Shohrab, 2020).  
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CHAPTER 3                                                            MATERIALS AND METHODS                     

3.1. Development of a disease scoring scale 

          A scoring scale was developed for quantitative estimation of tomato leaf curl disease as 

no such scale was available for it. Extent of leaf curl, leaf smalling, stunting of the plant and 

number of fruits were considered as the parameters for the disease scoring scale. To understand 

the developmental stages of tomato leaf curl disease, 20 plants of a susceptible check variety 

of tomato (cv. Pusa Ruby) were artificially inoculated with a well characterized isolate of 

tomato leaf curl New Delhi virus (ToLCNDV, MW429271) using viruliferous whiteflies @ 5 

per plant with 24 hours of acquisition access period and inoculation access period each. 

Inoculation was done 7 days after transplanting of the seedlings. The disease development was 

recorded.  

           To measure the qualitative parameters quantitatively, they were assigned with numerical 

values according to their contribution towards disease development. The scale was developed 

following a method earlier used by Bag et al. (2014) and others in different viral diseases (Table 

2), where coefficient of infection (CI) was considered as the parameter for deciding the ultimate 

disease reaction and CI was calculated by multiplying the percent disease incidence with 

response value (RV). The response value (RV) is actually quantitative transformed value of 

percent severity range in 0 to 1 scale and the percent severity range was calculated based on 

cumulative value of all the disease evaluation parameters. 

Percent disease incidence = 
୒୭.		୭୤	୪ୣୟ୤	ୡ୳୰୪	୧୬୤ୣୡ୲ୣୢ	୮୪ୟ୬୲ୱ	୧୬	ୟ	୥ୣ୬୭୲୷୮ୣ

୘୭୲ୟ୪	୬୭.		୭୤	୮୪ୟ୬୲ୱ	୭୤	୲୦ୟ୲	୥ୣ୬୭୲୷୮ୣ
	x	100 

CI = Percent disease incidence x Response value (RV) 

  

Percent severity range Response 

value 
Coefficient of 

infection (CI) 
Disease reaction 

0 0.0 0-4.0 Highly resistant (HR) 

>0-25% 0.25 >4.0-9.0 Resistant (R) 

>25-50% 0.50 >9.0-19.0 Moderately resistant (MR) 

>50-75% 0.75 >19.0-39.0 Moderately susceptible (MS) 

>75% 1.0 >39.0-69.0 Susceptible (S) 

  >69.0 Highly susceptible (HS) 

Table 2: Scale for classifying disease reaction under field conditions. 
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3.2. Disease phenotyping and scoring of tomato genotypes 

 Phenotypic screening was done for 17 Ty-gene(s) containing donor genotypes of 

tomato along with a susceptible check (cv. Pusa Ruby) (Table 3). These Ty-gene(s) containing 

donor lines are actually breeding lines in F8-9 generation, developed by selection from exotic 

lines. They were procured from AVRDC, Taiwan as TYLCV tolerant sources. Seedlings of 

these genotypes were transplanted during last week of September, 2020 at experimental field 

of Division of vegetable science, IARI-New Delhi following randomized complete block 

design (RCBD) method with 3 replications. A spacing of 75 cm (plant to plant) and 90 cm (row 

to row) was followed with standard fertilizer application @ 150 Kg N, 60 Kg P and 60 Kg K 

per hectare. For disease scoring, 5 leaves from each disease infected plant of a genotype were 

given the score for leaf curl and leaf smalling. The cumulative average score of both leaf curl 

and leaf smalling parameters of individual plant were then summed with the scores for stunting 

and fruiting parameters to get the disease severity score of that plant.   

Severity score = [
∑ ୐ଵୱ
ా
౩సఽ ା∑ ୐ଶୱ

ా
౩సఽ ା∑ ୐ଷୱ

ా
౩సఽ ା⋯ା∑ ୐୬ୱ

ా
౩సఽ

୘ొ
൅ C ൅ Dሿ 

Where, L1, L2, L3, … Ln = number of affected leaves on a plant ranging from 1 to n; s = score 
of a diseased leaf varying from A (leaf curl) to B (leaf smalling); Lis = total score on diseased 
leaf of a plant in a particular stage/period (i = 1/2/3/.../n); C=score for stunting parameter, D= 
score for fruiting parameter); TN = total number of leaves studied on infected plant.  

Sl. No. Tomato genotypes Selection from 
Ty-gene(s) 
present 

1. ToLCD Tol -1 EC904113 Ty-3 
2. ToLCD Tol -2 EC814907 Ty-2 
3. ToLCD Tol -3 EC814906 Ty-1 
4. ToLCD Tol -4 EC814914 Ty-2, Ty-3a 
5. ToLCD Tol -5 EC814916 Ty-2, Ty-3 
6. ToLCD Tol -6 EC814918 Ty-5, Ty-6 
7. ToLCD Tol -7 EC814913 Ty-3a 
8. ToLCD Tol -8 EC2901 Ty-2, Ty-3 
9. ToLCD Tol -9 EC814915 Ty-2, Ty-3 
10. ToLCD Tol -10 EC814911 Ty-5 
11. ToLCD Tol -11 EC814917 Ty-2, Ty-3 
12. Pusa Ruby (susceptible check) Pusa Ruby (susceptible check) - 

13. ToLCD Tol -12 EC904111 Ty-2, Ty-3 
14. ToLCD Tol -13 EC904115 Ty-2, Ty-3 
15. ToLCD Tol -14 EC751804 Ty-2, Ty-3 
16. ToLCD Tol -15 EC904117 Ty-2, Ty-3 
17. ToLCD Tol -16 EC751802 Ty-2, Ty-3 
18. ToLCD Tol -17 EC904114 Ty-2, Ty-3 

Table 3: List of Ty-gene containing donor genotypes of tomato used in the study along with 
resistance gene(s) present in them 
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3.3. Glasshouse evaluation of selected tomato genotypes 

Tomato genotypes with highly resistant response under field condition were identified 

and subjected to artificial inoculation with tomato leaf curl New Delhi virus (ToLCNDV, 

MW429271) using viruliferous whiteflies @ 5 per plant, to confirm their resistance/tolerance 

by challenge inoculation under controlled condition. An acquisition access period and 

inoculation access period of 24 hours each were given. Inoculation was done after 7 days of 

transplanting of the seedlings and symptom progression was recorded periodically. 

3.4. Electron microscopy of collected leaf samples 

For electron microscopic analysis, 20 leaf samples were collected randomly from all the 

tomato genotypes. Collected samples were then subjected to microscopic analysis using JEM 

1011 Transmission Electron Microscope (TEM) following leaf-dip method at Advanced Centre 

for Plant Virology, IARI-New Delhi. 2% uranyl acetate was used as negative stain. 

3.4.1. Preparation of carbon coated grid 

Copper grids of diameter 3 mm (400 mesh) were cleaned using acetic acid and loaded on 

a clean filter paper, placed at the bottom of a sterilized petridish containing sterile distilled 

water.  A clean slide was coated with a thin film of carbon using a vacuum coating unit and 

then brought gently in contact with water of the petridish containing the grids. The carbon film 

was then gently allowed to drift off on the water.  The filter paper was softly lifted with the 

grids together and raised off with the floating carbon film.  In this process the grids will be 

coated with thin carbon film.  The carbon coated grids were then air dried in dark at room 

temperature for about 12-24 hours or in an oven at 370C for about 30 minutes. 

3.4.2. Selection of tissues 

In different parts of the plant, virus particles generally occur in varying concentrations. 

Young leaves usually contain high concentration of the virus.  Corkborer was used to cut the 

diseased leaf bits from the infected young leaves.  The cut leaf bits contained both veins and 

interveinal portions. 

3.4.3. Preparation of virus extract from leaf tissues 

Selected leaf bits were then macerated on a precleaned glass slide with a glass rod along 

with 2-3 drops of phosphate buffer (0.07 M, pH 6.5) and the finely homogenized material was 

allowed to settle down for a few seconds.  The clear supernatant was taken with the help of a 

fine glass capillary and then used for mounting the grids. 

3.4.4. Mounting 

Carbon coated grid was then mounted with few drops of homogenized leaf extract.  After 
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one minute, the extract was sucked off from the grid surface by touching the filter paper on one 

side of the grid.  The grid was then washed with 5 to 6 drops of sterile distilled water before 

staining with 2 drops of uranyl acetate (2% aqueous, pH 4.2), which was used as negative stain.  

Excess stain was removed using a strip of filter paper by touching the edge of the grid.  The 

grid was kept for air drying for 1-2 minutes and finally examined under EM. 

3.4.5. Grid examination for measurement of particles 

Negatively stained grid was loaded to the grid holder of the EM and scanned. Virus 

particles for their morphology and size were studied with good contrast.  The EM photographs 

of virus particles were captured with 80000X magnification.  The dimensions of the particles 

were measured in nm by using a formula, 

Size of virus particles (nm)=
ୈ୧ୟ୫ୣ୲ୣ୰	୭୤	୲୦ୣ	୮ୟ୰୲୧ୡ୪ୣ	୧୬	୫୫

୑ୟ୥୬୧୤୧ୡୟ୲୧୭୬
	X 106 

3.5. Isolation of total nucleic acid (TNA) from leaf samples 

The total nucleic acid (TNA) was extracted from the tomato leaf samples following 

CTAB method (Doyle and Doyle, 1987). 0.1 gm of leaf sample was weighed and ground in 

pre-chilled mortar and pestle using liquid nitrogen till a fine powder was obtained. The powder 

was transferred to a 2 ml polypropylene micro centrifuge tube containing 1 ml of warm 

extraction buffer, using a spatula. The tube was then vortexed well and incubated at 65°C for 1 

hr with intermittent mixing after every 10-15 min by inverting the tubes few times. Equal 

volume (3 ml) of Phenol : Chloroform : isoamyl alcohol (25:24:1) mixture was then added and 

was mixed well by inverting the tube. The reaction mixture was then centrifuged for 10 min at 

12000 rpm at room temperature. Then a wide bore pipette was used to transfer the upper 

aqueous phase to a clean tube. 0.6 volume of ice cooled isopropanol was added to the aquas 

solution and mixed gently. The reaction mixture was centrifuged at 12000 rpm for 10 minutes 

at room temperature and the supernatant was discarded leaving the nucleic acid (NA) pellet. 

The NA pellet was then washed with 70% ethanol (0.5-1 ml) by centrifuging at 12000 rpm for 

10 min at 4°C. The supernatant was discarded carefully and the pellet was dissolved in 50 µl 

nuclease free water. TNA were isolated from 5 leaf samples (symptomatic and asymptomatic) 

collected from each tomato genotype. Then, equal amount from those 5 TNA solutions were 

mixed to get a pooled TNA sample. A total of 18 pooled TNA samples were made for 18 

different tomato genotypes.  The quantity and quality of NA was measured by agarose gel 

(0.8%) electrophoresis. 
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Recipe of DNA extraction buffer 

Reagents  Working concentration  Working volume (ml) 

1 M Tris-HCl (pH-8) 100 mM 10 

5 M NaCl 1.4 M 28 

0.5 M EDTA 20 mM 4 

10% CTAB 2% 20 

Beta-mercaptoethanol 0.2% 0.2 

Distilled water   37.8 

Total volume  100 

3.6. PCR amplification with specific primers 

The pooled TNA samples were then used as templates for PCR amplification using a 

universal begomovirus primer and seven different begomovirus species specific primers (Table 

4). PCR master mix was prepared in a micro centrifuge tube by mixing all the components 

(except the template) in appropriate amount followed by a quick spinning to collect them at the 

bottom of the tube. The TNA templates were taken in separate PCR tubes. Then required 

amount of master mix was added to each tube. The PCR tubes were tightly capped and spinned 

quickly before placing in the thermal cycler. The temperature profile and PCR programme used 

for amplification are given below. The PCR amplified product was then analysed by 1% agarose 

gel electrophoresis followed by gel documentation under UV.  

Recipe of PCR reaction mixture 

Reagents  Working volume (µl) Final volume (µl) (22X) 

10X DreamTaq DNA pol. buffer 2.5 55 

dNTP mixture (10mM) 0.5 11 

Forward primer (10µM/µl) 0.5 11 

Reverse primer (10µM/µl) 0.5 11 

DreamTaq DNA polymerase (5U/µl) 0.125 2.75 

Template (~100 ng/ µl) 1 - 

Nuclease-free water 19.875 437.25 

Total  25 528 
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Temperature profile for PCR amplification 

 

3.7. Agarose gel electrophoresis  

 The PCR amplified products were analyzed using 1% agarose gel prepared in 1X Tris-

acetate-EDTA (TAE) buffer (Appendix). For preparing 1% agarose gel, 1 g agarose (Agarose 

Plus, PRONASTAR, Spain) was dissolved in 100 ml 1X TAE buffer by boiling it for 2-3 

minutes in microwave oven and cooled down such that gel does not set. 5.0 μl GoodViewTM 

Nucleic Acid Stain (BR Biochem Life Sc.) was added and mixed carefully so that no bubble is 

formed. Now, the melted gel was poured into gel casting tray fixed with comb. After 

solidification of gel the tray was transferred into the gel running tray containing 1X TAE buffer 

and the comb was removed carefully without disturbing the gel. The PCR products, mixed with 

6X gel loading dye (Thermo Fisher Scientific, USA), was loaded into wells of the gel and 

electrophoresed at 70-80V for 30-45 minutes. An aliquot (0.1 μg/μl) of 100 bp plus DNA ladder 

(Thermo Fisher Scientific, USA) was simultaneously electrophoresed as marker to measure the 

size of amplified DNA. After electrophoresis, the PCR amplified DNA fragments were 

visualized using UV gel documentation system (PERKINELMER, Geliance 200 imaging 

system).  

3.8. Purification of PCR amplified DNA 

 The representative PCR amplicons obtained from each begomovirus specific primer 

were purified from the agarose gel using Wizard® SV Gel and PCR clean-up kit (Promega 

Corporation) following the manufacturer’s protocol. 

a) Dissolving gel slice 

       The DNA band containing portion of the gel was excised and placed in a 2 ml 

microcentrifuge tube. The weight of the gel was recorded. Equal amount of Membrane Binding 

Solution (10 µl of Membrane Binding Solution for 10 mg of gel slice) was then added and 
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vortexed and then incubated at 60°C with intermittent shaking until the gel slice dissolved 

completely. 

b) Purification of DNA 

       The dissolved gel mixture was transferred to a minicolumn (upto 800 µl at once) 

provided by the company and incubated at room temperature for one minute. The column was 

centrifuged in a tabletop centrifuge at 14000 rpm for 1 min at room temperature. The flow 

through collected at the bottom of the collection tube was discarded and column was placed 

back. 700 µl of Membrane Wash Solution (diluted with 95% ethanol) was then added and 

centrifuged at 14000 rpm for 1 min at room temperature. The flow through was discarded again. 

This washing step was repeated using 500 µl Membrane Wash Solution. One empty spin was 

given at 14000 rpm for 1 min to remove any residual ethanol present in the column filter. The 

column was then placed in fresh autoclaved 1.5 ml Eppendorf tube and 25 µl of Nuclease-Free 

Water (pre-warmed at 700C for 5 minutes) was added to the column and incubated for 1 minute 

at room temperature. This was then centrifuged at 14000 rpm for 1 minute at room temperature. 

The last step was repeated with 25 µl of Nuclease-Free Water. The column was then thrown 

and the tube containing the purified DNA was stored at -200C for further use. 

3.9. Sequencing of PCR amplified DNA 

 The gel purified PCR amplicons were then sent for sequencing using the forward 

primer for the corresponding begomovirus. Sanger sequencing was done using Applied 

BiosystemsTM 3730 DNA Analyzer.  

3.10. Analysis of sequences 

The nucleotide sequences of PCR amplicons were then used for NCBI nucleotide 

BLAST analysis to find their related sequences and those sequences were used for ClustalW 

multiple sequence alignment using BioEdit 7.2 software (Hall, 1999). The alignment data and 

sequence identity matrix were recorded.  

3.11. Cloning of viral genome 

 Complete genome of begomoviruses detected in tomato genotype ToLCD Tol-7 and 

ToLCD Tol-1 were cloned using pUC18 cloning vector (Fig 5). 

3.11.1. Rolling circle amplification (RCA) 

 RCA is used to amplify any circular DNA molecule. For performing RCA of 

begomovirus genome, 3 µl of TNA sample from genotype ToLCD Tol-7 and ToLCD Tol-1 

was mixed separately with 1 µl of exo-resistant random primer (500 µM, 1.1 µg/µl), 2 µl of 

10X reaction buffer and 10.2 µl of nuclease free water. The reaction mixture was incubated at 

95°C for 5 min and then immediately chilled on ice for 2 min. After that, 2 µl of 10 mM dNTP 
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mix, 1.6 µl of phi-29 DNA polymerase (10 U/µl) and 0.2 µl of inorganic pyrophosphatase (0.1 

U/µl) were to the reaction mixture and incubated at 30°C for 18 hrs for amplification. The 

amplification reaction was then stopped by heating it at 65°C for 10 min. Amplification of viral 

genome was confirmed by agarose gel electrophoresis of the RCA product. The RCA product 

was stored at 4°C for further use.   

 

Components of rolling circle amplification 

Reagents  Working volume (µl) 

Template 3 

Exo-resistant random primer (1.1 µg/µl) 1 

10X buffer 2 

dNTPs (10 mM) 2 

phi-29 DNA polymerase (10 U/µl) 1.6 

Pyrophosphatase, inorganic (0.1 U/µl)  0.2 

Nuclease free water 10.2 

Total  20 
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3.11.2. Restriction digestion of RCA amplified product and vector 

pUC18 cloning vector (2686 bp, Thermo Fisher Scientific) was used as the vector for 

cloning the viral genome. Restriction enzyme BamHI was used to linearize and to produce 

steaky ends with 5’ overhang in both RCA amplified insert DNA and vector. For restriction 

digestion of RCA amplified product, 3 µl of RCA product was mixed with 2 µl of 10X 

FastDigest® buffer, 1 µl of FastDigest® BamHI enzyme (Thermo Fisher Scientific, 10 U/µl) 

and 14 µl of nuclease free water. The reaction mixture was incubated at 37°C for 30 min for 

the enzyme to work. For restriction digestion of vector, 2 µl of pUC18 vector (0.5 µg/µl) was 

mixed with 1 µl of FastDigest® BamHI, 1 µl of alkaline phosphatase (FastAP, 1 U/µl), 2 µl 

10X FastDigest® buffer and 14 µl of nuclease free water. After incubation, the digested product 

was visualized by 0.5% agarose gel electrophoresis followed by UV transillumination.    

Recipe for restriction digestion of RCA amplified product 

 

Recipe for restriction digestion of pUC18 vector 

Reagents Working volume (µl) 

pUC18 vector (0.5 µg/µl) 3 

FastDigest® BamHI (10 U/µl) 2 

FastAP (1 U/µl) 1 

10X FastDigest® buffer 1 

Nuclease free water 13 

Total  20 

3.11.3. Purification of linearized RCA product and pUC18 vector 

The BamHI digested linearized RCA products and pUC18 vector were then purified 

from agarose gel following the same procedure described earlier (section 3.8). 

3.11.4. Ligation of linearized viral genome with pUC18 vector 

The purified linearized RCA products were ligated with linearized pUC18 vector by 

mixing the following reagents and keeping it at 4°C overnight. 

Reagents Working volume (µl) 

RCA amplified product 3 

FastDigest® BamHI (10 U/µl) 2 

10X FastDigest® buffer 1 

Nuclease free water 14 

Total  20 
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Composition of ligation reaction mixture 

Reagents  Working volume (µl) 

Linearized pUC18 vector (~50 ng/µl) 1.0 

Linearized RCA product (~25 ng/µl) 7.5 

T4 ligase (1 FDU/µl) 0.5 

10X T4 ligase buffer 1.0 

Total  10.0 

3.11.5. Preparation of competent cells of Escherichia coli strain DH5α 

CaCl2 method was followed to prepare the competent cells of E. coli DH5α strain 

(Mandel and Higa, 1970). A single colony was picked from the streaked plate of E. coli DH5α 

strain and inoculated in a glass vial having 5 ml sterile Luria-Bertani broth (LB) medium. The 

bacterial culture was then incubated for overnight in a shaker incubator at 37°C (Lab Shaker, 

Adolf Kuhner AG, Schweiz) with 200 rpm. 1ml bacterial culture from the overnight grown 

culture was taken and inoculated in a conical flask containing 50ml of LB. The culture was then 

incubated at 37°C in an incubator shaker with 200 rpm for about one and half hour until the 

O.D600 value of 0.6-0.8 was obtained. Then the bacterial culture was distributed equally in two 

50 ml sterilized, ice-cold Oakridge tubes (25 ml each) under aseptic condition of laminar air 

flow. The cultures were then kept on ice for 10-15 minutes followed by centrifugation for 10 

minutes at 4100 rpm at 4°C. The supernatant was discarded and traces of LB media was drained 

away by keeping the tubes in an inverted position in a stand on a pad of tissue paper. 12 ml of 

0.1M MgCl2 and 3ml of 0.1M CaCl2 were taken in a falcon centrifuge tube and mixed.  7.5 ml 

of the mixture was transferred into each Oakridge tube containing bacterial pellet. The pellet 

was suspended through vortexing and the suspension was re-centrifuged at 4100 rpm for 10 

minutes at 4°C. Supernatant was discarded and the pellet was dissolved in a mixture containing 

500 µl of 0.1 M CaCl2 and 500 µl of 50% glycerol, by gentle pipetting. Then the solution was 

equally divided into 1.5 ml micro centrifuge tubes with 100 µl in each tube and subjected to 

instant freezing by keeping in liquid nitrogen (-196°C) for about five minutes and then stored 

at -80°C. 

3.11.6. Transformation of recombinant plasmid into E. coli DH5α strain 

Heat-shock method was followed to transform E. coli DH5α cells with recombinant 

pUC18 vector. The ligation products (10 µl) were added to 100 µl aliquot of E. coli DH5α 

competent cells, mixed lightly and incubated in ice for 30 minutes in laminar air flow chamber. 

Then heat-shock was given to the mixture at 420C for 50 seconds followed by keeping in ice 

for 30 seconds and again at 420C for 30 seconds followed by keeping in ice for 2 minutes. The 



 

25 

mixture was then kept for 5 minutes at room temperature and 900 µl of LB media was added to 

it. The culture was then incubated at 370C in an incubator shaker with 120 rpm for 1.5 hours. 

After that, transformed bacterial cells were pelletized by centrifugation at 8000 rpm for 2 

minutes at room temperature. 900 µl of supernatant was discarded and the pellet was 

resuspended in remaining 100 Luria-Bertani broth (LB) media. The suspension was then 

carefully spread on Luria-Bertani agar (LA) plate containing Ampicillin (100 mg /ml stock 

conc.) as selection antibiotic. The plate was incubated overnight at 370C in an incubator. Master 

plate (having Ampicillin @ 100 mg /ml as selection) was prepared from overnight grown single 

colonies and incubated overnight at 370C. In this way, two recombinant clones, TY-6 (from 

ToLCD Tol-7) and Ty-4A (from ToLCD Tol-1), were obtained.  

3.11.7. Confirmation of transformed colonies by colony PCR and restriction digestion of 

isolated plasmids 

Recombinant colonies from Ty-6 and Ty-4A clones were confirmed by colony PCR 

using Croton yellow vein mosaic virus (CYVMV) specific and universal begomovirus primers, 

respectively (Table 4). The recipe for PCR reaction mixture and the temperature profiles are 

mentioned earlier. The PCR amplified products were analyzed by 1% agarose gel 

electrophoresis followed by visualization through UV transilluminator. The clones were further 

confirmed by restriction digestion of isolated plasmids from the confirmed colonies using 

BamHI and BglI enzymes followed by agarose gel (0.8%) electrophoresis of restriction digested 

products and UV transillumination. By this, two confirmed clones Ty-6.1 and Ty-4A.2 were 

obtained. 

Recipe for restriction digestion of isolated plasmid 

Reagents Working volume (µl) 

Plasmid (~50 ng/µl) 3 

FastDigest® BamHI (10U/ µl) 1 

FastDigest® BglI (10U/ µl) 1 

10X FastDigest® buffer 2 

Nuclease free water 13 

Total 20 

3.13 Sequencing of clones and sequence analysis 

The confirmed clones, Ty-6.1 and Ty-4A.2 were sequenced following Sanger 

sequencing method accompanied by primer walking using Applied Biosystems 3037 DNA 

analyzer. After initial sequence editing the assembling using BioEdit Sequence Alignment 

Editor version 7.2 (Hall, 1999), the ORFs of the assembled complete genome of the 
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begomoviruses were predicted through NCBI ORF Finder 

(https://www.ncbi.nlm.nih.gov/orffinder/) and the position of the ORFs were mapped into the 

respective genome of the begomoviruses from both the clones using SnapGene Viewer version 

5.3.1 (from Insightful Science; available at snapgene.com) tool. The amino acid sequence of 

the predicted ORFs were deduced through ExPasy Translate server 

(https://web.expasy.org/translate/). Presence of multiple functional motifs in the deduced amino 

acid sequence of the ORFs were predicted using Motif Scan tool (https://myhits.sib.swiss/cgi-

bin/motif_scan). Also, nuclear localization signals within first 60 amino acid region of the 

protein, were predicted using cNLS mapper tool (http://nls-mapper.iab.keio.ac.jp/cgi-

bin/NLS_Mapper_form.cgi) with a cut off score of 3. MEGA-X version 10.2.6 (Kumar et al., 

2018) and BioEdit Sequence Alignment Editor version 7.2 (Hall, 1999) tools were used for 

multiple sequence alignment analysis of both the clone sequences with other sequences of 

related begomovirus species, retrieved from NCBI. Pairwise global alignment of these 

sequences was performed through MUSCLE algorithm and a Neighbor-Joining method was 

used in MEGA-X version 10.2.3 tool (Kumar et al., 2018), with 1000 bootstrap replicates to 

identify the phylogenetic relationship of the clone sequences. Phylogenetic conflict analysis 

was also performed using SplitsTree version 4.7.1 tool (Huson and Briyant, 2006) with default 

parameters. Seven different algorithms (RDP, GENECONV, BootScan, MaxChi, Chimera, 

SiScan) integrated in RDP version 4.101 (Martin et al., 2015) tool were used for statistical 

prediction of recombination event in the clone sequences. Arrangement of Rep binding iterons 

as well as other promoter elements were also identified in the intergenic region (IR) of the clone 

sequences using PlantCare tool (Rombauts et al., 1999). 

3.14 Development of partial tandem repeat (PTR) construct 

A partial tandem repeat (PTR) construct of begomovirus clone Ty-6.1 was developed 

(Fig. 6). In the first step, a partial fragment (0.5 kb) of viral genome containing the IR was 

released from pTy-6.1 plasmid using BamHI-SacI digestion and ligated with BamHI-SacI 

digested linearized pCambia2300 binary vector and transformed in E. coli DH5α cells. 

Kanamycin was used as selection antibiotic. The recombinant pCambia2300 was confirmed by 

restriction digestion using BamHI and SacI. In the second step, complete genome of the virus 

(2.7 kb) was released from pTy-6.1 using BamHI-ScaI digestion and ligated with BamHI 

digested linearized recombinant plasmid of pCambia2300 harbouring the partial (0.5 kb) 

fragment of the virus in a tandem orientation and transformed in E. coli DH5α cells to generate 

a 1.2 mer partial tandem repeat construct of begomovirus clone Ty-6.1. The orientation was 

confirmed by restriction digestion using SacI enzyme. 
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Recipe for BamHI- SacI digestion of pTy-6.1 clone 

Reagents (stock conc.) Working volume(µl) 

pTy-6.1 clone (~50 ng/µl) 10 

FastDigest® BamHI (10U/ µl) 1 

FastDigest® SacI(10U/ µl) 1 

10X FastDigest® buffer 3 

Nuclease free water 15 

Total  30 

 

 

Recipe for BamHI- SacI digestion of pCAMBIA2300 

Reagents (stock conc.) Working volume(µl) 

pCAMBIA2300(0.5 µg/µl) 7 

FastDigest® BamHI (10U/ µl) 1 

FastDigest® SacI(10U/ µl) 1 

10X FastDigest® buffer 3 

Nuclease free water 18 

Total  30 
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Recipe for ligation mixture of 0.2-mer partial construct 

Reagents (stock conc.) Working volume(µl) 

BamHI- SacI digested 0.5 kb fragment of pTy-6.1 2  

BamHI- SacI linearized pCambia2300 vector (50 ng/ 3  

T4 DNA ligase (1 FDU/µl) 0.5 

Buffer  0.7 

Nuclease free water 0.8 

Total  7 

 

Recipe for BamHI- SacI digestion of 0.2-mer partial construct 

Reagents (stock conc.) Working volume(µl) 

0.2-mer partial construct (~50 ng/µl) 3 

FastDigest® BamHI (10U/ µl) 0.3 

FastDigest® SacI (10U/ µl) 0.3 

10X Buffer  2 

Nuclease free water 14.4 

Total  20 

   

Recipe for BamHI- ScaI digestion of pTy-6.1 clone 

Reagents (stock conc.) Working volume(µl) 

pTy-6.1 clone (~50 ng/µl) 10 

FastDigest® BamHI (10U/ µl) 1 

FastDigest® ScaI (10U/ µl) 1 

10X Buffer  3 

Nuclease free water 15 

Total  30 

 

Recipe for BamHI digestion of 0.2-mer partial construct 

Reagents (stock conc.) Working volume(µl) 

0.2-mer partial construct (~50 ng/µl) 7 

FastDigest® BamHI (10U/ µl) 1 

FastAP (1 U/µl) 1 

10X Buffer  3 

Nuclease free water 18 

Total  30 
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Recipe for ligation mixture of 1.2-mer PTR construct 

Reagents (stock conc.) Working volume(µl) 

BamHI- ScaI digested 2.7 kb fragment of pTy-6.1 2 

BamHI linearized 0.2-mer partial construct (~50 ng/µl)  1.5 

T4 DNA ligase (1 FDU/µl) 0.5 

Buffer  0.5 

Nuclease free water 0.5 

Total  5 

 

Recipe for SacI digestion of 1.2-mer PTR construct 

Reagents (stock conc.) Working volume(µl) 

1.2-mer PTR construct (~100 ng/µl) 3 

FastDigest® SacI (10U/ µl) 0.5 

Buffer  2 

Nuclease free water 14.5 

Total  20 

 

3.12. Standardization of reverse transcriptase PCR (RT- PCR) for Ty-3 gene 

3.12.1. Isolation of total RNA from leaf samples 

The total RNA was extracted from the tomato leaf samples following TRIzol method. 

0.1 gm of leaf sample was weighed and ground in prechilled mortar and pestle using liquid 

nitrogen till a fine powder was obtained. The powder was transferred to a 2 ml polypropylene 

centrifuge. 1 ml of ice cold TRIzol extraction buffer was added to the tube and mixed well. The 

mixture was centrifuged at 12000 rpm for 10 minutes at room temperature. The supernatant 

was collected in a separate tube and incubated at room temperature for 5 min. 1 ml of TRIzol 

extraction buffer was again added to the supernatant and mixed well by shaking vigorously by 

hand for 15 sec. The mixture was then incubated at 15-300C for 2-3 min followed by 

centrifugation at 12000 rpm for 10 min at room temperature. The colourless upper phase 

obtained after centrifugation was collected in a new tube. Precipitation of RNA was done by 

mixing the colourless solution with 0.5 ml ice cold isopropanol followed by incubating at -200C 

for 30-60 min. after incubation, the mixture was centrifuged at 12000 rpm for 10 minutes at 

40C. The supernatant was discarded carefully and the RNA pellet was washed using 1 ml 75% 

ethanol by centrifuging at 8000 rpm for 5 min at 40C. Excess ethanol was removed and RNA 

pellet was air dried. Finally, the pellet was dissolved into 50 µl nuclease free water and stored 

at 40C for further use. The quality and quantity of RNA was checked by agarose gel (0.8%) 

electrophoresis. 
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3.12.2. Standardization of PCR primers 

A Ty-3 gene specific primer (SCAR1 marker) (Table 5) was standardized for 

confirmation of Ty-3 gene in the tomato genotypes. For that, PCR amplification was carried out 

at 530C, 550C and 560C annealing temperatures. Similarly, a qRT-PCR primer, ACY for Ty-3 

gene was also standardized by PCR amplification at 560C, 570C, 580C annealing temperatures. 

Complete temperature profile of PCR amplification is given below. The PCR amplified 

products were analyzed using 1.5% (for SCAR1) and 2% (for ACY) agarose gel electrophoresis 

followed by gel documentation.  

Temperature profile for primer standardization 

 

 

 

 

 

 

  

 

 

 

 

Name of the primer Sequence (5’-3’) 

SCAR1-F 
SCAR1-R 

GCTCAGCATCACCTGAGACA 
TGCAGGAACAGAATGATAGAAA 

ACY-F 
ACY-R 

CCTTATGATGTCTCGTGAAAGG 
GAAGCACAGATTGAAGAAAACC 

Initial denaturation- 3 min. at 95°C 

Denaturation: 30 sec. at 95°C 

Annealing: 45 sec. at- 

530C, 550C and 560C for SCAR1 

                          560C, 570C, 580C for ACY 

Extension: 30 sec at 72°C  

Final extension: 10 min. at 72°C 

Table 5: List of primers used for standardization of qRT-PCR 
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CHAPTER 4                                                                                              RESULTS 

4.1.      To evaluate the resistance behavoiur of Ty-gene(s) containing donor lines of tomato  

4.1.1.   Disease progression and symptom category in tomato cv. Pusa Ruby for developing a 

scoring scale 

            After inoculation of a pure culture of an isolate of tomato leaf curl New Delhi virus 

(ToLCNDV, MW429271), maintained in susceptible cv. Pusa Ruby, into 20 plants of the same 

cultivar through viruliferous whitefly; symptoms started appearing from 10 dpi. Progression of 

disease development was monitored upto 30 dpi and two distinct symptom phenotypes, viz.  

leaf curl and smalling of leaves were noticed in the leaves of inoculated plants along with 

stunting of the whole plants (Fig. 7). These symptoms appeared exclusively in some plants 

where in some others more than one symptom phenotypes were noticed in different 

combinations. Furthermore, within these symptom phenotypes, different grades were observed 

based on their severity (Fig. 7). Impact of the disease in the fruit numbers was also considered 

for developing a disease severity score.  Based on the severity and their impact on overall 

disease phenotype different grades of symptoms were assigned with numerical values 

mentioned in Table 6.  

The deduced average severity score of a particular genotype was further categorized into 

four response value (RV) category, where response value score of 0, 0.25, 0.5, 0.75 and 1 

represent 0%, >0 to 25%, >25 to 50%, >50 to 75%, >75 to 100% severity score, respectively. 

The response value of individual genotype was multiplied with the percent average disease 

incidence to measure the coefficient of infection (CI), which always presented within 0-100 

scale. The disease reaction categories for individual genotypes were deduced from a standard 

scale as mentioned in materials and method section. 

4.1.2.   Disease phenotyping and scoring of tomato genotypes 

            Evaluation of 17 donor line of tomato and a susceptible check (Pusa Ruby) under field 

condition against leaf curl disease using the developed scoring scale showed that 5 genotypes 

(ToLCD Tol-5, ToLCD Tol-8, ToLCD Tol-12, ToLCD Tol-14, ToLCD Tol-15), all containing 

both Ty-2 and Ty-3 gene, were expressing highly resistant (HR) disease reaction while 6 

genotypes (ToLCD Tol-1, ToLCD Tol-4, ToLCD Tol-9, ToLCD Tol-11, ToLCD Tol-6, 

ToLCD Tol-16) showed moderate resistance (MR), 4 genotypes (ToLCD Tol-3, ToLCD Tol-

10, ToLCD Tol-17, ToLCD Tol-13) showed moderate susceptibility (MS) and ToLCD Tol-1, 

ToLCD Tol-2, Pusa Ruby showed resistant (R), susceptible (S) and highly susceptible (HS) 

disease reaction, respectively (Table 7). The complete data of field evaluation of tomato 

genotypes is shown in Table 8.  



32 

 



33 

Table 6: List of parameters used for scoring of tomato leaf curl disease and corresponding 

numerical values assigned to them for development of a quantitative scoring scale 

 

Table 7: Field response of tomato genotypes against leaf curl disease 

Tomato genotypes Disease reaction under 

field condition 

ToLCD Tol-5 (Ty-2+Ty-3), ToLCD Tol-8(Ty-2+Ty-3), 

ToLCD Tol-12(Ty-2+Ty-3), ToLCD Tol-14(Ty-2+Ty-3), 

ToLCD Tol-15(Ty-2+Ty-3) 

Highly resistant (HR) 

ToLCD Tol-7 (Ty-3a) Resistant (R) 

ToLCD Tol-1 (Ty-3), ToLCD Tol-4 (Ty-2+Ty-3a), ToLCD 

Tol-9 (Ty-2+Ty-3), ToLCD Tol-11(Ty-2+Ty-3), ToLCD 

Tol-6 (Ty-5+Ty-6), ToLCD Tol-16(Ty-2+Ty-3) 

Moderately resistant (MR) 

ToLCD Tol-3 (Ty-1), ToLCD Tol-10 (Ty-5), ToLCD Tol-

17 (Ty-2+Ty-3), ToLCD Tol-13 (Ty-2+Ty-3)  

Moderately susceptible 

(MS) 

ToLCD Tol-2 (Ty-2) Susceptible (S) 

Pusa Ruby (susceptible check) Highly susceptible (HS) 

Parameters Categories Values 

(A) Leaf curl No curling 0 

 Slight curling 5 

 Moderate curling 10 

 Severe curling 15 

(B) Smalling of leaves No smalling 0 

 Slight smalling 5 

 Moderate smalling 10 

 Severe smalling 15 

(C) Stunting No stunting 0 

 Up to 25% 10 

 26-50% 20 

 51-75% 25 

 >75%  30 

(D) No. of fruits No reduction 0 

 Up to 25% reduction 10 

 26-50% reduction  20 

 51-75% reduction 30 

 >75% reduction 40 
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4.1.3.  Confirmation of resistance of three highly resistant genotypes through viruliferous 

whitefly inoculation 

Resistance of three tomato genotypes viz. ToLCD Tol-5, ToLCD Tol-15 and ToLCD 

Tol-14 with highly resistant (HR) disease response as evaluated under field were further 

evaluated for confirmation of their resistance along with the susceptible check cv. Pusa Ruby 

in the glasshouse through viruliferous whitefly carrying ToLCNDV. After 10 dpi with plants 

of cv. Pusa Ruby started showing typical leaf curl symptom. But, all other plants of resistant 

genotypes did not show any symptom. Even after 20 dpi when all the plants of Pusa Ruby 

variety were showing severe leaf curl symptom due to ToLCNDV infection, plants of resistant 

genotypes remained free from any symptom (Fig. 8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8: Tomato leaf curl symptom phenotype of selected tomato 

genotypes upon inoculation with ToLCNDV using whitefly. 
(DPI: Days Post Inoculation) 
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4.2. Indexing the naturally occurring Begomovirus species infecting different Ty-

gene(s) containing donor lines of tomato 

4.2.1. Presence of begomovirus particles in the majority of the samples tested as revealed by 

transmission electron microscopy 

            Transmission electron microscopy (TEM) of 20 randomly collected leaf samples 

showed geminate particle (~30x20 nm) in 12 samples, both geminate particle (~30x20 nm) and 

flexuous particle (~700x11 nm) in 3 samples, and only flexuous particle (~700x11 nm) in 3 

samples. 

4.2.2.   Mixed infection of different begomoviruses in the genotypes under study as revealed 

through PCR amplification with specific primers for begomoviruses  

 Total nucleic acid (TNA) was isolated separately from 5 leaf samples collected from 

each genotype. Equal amount of these 5 TNA samples were mixed to make a pooled TNA 

sample. Thus, 18 pooled TNA sample ware made for 18 tomato genotypes and used as 

templates in PCR analysis. Quantity and quality of the TNA samples were analyzed with both 

agarose gel (0.8%) electrophoresis (Fig. 10) as well as NanoDrop spectrophotometer. PCR 

amplification using Begomovirus genus specific primer yielded amplicon in 17 tomato 

genotypes. Only one genotype, ToLCD Tol-15, did not give amplification with this primer. 

ToLCNDV specific primer showed amplification only in 7 tomato genotypes. On the other 

hand, the primer specific to CYVMV, gave expected amplification in 13 genotypes. Similarly, 

the primers specific to ToLCPalV, ToLCGuV, ToLCJoV, and ChiLCV gave expected 

amplification in 11, 08, 02 and 04 genotypes, respectively (Fig. 11). ToLCBaV specific primer 

did not give amplification in any sample (Table 9). Presence of more than one begomovirus 

was detected in most of the genotypes (Table 10 and 11), with the maximum 6 numbers in the 

pooled TNA isolated from ToLCD Tol-10. Interestingly, a genotype ToLCD Tol-1, which was 

tested positive for begomovirus infection (gave amplification with universal begomovirus 

primer primer), did not yield any amplicon with any of the species specific primers used in the 

study.

Fig. 9: Representative transmission electron micrograph using 2% uranyl acetate (negative 
stain) of infected leaf samples under 80000X magnification showing presence of – 
(a)  Geminate particle (~30 x 20 nm)  
(b)  Flexuous particle (~700 x 11 nm) 
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  Fig. 10: Agarose gel (0.8%) electrophoresis of total nucleic acid (TNA) isolated from leaf 
samples (symptomatic and asymptomatic) of 17 tomato genotypes with Ty- genes 
and a susceptible cultivar (Pusa Ruby) (5 samples from each genotype) 

  
           Lane 1: ToLCD Tol-1; Lane 2: ToLCD Tol-2; Lane 3: ToLCD Tol-3; Lane 4: 

ToLCD Tol-4; Lane 5: ToLCD Tol-5; Lane 6: ToLCD Tol-6; Lane 7: ToLCD Tol-
7; Lane 8: ToLCD Tol-8; Lane 9: ToLCD Tol-9; Lane 10: ToLCD Tol-10; Lane 
11: ToLCD Tol-11; Lane 12: Pusa Ruby; Lane 13: ToLCD Tol-12; Lane 14: 
ToLCD Tol-13; Lane 15: ToLCD Tol-14; Lane 16: ToLCD Tol-15; Lane 17: 
ToLCD Tol-16; Lane 18: ToLCD Tol-17 
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Fig. 11: Agarose gel (1%) electrophoresis of PCR amplified products using pooled total nucleic 
acid of different leaf samples from individual genotype as template and a- 
(a) universal begomovirus genome (DNA-A/homolog) specific primer, which 

amplified ca. 500 bp amplicon 
(b) ToLCNDV specific primer, which amplified ca. 700 bp amplicon 
(c) ToLCPalV specific primer, which amplified ca. 600 bp amplicon 
(d) ToLCGuV specific primer, which amplified ca. 400 bp amplicon 
(e) ToLCJoV specific primer, which amplified ca. 600 bp amplicon 
(f) ChiLCV specific primer, which amplified ca. 400 bp amplicon 
(g) CYVMV specific primer, which amplified ca. 500 bp amplicon 

 
M: Molecular weight marker (100 bp plus DNA ladder) 
+: Positive control 
H: Negative control using total nucleic acid from healthy plant as template 
B: Reagent control without template DNA 
Lane 1 to 18: PCR amplified product obtained using pooled TNA from 18 tomato as 
template genotypes. Lane 1: ToLCD Tol-1; Lane 2: ToLCD Tol-2; Lane 3: ToLCD Tol-
3; Lane 4: ToLCD Tol-4; Lane 5: ToLCD Tol-4; Lane 6: ToLCD Tol-6; Lane 7: ToLCD 
Tol-7; Lane 8: ToLCD Tol-8; Lane 9: ToLCD Tol-9; Lane 10: ToLCD Tol-10; Lane 11: 
ToLCD Tol-11; Lane 12: Pusa Ruby; Lane 13: ToLCD Tol-12; Lane 14: ToLCD Tol-
13; Lane 15: ToLCD Tol-14; Lane 16: ToLCD Tol-15; Lane 17: ToLCD Tol-16; Lane 
18: ToLCD Tol-17 
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Name of the virus No. of PCR positive genotypes (out of 18) 

Begomovirus 17 
Tomato leaf curl New Delhi virus (ToLCNDV) 7 
Tomato leaf curl Palampur virus (ToLCPalV) 11 
Tomato leaf curl Gujarat virus (ToLCGuV) 8 
Tomato leaf curl Joydebpur virus (ToLCJoV) 2 
Tomato leaf curl Bangalore virus (ToLCBaV) 0 
Chilli leaf curl virus (ChiLCV) 4 
Croton yellow vein mosaic virus (CYVMV) 13 

No. of begomovirus(es) 

detected 
No. of positive 

genotypes 
Name of the genotypes 

1 3 ToLCD Tol-7, ToLCD Tol-8, ToLCD 

Tol-13 
2 5 ToLCD Tol-2, ToLCD Tol-11, ToLCD 

Tol-12, ToLCD Tol-14, ToLCD Tol-17 
3 3 Pusa Ruby, ToLCD Tol-5, ToLCD Tol-16 
4 3 ToLCD Tol-4, ToLCD Tol-6, ToLCD 

Tol-9 
5 1 ToLCD Tol-3 
6 1 ToLCD Tol-10 

Table 9: Association of different begomoviruses with tomato genotypes under study as revealed by 
PCR amplification using specific primers 

Table 10: Number of begomovirus(es) detected in different tomato genotypes 
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4.2.3. Sequencing of PCR amplified DNA and sequence analysis confirmed the identity of 

the begomovirus species 

            Sequencing, followed by sequence analysis (pairwise sequence analysis using 

ClustalW) of representative PCR amplicons obtained using different begomovirus species 

specific primers showed >96% sequence identity with the reference sequences of the respective 

begomoviruses retrieved from NCBI (Fig. 12 to Fig. 16), except the ChiLCV specific primers 

whose amplified product showed more sequence identity with ToLCKV, (94%) than ChiLCV 

(88.4%) (Fig. 17).  

 

 

 

Viruses in single or mixed infection No. of 

genotypes 
Name of the 

genotypes 

ToLCNDV+ToLCPalV+ToLCGuV+ToLCJoV+ChiLCV+CYVMV 1 ToLCD Tol-10 
ToLCNDV+ToLCPalV+ToLCGuV+ToLCJoV+CYVMV 1 ToLCD Tol-3 
ToLCNDV+ToLCPalV+ToLCGuV+ChiLCV 1 ToLCD Tol-4 
ToLCNDV+ToLCPalV+ToLCGuV+CYVMV 1 ToLCD Tol-9 
ToLCPalV+ToLCGuV+ChiLCV+CYVMV 1 ToLCD Tol-6 
ToLCNDV+ToLCPalV+CYVMV 1 ToLCD Tol-16 
ToLCNDV+ToLCGuV+CYVMV 1 Pusa Ruby 
ToLCPalV+ToLCGuV+CYVMV 1 ToLCD Tol-5 
ToLCNDV+ToLCPalV 1 ToLCD Tol-12 
ToLCPalV+CYVMV 3 ToLCD Tol-2 

ToLCD Tol-14 

ToLCD Tol-17 
ToLCGuV+CYVMV 1 ToLCD Tol-11 
CYVMV 2 ToLCD Tol-7 

ToLCD Tol-8 
ChiLCV 1 ToLCD Tol-13 

Table 11: Details of mixed infection by begomoviruses in different tomato genotypes  
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4.2.4.     Characterization of complete genome of begomoviruses 

4.2.4.1. Cloning of the begomovirus genome 

              Indexing of naturally occurring begomoviruses in different Ty-gene containing donor 

lines of tomato highlighted two interesting findings. First, CYVMV was detected in maximum 

number of genotypes and second, genotype ToLCD Tol-1 was positive for presence of 

begomovirus but it did not give amplification with any of the begomovirus species specific 

primers tested. Simultaneously, two questions also arose with these findings. First, whether it 

was really the weed infecting CYVMV? and second, which begomovirus is actually present in 

ToLCD Tol-1 genotype? Complete genome characterization of this two begomoviruses was 

needed to answer the questions. 

 RCA generated high molecular weight concatemeric DNA obtained from TNA of 

infected ToLCD Tol-7 and ToLCD Tol-1 (Fig. 18) yielded ca. 2.7 kb linearized fragments upon 

digestion with BamHI (Fig. 19). The linearized RCA products were ligated to the BamHI 

digested pUC18 vector and transformed into E. coli DH5α cells to obtain recombinant clone 

Ty-6 (from ToLCD Tol-7) and Ty-4A (from ToLCD Tol-1).  Recombinant colonies were 

confirmed by colony PCR using CYVMV specific primer (for clone Ty-6) and universal 

begomovirus primer (for clone Ty-4A) (Fig. 20), followed by restriction digestion of isolated 

recombinant plasmids using BamHI and BglI (Fig. 21). Begomovirus genome in Ty-6.1 colony 

has no BglI site but Ty-4A.2 has one BglI site as evidenced by releasing out extra DNA 

fragment. Two confirmed recombinant plasmids i.e. Ty-6.1 and Ty-4A.2 were sequenced 

through commercial facility. 

 

Fig. 18: Agarose gel (0.8%) electrophoresis of amplified product from rolling circle 
amplification (RCA) using total nucleic acid from ToLCD Tol-7 and ToLCD 
Tol-1 genotypes as template 
 
M: Molecular weight marker (100 bp plus DNA ladder) 
Lane 1: RCA product obtained from TNA of ToLCD Tol-7 genotype 
Lane 2: RCA product obtained from TNA of ToLCD Tol-1 genotype 
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Fig. 19:  Agarose gel (0.8%) electrophoresis of linearized RCA product and pUC18 vector after 
BamHI digestion 
M: Molecular weight marker (100 bp plus DNA marker) 
Lane 1: BamHI digested RCA product obtained from ToLCD Tol-7 genotype yielding 

begomovirus genome specific amplicon (~2.7 kb) 
Lane 2: BamHI digested RCA product obtained from ToLCD Tol-1 genotype yielding 

begomovirus genome specific amplicon (~2.7 kb) 
Lane  V: BamHI digested linearized pUC18 vector (~2.7 kb) 

Fig. 20: Agarose gel (1%) electrophoresis of colony PCR amplified products of E. coli 
DH5α recombinant colonies transformed with Ty-6 and Ty-4A recombinant 
plasmids 
M   : Molecular weight marker (100 bp plus DNA marker) 
+ve : Positive control using known plasmid 
-ve  : Negative control (reagent control) 
Lane 1 to 10: PCR products using CYVMV specific primer (a) and universal 

Fig. 21: Agarose gel electrophoresis of recombinant plasmid Ty-6.1 and Ty-4A.2 digested 
with BamHI and BglI restriction enzyme  
M : Molecular weight marker (1 kb DNA ladder) 
Lane 1   : Recombinant plasmid with CYVMV clone Ty-6.1 
Lane 2   : Recombinant plasmid with unknown begomovirus clone Ty-4A.2 



45 

4.2.4.2. Sequence analysis of recombinant plasmid Ty-6.1 and Ty-4A.2  

(a) Construction of complete genome map  

Sequence of begomoviruses in the recombinant plasmid Ty-6.1 and Ty-4A.2 were 2765 

bp and 2760 bp, respectively. Construction of complete genome map of both the clones using 

SnapGene Viewer tool version 5.3.1 showed presence of all six typical begomovirus specific 

ORFs (Fig 22 and 23).  
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(b) Prediction of functional motifs in amino acid sequences of different ORFs 

            Presence of different functional motifs and patterns were detected in the amino acid 

sequence of all the ORFs in both begomovirus clone Ty-6.1 (Table 12) and Ty-4A.2 (Table 

13), using Motif scan tool. Kinase motifs were found in all proteins which indicated the 

involvement of these proteins in signal transduction pathway and they can be activated by 

phosphorylation and also can activate other proteins through phosphorylation. Amino acid 

sequence of C1 protein showed presence of both ATP-binding motif and ATPase motif which 

are required for nicking and ligation of origin of replication of the viral genome. 

 

 

 

 

 

 

 

Table 12: List of functional motifs identified in amino acid sequence of different ORFs in 
begomovirus clone Ty-6.1 (identified by Motif Scan tool) 
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(c)        Prediction of Nuclear localization signal (NLS)  

            cNLS Mapper tool predicted nuclear localization signal (NLS) with cut-off value 3.0 

within first 60 amino acid region of V1, C1 and C2 proteins of both the clones (Table 14). 

 

 

 

 

Table 13: List of functional motifs identified in amino acid sequence of different ORFs in 
begomovirus clone Ty-4A.2 (identified by Motif Scan tool) 
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(d)        Multiple sequence alignment 

            Multiple sequence alignment analysis followed by development of sequence identity 

matrix of begomovirus clone Ty-6.1 sequence with 29 other sequences of related begomovirus 

species, retrieved from NCBI, revealed that the complete nucleotide sequence of begomovirus 

in clone Ty-6.1 was showing maximum 89.7% sequence identity with Tobacco curly shoot 

virus (TbCSV) isolate (Acc. No- KM383754) and only 87.5% sequence identity with Croton 

yellow vein mosaic virus (CYVMV) isolate (Acc. No- FN645898) which is quite less than the 

ICTV approved species demarcation criteria of bgomoviruses (91%). Considering this, 

begomovirus clone Ty-6.1 was proposed to be a new species of begomovirus and named as 

Tomato leaf curl Ty Pusa virus clone Ty-6.1 (ToLCTyPV clone Ty-6.1) according to its place 

of identification (Pusa, New Delhi) and source (Ty resistance gene containing tomato line). 

Similarly, multiple sequence alignments were done for both nucleotide and amino acid 

sequences of individual ORF. It revealed that ORF V1, V2, C2 and right intergenic region 

(right-IR) of ToLCTyPV were showing maximum sequence identity with CYVMV isolates, 

ORF C3 was showing maximum sequence identity with Papaya leaf curl virus (PaLCuV) 

isolate and ORF C1, C4 and left intergenic region (left-IR) were showing maximum sequence 

identity with TbCSV isolates (89.7%) (Table 15). 

                The sequence of begomovirus in clone Ty-4A.2 revealed that the complete nucleotide 

sequence as well as individual ORF (nucleotide and amino acid) and IR sequence of 

begomovirus in clone Ty-4A.2 were showing >99% sequence identity with isolates of Tomato 

leaf curl Karnataka virus (ToLCKV) (Table 16). So, the begomovirus in clone Ty-4A.2 was 

believed to be an isolate of ToLCKV and named as Tomato leaf curl Karnataka virus clone Ty-

4A.2 (ToLCKV clone Ty-4A.2). 

Table 14: Identification of nuclear localization signal (NLS) in different ORFs of 
begomovirus clone Ty-6.1 and Ty-4A.2 (identified by cNLS Mapper tool) 
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Table 15: Sequence identity of the complete genome, different ORFs at nucleotide (Nt) and amino acid (aa) level and intergenic region of begomovirus 

clone Ty-6.1 with other related begomoviruses (analyzed by MEGA-X version 10.2.6 and BioEdit version 7.2) (value in bold indicates highest 
value)  
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Table 16: Sequence identity of the complete genome, different ORFs at nucleotide (Nt) and amino acid (aa) level and intergenic region of begomovirus 
clone Ty-4A.2 with other related begomoviruses (analyzed by MEGA-X version 10.2.6 and BioEdit version 7.2) (value in bold indicates highest 
value)  
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                Complete genome sequence of both ToLCTyPV clone Ty-6.1 and ToLCKV clone 

Ty-4A.2 were submitted to NCBI and accession number of MZ578457 and MZ578458 were 

obtained, respectively.  

(e)        Phylogenetic analysis 

            In phylogenetic analysis using Neighbor-Joining method in MEGA-X version 10.2.3 

tool, with 1000 bootstrap replicates, Tomato leaf curl Ty Pusa virus clone Ty-6.1 (ToLCTyPV-

Ty-6.1) appeared as a separate branch from other related begomoviruses (Fig. 24). But, Tomato 

leaf curl Karnataka virus clone Ty-4A.2 (ToLCKV-Ty-4A.2) appeared in the same clade along 

with other ToLCKV isolates (Fig. 25). As, ToLCTyPV clone Ty-6.1 appeared as a distinct 

branch in phylogenetic tree and different ORFs of the virus was showing maximum sequence 

identity with different viruses, possibility of phylogenetic conflict was suspected. Phylogenetic 

conflict analysis using Neighbor-Net analysis in SplitsTree version 4.7.1 tool showed Tomato 

leaf curl Ty Pusa virus clone Ty-6.1 as a completely separated out group from other related 

begomoviruses. Also, presence of rectangular boxes at the base of ToLCTyPV-Ty-6.1 branch 

clearly evidenced the phylogenetic conflict in ToLCTyPV clone Ty-6.1 sequence (Fig. 26). As, 

recombination is believed to be the primary reason for phylogenetic conflict, Phi-test analysis 

was done that found statistically significant evidence of recombination (p=0). 

Fig. 24: Phylogenetic relationship of Tomato leaf curl Ty Pusa virus clone Ty-6.1 with other 
related begomoviruses infecting tomato in India. The dendrogram was constructed 
using Neighbor-Joining method in MEGA-X. A bootstrap analysis with 1000 
replicates was performed. Present isolate of the virus was marked by black arrow.  
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Fig. 25: Phylogenetic relationship of Tomato leaf curl Karnataka C clone 4A.2 with other related 
begomoviruses infecting tomato in India. The dendrogram was constructed using 
Neighbor-Joining method in MEGA-X. A bootstrap analysis with 1000 replicated was 
performed. Present isolate of the virus was marked in black arrow.  

Fig 26: Phylogenetic conflict analysis using SplitsTree version 4.7.1 tool showing phylogenetic 
conflict in ToLCTyPV clone Ty-6.1 sequence (marked in black box)   



53 

(f)        Recombination analysis 

           Probable occurrence of recombination in the genome of Tomato leaf curl Ty Pusa virus 

clone Ty-6.1 was further confirmed by analyzing with default parameters of RDP version 4.101 

tool, which revealed two recombination breakpoints at 1836 bp and 2709 bp in ToLCTyPV 

clone Ty-6.1 genome enclosing major portion of ORF-C1, complete ORF-C4 and part of left 

intergenic region (left-IR) (Fig 27). All the seven methods used in RDP4.101 tool (RDP, 

GENECONV, BootScan, MaxChi, Chimera, SiScan, 3Seq) detected statistically significant 

recombination event between these two points with average p-value of 1.166x10-46, 7.750x10-

51, 2.228x10-44, 4.174x10-28, 1.227x10-31, 1.190x10-45, 3.637x10-13, respectively. They also 

predicted Tomato leaf curl Ty Pusa virus clone Ty-6.1 as a daughter of interspecific 

recombination between Croton yellow vein mosaic virus (CYVMV, Acc. no. JN663850) as 

major parent and Tobacco curly shoot virus (TbCSV, Acc. no. KM383754) as minor parent 

(Table 17). 

 
Table 17: Recombination analysis of Tomato leaf curl Ty Pusa virus clone Ty-6.1 using 

RDP4.101 showing interspecific recombination between Croton yellow vein 
mosaic virus (CYVMV) as major parent and Tobacco curly shoot virus (TbCSV) 
as minor parent 

Breakpoints Position 
in 

genome 

Avg. p-value of the recombination 
event 

Major 
parent 

Minor 
parent 

1836, 2709 C1, C4, 
left-IR 

RDP (1.166x10-46), GENECONV 
(7.750x10-51), BootScan (2.228x10-

44), MaxChi (4.174x10-28), Chimera 
(1.227x10-31), SiScan (1.190x10-45),  
3Seq (3.637x10-13) 

JN663850_ 
CYVMV-
Bhubaneswar 

KM383754_ 
TbCSV-CN-
BD-Raj 

 

Fig. 27: Contribution of major and minor parents of Tomato leaf curl Ty Pusa virus 
clone Ty-6.1 displaying corresponding nucleotide sequence identities and 
recombination breakpoint as deduced from RDP analysis 
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(g)      Analysis of intergenic region 

          Sequence analysis as well as recombination analysis showed that replication initiator 

protein (Rep) of ToLCTyPV clone Ty-6.1 is closely related with Rep of Tobacco curly shoot 

virus (TbCSV). So, the positions of Rep binding iterons in the sequence of ToLCTyPV clone 

Ty-6.1 must be similar to that of TbCSV for effective binding of Rep to the origin of replication 

of the viral genome. Critical analysis of intergenic regions of ToLCTyPV clone Ty-6.1, 

TbCSV, CYVMV and ToLCKV clone Ty-4A.2 revealed that, arrangement of iterons and all 

the promoter elements of ToLCTyPV clone Ty-6.1 is same to that of TbCSV but different from 

that of CYVMV, ToLCKV clone Ty-4A.2 (Fig. 28).  

  

Fig. 28: Location of Replication initiator protein (Rep) binding iterons and different cis- acting 
regulatory elements in the intergenic region of (a) ToLCTyPV clone Ty-6.1 
(recombinant), (b) KM383754_TbCSV (minor parent of ToLCTyPV clone Ty-6.1) 
and (c) JN6638_CYVMV (major parent of ToLCTyPV clone Ty-6.1) and (d) 
ToLCKV clone Ty-4A.2 genome 

           Green markings indicate Rep binding iterons; Yellow markings indicate TATA box; 
Blue markings indicate CAAT boxes; Arrows indicate orientation of the sequence 
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(h)      Development of partial tandem repeat (PTR) construct  

           Sequence analysis of Tomato leaf curl Ty Pusa virus clone Ty-6.1 indicated it as a 

recombinant begomovirus. For confirming its infectivity, a partial tandem repeat (PTR) 

construct of ToLCTyPV clone Ty-6.1 was developed. ~0.5 kb fragment of viral genome 

containing the IR was ligated with linearized pCambia2300 binary vector BamHI-SacI 

digestion (Fig. 29). Restriction digestion using of recombinant pCambia2300 BamHI and SacI 

yielded ~0.5 kb DNA fragment (Fig. 30). Restriction digestion of pTy-6.1 using BamHI-ScaI 

separated the complete viral genome of ~2.7 kb (Fig. 31) which was ligated with BamHI 

digested linearized recombinant plasmid of pCambia2300 harbouring the partial (~0.5 kb) 

fragment of the virus in a tandem orientation to generate a 1.2-mer partial tandem repeat 

construct of ToLCTyPV clone Ty-6.1. Restriction digestion of 1.2-mer construct using SacI 

enzyme confirmed the orientation (Fig. 32). 
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4.2.5.   Amplification of a portion of Ty-3 gene 

Total RNA from the leaf samples of Ty-3 gene containing genotypes yielded good 

quality and quantity of RNA (Fig. 33). PCR amplification using Ty-3 gene specific primer 

(SCAR1 marker) generated amplicon of ca. 519 bp and ca. 219 bp in Ty-3 resistance gene 

containing genotype and susceptible genotype, respectively (Fig. 34). Also, another primer set 

designed for the qRT-PCR for analysis of the expression profile of Ty-3 gene (ACY) generated 

ca. 132 bp amplicon in Ty-3 gene containing genotype (Fig. 35). But, due to unfortunate lock 

down (COVID-19), the qRT-PCR analysis could not be completed. 
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CHAPTER 5                                                                                       DISCUSSION                           

 
The current study aimed to understand the resistance behaviour of Ty resistance gene containing 

tomato genotypes, used as donor of Ty genes in breeding programs and to identify the 

begomoviruses infecting these genotypes under natural condition. Although, efforts have been 

made for assessing the effectiveness of different tomato genotypes against leaf curl disease of 

tomato but, they were either focused on tomato yellow leaf curl virus or involving other 

resistant stocks (Kumar et al., 2019; Picó et al., 1998; Prabhandakavi et al., 2020). The present 

Ty gene containing donor genotypes remained to be investigated. Literature on evaluation of 

resistance in field condition revealed that two major criteria, viz. occurrence of disease in the 

population as measured through percent disease incidence (Azizi et al. 2008; Rajasri, and 

Vijayalakshmi, 2013, Singh, 2014) or symptom severity in individual plant (Reddy et al, 2008; 

Prabhandakavi et al., 2020), are considered to categorize the genotypes into different disease 

reaction category. Camara et al., 2013 though considered both disease incidence and disease 

severity to categorize the genotypes but they were estimated separately. A more robust 

approach using coefficient of infection (CI), including both disease incidence and severity in 

same disease scoring scale has been followed by few researchers (Singh et al., 2010), however, 

they used a particular severity grade for an individual plant. But in natural condition different 

disease symptom phenotypes appear in different plants and even within a plant there is great 

variation of different grades of one symptom phenotype in different leaves. So, a single severity 

grade of a plant, is not represented the true impact of a disease in a plant as it overlooks the 

different symptom grades of different leaves. During this study three distinct symptom 

phenotypes viz. leaf curl, leaf smalling and stunting were noticed in different plants, exclusively 

or in combinations. Even within a plant some leaf displayed severe leaf curl and some others 

exhibited mild leaf curl symptoms. Hence, it was realized that in a plant the symptom severity 

should be calculated as a cumulative severity index taking consideration of different symptom 

severity grades of different leaves. Thus, a more robust severity grades based on the cumulative 

disease severity were deduced and such severity grades were used to calculate CI. Thus, such 

new in depth method for categorizing the disease reaction in different genotypes, is one of the 

major outputs of this study and could be used to determine the disease response of genotype in 

breeding population. 

 Based on the disease scoring scale, developed in the study, 17 genotypes of tomato 

containing different combinations of Ty genes were evaluated and categorized in different 

groups. It was evident from the result that genotypes which showed highly resistant response 

had Ty-2 and Ty-3 resistant loci, though with the same gene combinations some other genotypes 

exhibited relatively susceptible response. This variation may be attributed due to difference in 
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the source of the Ty genes from where they were introgressed into the cultivated species and 

differential expression of Ty-genes. Earlier studies in this aspect indicated that under Indian 

context, genotypes with either Ty-3 alone or pyramided genotypes with Ty-2 and Ty-3 genes 

showed resistance under field as well as challenge inoculated condition (Prasanna et al., 2015; 

Lata et al., 2019). However, our study showed that such statement cannot be generalized, 

because sources of resistance loci for these genes are highly variable and that actually govern 

the ultimate disease response. Though compared to other Ty genes, it is definite that Ty-2 and 

Ty-3 gene containing genotypes are exhibiting more resistance response than other gene 

combinations. Following the Ty-2 and Ty-3 combinations, considerable resistance was observed 

in genotypes with Ty-5 and Ty-6 combination, which supported the findings of Kaushal et al., 

2020. The field resistance behaviour of few of these highly resistant lines also continued to hold 

their resistance even under challenged inoculation condition, using viruliferous whiteflies 

carrying ToLCNDV, the most predominant tomato infecting begomovirus in India. Besides 

ToLCNDV, there are reports of many begomoviruses infecting tomato in natural condition, so, 

artificial screening of the genotypes using only one species of begomovirus does not guarantee 

their resistance against other begomoviruses, that may be the future scope of this study.  

 As under field condition besides ToLCNDV, there may be possibility of infection by 

other begomoviruses, it was realized that for proper understanding the disease response in the 

genotypes, information on the status of occurrence of different begomoviruses under the field 

condition is necessary. In order to understand that, PCR based indexing of different 

begomoviruses, for which species specific primers were available in the laboratory, was carried 

out.  

 PCR based detection followed by representative sequencing of the PCR amplicons 

indicated except Chilli leaf curl virus (ChiLCV) specific primers other species specific primers 

could amplify the targeted virus. ChiLCV specific primers gave an amplification of expected 

size but the sequence showed closeness to that of tomato leaf curl Karnataka virus (ToLCKV). 

Such anomaly probably resulted due to very high sequence similarity in the primer binding 

region (two internal mismatches only). ChiLCV specific primers were designed after analyzing 

different begomovirus sequences reported in chilli, where except ToLCNDV we did not take 

other viruses those infect tomato, as under natural condition except ToLCNDV, till now there 

was no report of other tomato infecting begomoviruses in chilli. Indexing of the begomoviruses 

clearly demonstrated that mixed infection of different begomoviruses in the genotypes tested 

was very frequent. In India, extensive and variable agro-climatic conditions coupled with 

intensive and mixed crop patterns supports perpetuation of whitefly vector round the year 

through their survival on overlapping host and thus allowed the chances of mixed infection. 

Mixed infection of different begomoviruses is one of the contributing factors responsible for 
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widening the host range of begomoviruses (Tripathi and Verma, 2017; Malathi et al., 2017), 

which has modeled a serious risk to many economically important cultivated crop species 

(Varma and Malathi, 2003). Frequency of mixed infections with different begomoviruses and 

satellite molecules is very high in begomoviruses, which many times contributed to the 

emergence of the more aggressive new variants of viruses due to recombination of existing ones 

(Zhou et al.., 1997, García-Andrés et al.., 2007, Fiallo-Olivé et al.., 2019). 

 Indexing result also indicated that ToLCNDV, which was supposed to be the most 

predominant begomovirus species in tomato in India, was detected only from 7 genotypes, 

irrespective of the disease response category of the genotypes. Interestingly, detection of 

CYVMV (later analyzed to be new begomovirus species) in 13 out of 18 genotypes tested, 

clearly revealed that this virus was the predominant begomovirus species in majority of the 

genotypes carrying Ty genes. Though the deployment of resistance gene containing cultivar is 

the most looked-for mean to devise strategy for managing viral diseases, such concern of altered 

population of virus species to adapt to the resistant host due to the selection pressure exerted 

by the resistance genes on the virus population has been raised by many researchers (Fabre et 

al., 2009, Jones, 2009). The widespread use of resistant cultivars has been shown to alter virus 

diversity and thus allow less predominant virus species becoming more important (Seal et al., 

2006). In case of TYLCD, it has been shown that Ty-gene containing resistant tomato cultivars 

could allow the emergence of more suitable virus species with capability to overcome resistance 

(Roossinck, 1997, Harrison, 2002, García-Arenal and McDonald, 2003).  It was also 

demonstrated earlier in Spain, not only the resistant genotypes play a role in selection of viruses; 

even in absence of resistant genotypes, due to more ecological fitness, the TYLCV replaced 

more predominant virus species tomato yellow leaf curl Sardenia virus (TYLCSV), originally 

associated with TYLCD-infections (Sánchez-Campos et al.., 1999, Navas-Castillo et al.., 

1999).   

 No direct correlation between the disease response of a genotype and number of 

begomoviruses detected in that genotype could be drawn. As expected, no begomovirus was 

detected in genotype ToLCD Tol-15 (Ty-2+Ty-3), which showed highly resistant disease 

response with no disease symptom in the field. Genotype ToLCD Tol-3 (Ty-1) and ToLCD 

Tol-10 (Ty-5), which showed moderate susceptibility under field condition were positive for 5 

and 6 number of begomoviruses, respectively. On the contrary, genotype ToLCD Tol-5 (Ty-

2+Ty-3), which showed presence of 3 begomoviruses remained highly resistant with no disease 

symptom in the field and ToLCD Tol-2 (Ty-2) showed susceptible disease reaction even after 

presence of only 2 begomoviruses. Differential effectiveness of Ty-genes as well as variability 

in the begomovirus species could be the reasons for such findings, which needs to be 

investigated in future.  
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 Though CYVMV was detected through PCR and partial sequencing in majority of the 

genotypes under study, but it was realized that the exact identity of the virus could only be 

possible if complete genome sequence is known. Complete genome of one of the suspected 

CYVMV isolate along with another begomovirus which did not gave any amplicon with any 

specific primers were characterized through sequencing. Detailed sequence analysis indicated 

that the suspected CYVMV isolate is actually a new species of begomovirus probably evolved 

due to recombination between a TbCSV and CYVMV isolate which supports the relevance of 

development of recombinant strains of both the parent viruses reported earlier in India (Shilpi 

et al., 2015; Sinha et al., 2016). The other begomovirus was an isolate of ToLCKV, though it 

has not yielded any amplicon with ChiLCV primers, which detected ToLCKV from other two 

genotypes.  

 Emergence of new begomoviruses or variants of existing begomoviruses due to intra- 

and interspecific recombinations and mutations in the genomes coupled with introduction of 

susceptible cultivars of crops and change in climatic conditions resulted into more begomovirus 

induced diseases in the last two decades (Juárez et al., 2019). Recombination is the major 

driving force for evolution of viruses (Pagán and García-Arenal, 2018, Zaffalon et al., 2012) so 

that they can get adapted to new hosts and environmental conditions (Verma et al., 2015).  

Recombination driven dynamic process of evolution has been frequently encountered for 

ssDNA viruses especially with respect to begomoviruses (Martin et al., 2011). Emergence of 

recombinant begomoviruses from plants mixed-infected with different begomoviruses seems 

to be frequent and as a consequence such new recombinant begomoviruses may have greater 

fitness to adapt into resistant plants (Monci et al., 2002), thus could lead to the breakdown of 

resistance (García-Arenal and McDonald, 2003, Padidam et al.., 1999, van der Walt et al.., 

2009). Emergence of ToLCTyPV in the Ty-gene containing resistant genotypes, may not 

immediately pose any serious threat of resistance breaking as the genotype ToLCD Tol-8 (Ty-

2+Ty-3) and ToLCD Tol-7 (Ty-3a), where only ToLCTyPV was detected, showed highly 

resistant and resistant responses, respectively in the field, however, frequent occurrence of 

ToLCTyPV along with other begomoviruses may contributes for susceptibility reaction in other 

Ty-gene containing genotypes tested in the study. The infectivity study of this new recombinant 

virus alone or in combination with other begomoviruses in the resistant genotypes could focus 

light on the impact of such new recombinant viruses in the resistance breaking. Resistance 

genes may contribute for the reduction of ToLCNDV titre in Ty-gene containing genotypes as 

evidenced from the fact that ToLCNDV was detected in fewer genotypes as it was expected but 

such situation may allow other viruses or the new recombinant viruses to rapidly accumulate in 

those genotypes. This is in agreement with the earlier studies where it has been demonstrated 

that exploitation of Ty-1 gene driven resistance against one virus (Michelson et al., 1994), may 
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lead to selection of new virus variants with higher accumulation rates in the host (Van den 

Bosch et al., 2006).  

 The present investigation thus not only evaluated the Ty gene containing genotypes for 

their resistance against begomoviruses, but with the indexing of the viruses it is clear that under 

natural mixed infection condition, with the emergence of new begomovirus species, breeders 

have more challenging task ahead to incorporate the resistance in tomato breeding programs.  
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CHAPTER 6                                                SUMMARY AND CONCLUSION                     

 Ty-2 + Ty-3 genes containing genotypes are more resistant against tomato leaf curl disease 

than other gene combinations 

 ToLCD Tol-15, ToLCD Tol-14, ToLCD Tol-5 are highly resistant both under field and 

challenge inoculated condition 

 No virus was detected in ToLCD Tol-15 using any of the primers tested  

 Genotype ToLCD Tol-10 showed presence of six different begomoviruses 

 ToLCBaV was not detected in any genotype. 

 Many genotypes showed presence of multiple begomoviruses.  

 CYVMV specific primers showed amplifications maximum number of genotypes.  

 ToLCD Tol-1 did not give amplification with any species specific primer but gave 

amplification with universal begomovirus primer. 

 Full length genome characterization from two showed presence of a new species of 

begomovirus named as Tomato leaf curl Ty Pusa virus (ToLCTyPV) (Acc. no- MZ578457) 

and an isolate of Tomato leaf curl Karnataka virus (ToLCKV) (Acc. no- MZ578458).  

 ToLCD Tol-7 (Ty-3a, source of ToLCTyPV) and ToLCD Tol-8 (Ty-2+Ty-3), where only 

ToLCTyPV was detected, showed resistant and highly resistant phenotype, respectively 

under field condition   

 ToLCTyPV may be evolved due to interspecific recombination between Croton yellow vein 

mosaic virus (CYVMV) and Tobacco curly shoot virus (TbCSV) as major and minor 

parents, respectively. 

 

 



ABSTRACT 

Evaluation of Resistance Behaviour of Ty-Gene(s) Containing Donor Lines of Tomato 
and Indexing of Naturally Occurring Begomoviruses Infecting Them 

 

Tomato leaf curl disease (ToLCD) is caused by a number of begomoviruses. Use of 

resistant/tolerant varieties is the most feasible strategy for the management of the leaf curl 

disease. Resistance sources with different Ty genes have been identified in different wild 

relatives of Solanum lycopersicum. In this study, seventeen tomato genotypes with different 

Ty-gene combinations, those are used as parental donor lines for incorporating resistance in 

tomato breeding programme, along with a susceptible check cv. Pusa Ruby were evaluated for 

understanding their response against tomato leaf curl disease under field condition. PCR based 

indexing of begomoviruses in those genotypes were also carried out to understand the status of 

occurrence of different begomoviruses. In order to evaluate the resistance behaviour of these 

genotypes, a quantitative scoring system for analyzing disease severity was developed based 

on different grades of symptom phenotypes and their impact in disease development. Such 

deduced disease severity score was used to develop a disease scoring scale based on the co-

efficient of infection that includes both percent disease incidence and severity grade. Based on 

such disease scoring scale, highly resistance response was observed in five genotypes (ToLCD 

Tol-5, ToLCD Tol-8, ToLCD Tol-12, ToLCD Tol-14, ToLCD Tol-15) containing both Ty-2 

and Ty-3 genes. Further evaluation of three highly resistant genotypes under challenged 

viruliferous whitefly inoculation with a well characterized isolate of tomato leaf curl New Delhi 

virus, the most prevalent begomovirus in tomato causing leaf curl disease in India, confirmed 

their resistance behaviour. Indexing of the begomoviruses in all these genotypes through PCR 

based detection using seven begomovirus species specific primers and one genus specific 

primer followed by their confirmation through representative sequencing revealed presence of 

a number of begomovirus species in these tomato genotypes indicating the probable occurrence 

of mixed infection of two to six different begomoviruses under field condition. While tomato 

leaf curl New Delhi virus was detected in seven samples, majority of the samples (thirteen) 

showed association of a Croton yellow vein mosaic virus (CYVMV), alone or in combination 

with other begomovirus species. One genotype (ToLCD Tol-15), which did not show any 

symptom, also did not gave amplification with any of the primers. Another genotype (ToLCD 

Tol-1) gave amplification only with genus specific primers indicating presence of other 

begomovirus(es) for which we did not had any primers. Complete genome of the begomovirus, 

from this sample and from another sample where only CYVMV infection was detected, was 

isolated, cloned and sequenced. A detail sequence analysis of the CYVMV infected sample 

showed that the virus is actually a new species of begomovirus with less than 91% sequence 



identity with any known begomoviruses, while the begomovirus from the other sample, which 

did not show any amplification with the species specific primers, was a strain of tomato leaf 

curl Karnataka virus.  The name Tomato leaf curl Ty Pusa virus (ToLCTyPV) was proposed 

for the new species, which was probably evolved due to an interspecific recombination between 

CYVMV as major parent and tobacco curly shoot virus (TbCSV) as minor parent. A partial 

tandem repeat construct against the ToLCTyPV has been developed. Further agro-inoculation 

study will help us to know whether this could be a resistance breaking virus in tomato. The 

study thus clearly showed the resistance response of the tomato genotypes used as parental 

donor lines in breeding programme and the scenario of the occurrence of the begomoviruses in 

them. 

Keywords: Tomato leaf curl disease, Ty resistance genes, Begomovirus, PCR, Croton yellow 
vein mosaic virus, Tobacco curly shoot virus, Recombination, Tomato leaf curl Ty 
Pusa virus, Tomato leaf curl Karnataka virus 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



सार 

टमाटर मŐ पाए जाने वाले Ty-जीनो ंके Ůितरोध ʩवहार का मूʞांकन एवं उɎŐ 
संŢिमत करने वाले बेगोमोिवषाणु का अनुŢमण 

 

टोमैटो लीफ कलŊ बीमारी (टीओएलसीडी) कई बेगोमोिवषाणु के कारण होता है। लीफ कलŊ 

रोग के Ůबंधन के िलए Ůितरोधी/सिहˁु िक˝ो ंका उपयोग सबसे ʩवहायŊ रणनीित है। 

सोलनम लाइकोपिसŊकम के िविभɄ जंगली Ůजाितयो ंमŐ िविभɄ Ty-जीन वाले Ůितरोध ŷोतो ं

की पहचान की गई है। इस अȯयन मŐ, िविभɄ Ty-जीन संयोजनो ंके साथ सũह टमाटर 

जीनोटाइप, िजɎŐ टमाटर Ůजनन कायŊŢम मŐ Ůितरोध को शािमल करने के िलए पेरŐ ट्स की 

दाता लाइनो ंके ŝप मŐ उपयोग िकया जाता है, साथ ही एक अितसंवेदनशील Ůजाित पूसा 
ŝबी का खेत की İ̾थित के तहत टमाटर की पȅी कलŊ रोग के İखलाफ उनकी ŮितिŢया 
को समझने के िलए मूʞांकन िकया गया था। िविभɄ बेगोमोवायरस की घटना की İ̾थित को 
समझने के िलए उन जीनोटाइप मŐ पीसीआर आधाįरत बेगोमोिवषाणु का अनुŢमण भी िकया 
गया था। इन जीनोटाइप के Ůितरोध ʩवहार का मूʞांकन करने के िलए, रोग की गंभीरता 
का िवʶेषण करने के िलए एक माũाȏक ˋोįरंग Ůणाली िवकिसत की गई थी जो िविभɄ 
Ťेड के लƗण फेनोटाइप और रोग के िवकास मŐ उनके Ůभाव के आधार पर िवकिसत की 
गई थी। इस तरह के घटाए गए रोग गंभीरता ˋोर का उपयोग संŢमण के सह-कुशलता 
के आधार पर एक रोग ˋोįरंग ˋेल िवकिसत करने के िलए िकया गया था िजसमŐ Ůितशत 
रोग घटना और गंभीरता Ťेड दोनो ंशािमल हœ। इस तरह के रोग ˋोįरंग पैमाने के आधार 
पर, Ty-2 और Ty-3 जीन वाले पांच जीनोटाइप (ToLCD Tol-5, ToLCD Tol-8, 

ToLCD Tol-12, ToLCD Tol-14, ToLCD Tol-15) मŐ अȑिधक Ůितरोध ŮितिŢया 
देखी गई। टमाटर लीफ कलŊ िवषाणुजिनत ʬाइटɢाई इनोƐूलेशन के तहत तीन अȑिधक 
Ůितरोधी जीनोटाइप ने नई िदʟी वायरस, टमाटर मŐ सबसे Ůचिलत बेगोमोवायरस, जो भारत 

मŐ लीफ कलŊ रोग का कारण बनता है,  उनके  Ůितरोध ʩवहार की पुिʼ की। सात 
बेगोमोिवषाणु Ůजाितयो ंके िविशʼ Ůाइमरो ंऔर एक जीनस िविशʼ Ůाइमर का उपयोग करके 
पीसीआर आधाįरत पहचान के माȯम से इन सभी जीनोटाइप मŐ बेगोमोिवषाणु का अनुŢमण, 
Ůितिनिध अनुŢमण के माȯम से उनकी पुिʼ के बाद इन टमाटर जीनोटाइप मŐ कई 
बेगोमोिवषाणु Ůजाितयो ंकी उपİ̾थित का पता चला है जो िमिŵत संŢमण की संभािवत घटना 
का संकेत देते हœ। Ɨेũ की İ̾थित के तहत दो से छह अलग-अलग बेगोमोिवषाणु, जबिक 

टोमैटो लीफ कलŊ नई िदʟी िवषाणु सात नमूनो ंमŐ पाया गया था, अिधकांश नमूनो ं(तेरह) 
ने अकेले या अɊ बेगोमोिवषाणु Ůजाितयो ंके साथ संयोजन मŐ Ţोटन येलो वेन मोज़ेक िवषाणु  
(CYVMV) का जुड़ाव िदखाया। एक जीनोटाइप (ToLCD Tol-15), िजसमŐ कोई लƗण 

नही ं िदखा, ने भी िकसी भी Ůाइमर के साथ ŮवधŊन नही ं िदया। एक अɊ जीनोटाइप 

(ToLCD Tol-1) ने केवल जीनस िविशʼ Ůाइमरो ं के साथ अɊ बेगोमोिवषाणुओ ंकी 



उपİ̾थित का संकेत िदया, िजसके िलए हमारे पास कोई Ůाइमर नही ंथा। इस नमूने से और 

दूसरे नमूने से, जहां केवल CYVMV संŢमण का पता चला था, बेगोमोवायरस का पूरा 

जीनोम अलग, Ƒोन और अनुŢिमत िकया गया था। CYVMV संŢिमत नमूने के एक िवˑृत 
अनुŢम िवʶेषण से पता चला है िक िवषाणु वाˑव मŐ िकसी भी ǒात बेगोमोिवषाणु के साथ 
91% से कम अनुŢम पहचान के साथ बेगोमोिवषाणु की एक नई Ůजाित है, जबिक अɊ 

नमूने से बेगोमोिवषाणु, जो िविशʼ Ůजाितयो ंके साथ कोई ŮवधŊन नही ंिदखाता है। Ůाइमर, 
टमाटर लीफ कलŊ कनाŊटक िवषाणु का एक Ōː ेन था। नई Ůजाितयो ंके िलए टोमैटो लीफ 
कलŊ Ty-पूसा िवषाणु (ToLCTyPV) नाम Ůˑािवत िकया गया था, जो संभवत: 

सीवाईवीएमवी के बीच Ůमुख पेरŐ ट्स और तंबाकू कलŎ शूट िवषाणु (टीबीसीएसवी) के बीच 

माता-िपता के ŝप मŐ एक अंतर-िविशʼ पुनसōयोजन के कारण िवकिसत Šआ था। ToLCTyPV 

के İखलाफ एक आंिशक अŤानुŢम दोहराव िनमाŊण िवकिसत िकया गया है। आगे के कृिष-
इनोƐूलेशन अȯयन से हमŐ यह जानने मŐ मदद िमलेगी िक Ɛा यह टमाटर मŐ Ůितरोध 
तोड़ने वाला िवषाणु हो सकता है। इस Ůकार अȯयन ने ˙ʼ ŝप से Ůजनन कायŊŢम मŐ 
दाता लाइनो ंके ŝप मŐ उपयोग िकए जाने वाले टमाटर जीनोटाइप की Ůितरोध ŮितिŢया 
और उनमŐ बेगोमोिवषाणु की घटना के पįर̊ʴ को ˙ʼ ŝप से िदखाया। 

 

मुƥ शɨ : टोमैटो लीफ कलŊ बीमारी , Ty रेिस Őːट जीन, बेगोमोिवषाणु , Ţोटन येलो 
वेन मोज़ेक िवषाणु , टोबैको कलŎ शूट िवषाणु , रीकॉİɾनेशन, टोमैटो लीफ 
कलŊ Ty-पूसा िवषाणु , टोमैटो लीफ कलŊ कनाŊटक िवषाणु । 
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APPENDIX 

 
COMMON REAGENTS, BUFFERS AND MEDIA USED 

 

i. ANTIBIOTICS 

 
Ampicillin                                Stock solution (100 mg/ml) of the antibiotic was made in 

double distilled water, filter sterilized (through 0.22 μ filter) and 

distributed into 200 μl aliquots and stored at - 200C. It was used at 

final concentration of 100 μg/ml. 

 
Kanamycin Stock solution (50 mg/ml) of the antibiotic was made in 

double distilled water, filter sterilized (through 0.22 μ filter) and 

distributed into 200 μl aliquots and stored at - 200C. It was used at 

final concentration of 50 μg/ml. 

ii. ELECTROPHORESIS REAGENTS 
 

50X TAE Tris base 242.0 g 

Glacial acetic acid 57.1 ml 

0.5 M EDTA (pH 8.0) 100 ml 

Distilled water to 1 L 
 

Loading dye 1% Bromophenol blue 200 μl 

Glycerol 200 μl 

10% SDS 60 μl 

0.5 M EDTA 50 μl 

10X TAE 60 μl 

Distilled water 30 μl 
 

iii. MEDIA 
Luria Agar medium            Bacto-tryptone 10.0 g 

Bacto-yeast extract 5.0 g 

NaCl 10.0 g 

Agar 15.0 

                                                    Deionized water                              950 ml 
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pH was adjusted to 7.0 with 5N NaOH and volume made upto 1 litre with deionized water. It was 

dispensed in 100 ml aliquots in 250 ml flasks and was sterilized by autoclaving for 20 min. at 15 

p.s.i. 

 
Luria Broth medium Tryptone 

Yeast extract 

10.0 g 

5.0 g 

 NaCl 

Deionized water 

5.0 g 

950 ml 
 

pH was adjusted to 7.0 with 5N NaOH and volume made upto 1 litre with deionized water. The 

medium was aliquoted into 50 ml in 250 ml flasks and sterilized by autoclaving for 20 min at 15 

p.s.i. 

 
iv. PLASMID ISOLATION BUFFERS 

 
Solution I (resuspension buffer) 25 mM Tris HCL (pH 8.0) 

50 mM Glucose 

10 mM EDTA 
 

Solution II (lysis buffer) 0.2 N NaOH 

1% SDS 

 
Solution III (neutralization buffer) 3 M Sodium acetate pH 4.8 

 
 

v. DNA MOLECULAR WEIGHT MARKER 
 

1 kilobase (1kb) and 100 bp plus DNA ladder of Thermo Scientific were used as marker. 

The 1 kb ladder is formed by fourteen DNA fragments of 10 kb, 8 kb, 6 kb, 5 kb, 4 kb, 3.5 

kb, 2.5 kb, 2 kb, 1.5 kb, 1 kb, 0.75 kb, 0.5 kb and 0.25 kb. The 100 bp ladder is formed by 

ten DNA fragments of 3000 bp, 2000 bp, 1500 bp, 1200 bp, 1000 bp, 900 bp, 800 bp, 700 bp, 

600 bp, 500 bp, 400 bp, 300 bp, 200 bp and 100 bp.     
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vi. PREPARATION OF COMMONLY USED STOCK SOLUTIONS 

Solution Method of preparation 

 

1M CaCl2 54.0 g of CaCl2.2H2O was dissolved in 200 ml of pure water 

(Mill-Q or equivalent). The solution was sterilized by passing 

through a 0.22 micron filter and stored in 1 ml aliquots at 40C. 

0.5 M EDTA (pH 8.0) 186.1   g   of   ethylenediamine   tetra   acetic   acid 

disodium salt.2H2O was added to 800 ml of distilled water, 

stirred vigorously on a magnetic stirrer, pH was adjusted to 8.0 

with NaOH (20.0 g of NaOH pellets). Volume made upto 1 L 

with distilled water, dispensed into aliquots and sterilized by 

autoclaving. 

 
Ethidium bromide (10 mg ml-1) 

1.0 g of ethidium bromide was added to 100 ml of distilled 

water and stirred on a magnetic stirrer for several hours to 

ensure that the dye has dissolved. The solution was transferred 

to a dark bottle and stored at room temperature. 

 

Phenol : Chloroform : isoamyl alcohol 

Buffer saturated phenol, chloroform and isoamyl alcohol were 

mixed in the ratio of 25 : 24 : 1. The equilibrated mixture was 

stored under a layer of 0.01 M Tris-HCl (pH 7.6) at 40C in dark 

glass bottle. 

Chloroform: isoamyl alcohol 

Buffer saturated chloroform and isoamyl alcohol were mixed 

in the ratio of 24 : 1. 

 
1 M MgCl2 203.3 g of MgCl2.6H2O was dissolved in 800 ml of distilled 

water. The volume was made upto 1L, dispensed into aliquots 

and sterilized by autoclaving. 
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3M Sodium acetate (pH 4.8)           408.1 g of NaOAc.3H2O was dissolved in 800 ml of 

distilled water. The pH was adjusted to 4.8 with glacial acetic 

acid. Volume made upto 1L with distilled water, dispensed into 

aliquots and sterilized by autoclaving. 

 
5 M NaCl 233.8 g of NaCl was dissolved in 800 ml of distilled water, 

volume made upto 1L with distilled water, dispensed into 

aliquots and sterilized by autoclaving. 

10% Sodium dodecyl sulphate (SDS) 

100.0 g of electrophoresis grade SDS was dissolved in 900 ml 

of distilled water, heated at 680C to assist dissolution and pH 

was adjusted to 7.2 by adding few drops of concentrated HCl. 

The volume was made up to 1L with distilled water, dispensed 

in aliquots. 

10(N) NaOH Dissolve 400 g of NaOH in 800 ml of distilled water and make 

up the volume to 1L with distilled water. 

 

1M Tris. HCl 121.1 g of Tris base was dissolved in 800 ml of distilled water. 

pH was adjusted to the desired value by adding concentrated 

HCl (for pH 7.4, HCl 70 ml; for pH 8.0, HCl 42 ml). The 

solution was allowed to cool down to room temperature before 

making final adjustment to the pH. The volume was made upto 

1L with distilled water, dispensed into aliquots and sterilized 

by autoclaving 

 

 
 
 
i. MATERIALS, SOURCE, OF CHEMICALS AND REAGENTS 

Material Source 

Cells  

Escherichia coli DH5α Stratagene, USA NEB, UK 

Nucleic acid marker  
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1 kb DNA ladder  

100 bp plus DNA ladder 

Thermo Scientific, USA 

Thermo Scientific, USA 

Enzymes  

Restriction endonucleases Alkaline 

phosphatase GoTaq DNA 

polymerase 

DreamTaq DNA polymerase T4 DNA ligase 

Primers  

Synthesized oligos  

Antibiotics 

Kanamycin 

Thermo Scientific, USA  

Thermo Scientific, USA  

Thermo Scientific, USA 

 
GCC Biotech, India 

 

Sigma Chemicals Co. 

Ampicillin Sigma Chemicals Co. 

Gel purification kit Promega corporation, USA 
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LOCUS       MZ578457            2765 bp    DNA     circular     18-JUL-2021 
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KEYWORDS    . 
SOURCE        Tomato leaf curl Ty Pusa virus 
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            ##Assembly-Data-START## 
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            ##Assembly-Data-END## 
FEATURES             Location/Qualifiers 

     source          1..2765 



 

xix 

                     /organism="Tomato leaf curl Ty Pusa virus" 
                     /mol_type="genomic DNA" 
                     /isolate="Pusa, New Delhi" 
                     /isolation_source="Infected Leaf" 
                     /host="Tomato (Lycopersicon esculentum)" 
                     /clone="Ty-6.1" 
                     /country="India" 
                     /collection_date="24.12.2020" 
                     /genotype="ToLCD Tol-7 (Ty-3a) donor line of Ty gene" 
                     /note="Monodnaviria, Shotokuviriae, Cressdnaviricota, 
                     Repensiviricetes, Geplafuvirales, Geminiviridae, 
                     Begomovirus" 
     gene            145..492 
                     /gene="V2" 
     CDS             145..492 
                     /gene="V2" 
                     /note="[intronless gene]" 
                     /codon_start=1 
                     /product="Pre Coat Protein" 
                     /translation="MWDPLVNEFPETVHGFRCMLAVKYLQLVEKTYAPDTLGYDLIRD 

                        
LISVIRARNYVEASSRYSHFHARFEGTPSSQLRQPICEPCCCPHCPRHQSKGMGEQAH 

                     VPEAQNVQDVQKP*" 
     gene            305..1075 
                     /gene="V1" 
 CDS             305..1075 
                     /gene="V1" 
                     /note="[intronless gene]; [intronless gene]" 
                     /codon_start=1 
                     /product="Coat Protein" 
                     /translation="MSKRPADIVISTPASKVRRRLNFDSPYVNRVAAPIVRVTKAKAW 
                     
ANRPMYRKPRMYRMYRSPDVPKGCEGPCKVQSFDAKNDIGHMGKVICLSDVTRGRGLT 
                     
HRVGKRFCVKSLYFVGKIWMDENIKTKNHTNTVMFWIVRDRRPSGTPNDFQQVFNVYD 
                     
NEPSTATVKNDQRDRYQVLRRFQATVTGGQYAVKEQAIIRKFYRVNNYVMYNHQEAGK 
                     YENHTVNALLLYMACTHASNPVYATLKVRSYFYDSVTN*" 
     gene            complement(1078..1482) 
                     /gene="C3" 
     CDS             complement(1078..1482) 
                     /gene="C3" 
                     /note="[intronless gene]" 
                     /codon_start=1 
                     /product="Replication Enhancer Protein (REn)" 
                     /translation="MDSRTGEPITAAQAQNGVFIWEIQNPLYFKITEHHNRPFLMKED 
                     
IITVQIQFNHNLRKALGIHKCFLAFRIWMTSQPPTGRFLKVFKTQVLKYLNNLGVISI 
                     NTVIRSVDHVLWNVLQHIVYVEQSSSIKFNLY*" 
     gene            complement(1223..1627) 
                     /gene="C2" 
     CDS             complement(1223..1627) 
                     /gene="C2" 
                     /note="[intronless gene]" 
                     /codon_start=1 
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                     /product="Transcription Activator Protein (TrAP)" 
                     /translation="MRPSSPSKAHSTQVPIKVQHKIAQNGIRRRRVDLPCGCSYFISI 
                     
ACHNYGFTHRGTHHCSSGTEWRVYLGDSKSPVFQDNRTPQQAIPNEGRHHHRSDTVQS 
                     QPEESVGDTQVFPSLPNLDDLTASDWSFLKGL*" 
     gene            complement(1530..2615) 
                     /gene="C1" 
     CDS             complement(1530..2615) 
                     /gene="C1" 
                     /note="[intronless gene]; [intronless gene]" 
                     /codon_start=1 
                     /product="Replication Initiator Protein (Rep)" 
                     /translation="MAPPNKFRINAKNYFLTYPHCSLTKEEALSQLKNLETPTNKLFI 
                     
RICRELHEDGSPHLHVLIQFEGKFQCKNQRFFDLTSPTRSAHFHPNIQGAKSSTDVKT 
                     
YMEKDGDVLDHGVFQVDGRSARGGCQSANDAYAEAINSGSKHEALNILKEKAPKDYVL 
                     
QFHNLNSNLDRIFTPPMEVYVSPFLSSSFDQVPEELEEWAAENVMGAAARPLRPMSIV 
                     
IEGDSRTGKTMWARSLGPHNYLCGHLDLSPKVYNNDAWYNVIDDVDPHYLKHFKEFMG 
                     
AQRDWQSNTKYGKPVQIKGGIPTIFLCNPGPNSSYKEFLDEEKNAALKNWALKNATFI 
                     TLEGPLYSGSNQSAAQDSPEWDQASTS*" 
     gene            complement (2165..2458) 
                     /gene="C4" 
     CDS             complement (2165..2458) 
                     /gene="C4" 
                     /note="[intronless gene]" 
                     /codon_start=1 
                     /product="C4 Protein" 
                     /translation="MDLLTCMFSFNSKENSNAKTKGSSISHPQPGQHISIRTFRELRA 
                     
QQMSKPTWKKTETCLIMEFSKSMEDQLEEVANLPTTHMPKQSIQGQNMRPSIY*" 
BASE COUNT      749 a    543 c    628 g    845 t 
ORIGIN       
        1 accggatggc cgcgaaaaaa aatagtgggc cccacggcgc actaactgac aaagacatct 
       61 ccaccaatga gaagggctcc tcaaagctta attgttttgt ggtcccctat ttaaacttcg 
      121 ccaccaagta atgcagtgcg cactatgtgg gatccattag taaacgagtt tcctgaaacc 
      181 gttcacgggt ttagatgtat gttagcagtt aaatatctgc agttagtaga gaagacttat 
      241 gctcctgaca cattggggta cgatttaatt agggatttaa tttcagtaat tagggctaga 
      301 aattatgtcg aagcgtccag cagatatagt catttccacg cccgcttcga aggtacgccg 
      361 tcgtctcaac ttcgacagcc catatgtgaa ccgtgttgct gcccccattg tccgcgtcac 
      421 caaagcaaag gcatgggcga acaggcccat gtaccggaag cccagaatgt acaggatgta 
      481 cagaagccct gatgttccca agggatgtga aggcccatgt aaggtccaat ctttcgatgc 
      541 gaagaacgat attggtcata tgggtaaggt catatgtttg tctgatgtca cgaggggaag 
      601 gggcctgacc catcgagtag ggaaacgttt ctgtgtgaag tctttgtatt ttgttggcaa 
      661 gatttggatg gacgagaaca tcaagaccaa gaaccatact aacactgtta tgttttggat 
      721 cgttagagat aggcgtcctt caggaacccc aaatgatttc cagcaagtgt tcaatgttta 
      781 tgataatgag ccctctacgg ctactgtgaa gaacgaccag cgtgatcgtt atcaggtgtt 
      841 gaggaggttt caagcaacag tcacaggtgg tcaatatgct gttaaggaac aagctataat 
      901 taggaaattc tatcgtgtta acaattatgt gatgtataat caccaggaag ctgggaagta 
      961 tgaaaatcac actgtgaatg ctttgttgtt gtatatggca tgtactcatg cctctaatcc 
     1021 tgtttatgct actttgaaag ttaggagtta cttctacgat tctgtaacaa attaatatta 
     1081 ataaagattg aactttattg atgaagattg ttctacatat acaatgtgtt gtaatacatt 
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     1141 ccataataca tgatcaactg atctaattac agtattaata ctgataactc ctaaattatt 
     1201 taagtattta agaacttggg ttttaaagac ctttaagaaa cgaccagtcg gaggctgtga 
     1261 ggtcatccag attcggaagg ctaggaaaca cttgtgtatc cccaacgctt tcctcaggtt 
     1321 gtgattgaac tgtatctgaa cggtgatgat gtcttccttc attaggaatg gcctgttgtg 
     1381 gtgttctgtt atcttgaaat acaggggatt ttgaatctcc cagataaaca cgccattctg 
     1441 tgcctgagct gcagtgatgg gttcccctgt gcgtgaatcc atagttgtgg caggctatgg 
     1501 atatgaagta tgaacatcca cacggtagat caactcgtcg acgcctgatc ccattctggg 
     1561 ctatcttgtg ctgcactttg attggaacct gagtagagtg ggccttcgag ggtgatgaag 
     1621 gtcgcattct ttaaagccca attcttcagt gcagcatttt tctcttcatc caagaactct 
     1681 ttatagcttg agttgggtcc tggattgcag aggaagatag ttggaattcc acctttaatt 
     1741 tgaactggct ttccgtactt tgtatttgat tgccagtccc tttgggcccc catgaactct 
     1801 ttaaagtgct ttaggtagtg gggatctacg tcatcaatga cgttgtacca tgcatcatta 
     1861 ttgtagacct taggactaag gtctaagtga ccacacaggt aattatgtgg acccaaagac 
     1921 ctagcccaca tggtcttccc tgttctacta tcaccctcta tgacaatact catgggtctc 
     1981 aaaggccgcg cagcggcacc catcacattc tcagcagccc actcctcaag ttcttccgga 
     2041 acttgatcaa aagaagaaga taaaaaagga gaaacataaa cctccatagg aggtgtaaaa 
     2101 atcctatcta aattcgaatt taaattatga aattgtaaaa cataatcctt tggagctttc 
     2161 tcctttaata tattgagggc ctcatgtttt gaccctgaat tgattgcttc ggcatatgcg 
     2221 tcgttggcag attggcaacc tcctctagct gatcttccat cgacttggaa aactccatga 
     2281 tcaagcacgt ctccgtcttt ttccatgtag gttttgacat ctgttgagct cttagctccc 
     2341 tgaatgttcg gatggaaatg tgctgacctg gttggggatg tgagatcgaa gaacctttgg 
     2401 tttttgcatt ggaattttcc ttcgaattga atgagaacat gcaggtgagg agatccatct 
     2461 tcgtgtagtt ctctacagat tctgatgaat aatttattgg ttggggtttc taggtttttt 
     2521 aattgggaaa gtgcttcctc tttcgttagg gagcagtgtg ggtatgtgag gaaatagttt 
     2581 tttgcattta ttctgaattt attaggagga gccattgact tggtcaatcg gtgtctagca 
     2641 aacttggcta tgcaattggt gtctggtgtc ttatttatat tggacactta atggcatatt 
     2701 tgtaatttgg gaaagtgctt taattcaaaa ttcaaaattc ccaaagcggc catccgtata 
     2761 atatt 
// 
 
 
 
LOCUS       MZ578458                2760 bp    DNA     circular VRL 18-JUL-2021 
DEFINITION  Tomato leaf curl Karnataka virus complete genome. 
ACCESSION   MZ578458 
VERSION     MZ578458.1 
KEYWORDS    . 
SOURCE      Tomato leaf curl Karnataka virus (ToLCKV) 
ORGANISM  Tomato leaf curl Karnataka virus 
            Viruses; Monodnaviria; Shotokuvirae; Cressdnaviricota; 
            Repensiviricetes; Geplafuvirales; Geminiviridae; Begomovirus. 
REFERENCE   1  (bases 1 to 2760) 
AUTHORS   Mondal,F., Saxena,S., Hussain,Z., Mukherjee,S.K., Mandal,B. and Roy,A 
             
TITLE     Characterization of Tomato leaf curl Karnataka virus infecting Ty 
            resistance gene containing tomato lines 
JOURNAL   unpublished 
REFERENCE   2  (bases 1 to 2760) 
AUTHORS   Mondal,F., Saxena,S., Hussain,Z., Mukherjee,S.K., Mandal,B. and 
            Roy,A. 
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JOURNAL   Submitted (18-JUL-2021) Advanced centre for Plant Virology, 
            Division of Plant Pathology, Indian Agricultural Research 
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COMMENT     Bankit Comment: TOTAL # OF SEQS:1 
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            ##Assembly-Data-START## 
            Sequencing Technology :: Sanger dideoxy sequencing 
            ##Assembly-Data-END## 
FEATURES             Location/Qualifiers 
     source          1..2760 
                     /organism="Tomato leaf curl Karnataka virus" 
                     /mol_type="genomic DNA" 
                     /isolate="Pusa, New Delhi" 
                     /isolation_source="Infected leaf" 
                     /host="Tomato (Lycopersicon esculentum)" 
                     /db_xref="taxon:220932" 
                     /clone="Ty-4A.2" 
                     /country="India" 
                     /collection_date="24/12/2020" 
                     /genotype="ToLCD Tol-1 (Ty-3) donor line of Ty gene" 
                     /note="Taxonomic position: Monodnaviria, Shotokuviriae, 
                     Cressdnaviricota, Repensiviricetes, Geplafuvirales, 
                     Geminiviridae, Begomovirus" 
     gene            144..500 
                     /gene="V2" 
     CDS             144..500 
                     /gene="V2" 
                     /note="[intronless gene]" 
                     /codon_start=1 
                     /product="Pre-coat protein" 
                     /translation="MWDPLLNEFPETVHGFRCMLAVKYLQLVEKTYSPDTLGYDLIRD 
                     
LISVIRARNYVEATSRYNHFHSRFEGTSPSQLRQPICEPCCCPHCPRHQSKSMGEQAH 
                     EQKAQDVQDVQKSRCP" 
     gene            304..1074 
                     /gene="V1" 
     CDS             304..1074 
                     /gene="V1" 
                     /note="[intronless gene]" 
                     /codon_start=1 
                     /product="Coat protein" 
                     /translation="MSKRPADIIISTPASKVRRRLNFDSPYVSRAAAPIVRVTKAKAW 
                     
ANRPMNRKPRMYRMYRSPDVPRGCEGPCKVQSFESRHDVVHIGKVMCISDVTRGTGLT 
                     
HRVGKRFCVKSVYVLGKIWMDENIKTKNHTNSVMFFLVRDRRPVDKPQDFGEVFNMFD 
                     
NEPSTATVKNMHRDRYQVLRKWHATVTGGQYASKEQALVKKFVRVNNYVVYNQQEAGK 
                     YENHSENALMLYMACTHASNPVYATLKIRIYFYDSVSN" 
     gene            complement(1071..1475) 
                     /gene="C3" 
     CDS             complement(1071..1475) 
                     /gene="C3" 
                     /note="[intronless gene]" 
                     /codon_start=1 
                     /product="Replication enhancer protein (Ren)" 
                     /translation="MDSRTGELITAAQAENGVFIWEIQNPLYFKITEHHNRPFLMNQD 
                     
IITVQVQFNHNLRKVLGIHKCFLVFRIWMTSQPPTGRFLRVFKTQVLKYLNNLGVISI 
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                     NNVIRAVDHVLWNVLHHVVYVDQTYSIKFNIY" 
     gene            complement(1216..1620) 
                     /gene="C2" 
     CDS             complement(1216..1620) 
                     /gene="C2" 
                     /note="[intronless gene]" 
                     /codon_start=1 
                     /product="Transcription activator protein (TrAP)" 
                     /translation="MRSSSPSKAHSTQVPIKVKHRLAKKGNRRRRVDLPCGCSYFIAL 
                     
ACHDHGFTHRGTHHCSSSREWRVYLGDSKSPIFQDNRASQQAIPDEPRHHHRPSTVQS 
                     QPEESVGDTQMFPSLPNLDDLTASDWSFLKGI" 
     gene            complement(1523..2608) 
                     /gene="C1" 
     CDS             complement(1523..2608) 
                     /gene="C1" 
                     /note="[intronless gene]" 
                     /codon_start=1 
                     /product="Replication initiator protein (Rep)" 
                     /translation="MAAPNRFKINAKNYFLTYPKCSLTKEEALSQLLNLQTPTSKKFI 
                     
RICRELHEDGTPHLHVLIQFEGKFQCKNNRFFDLTSPTRSAHFHPNIQGAKSSSDVKS 
                     
YMEKDGDVVDHGVFQVDGRSARGGCQSANDAYAEAINAGSKIEALNILREKAPKDYVL 
                     
QFHNLNSNLDRIFTPPMEVYVSPFSSSSFDQVPEELEEWAAENVVSAAARPIRPISIV 
                     
IEGDSRTGKTMWARSLGPHNYLCGHLNLSQKVYSNDAWYNVIDDVDPHYLKHFKEFMG 
                     
AQRDWQSNIKYQKPVQIKGGIPTIFLCNPGPDSSYKEFLDEEKNSKLKNWALKNAIFV 
                     TLEGPLYSGTNQSEAQASQEGEQASSC" 
     gene            complement(2158..2451) 
                     /gene="C4" 
     CDS             complement(2158..2451) 
                     /gene="C4" 
                     /note="[intronless gene]" 
                     /codon_start=1 
                     /product="C4 protein" 
                     /translation="MGLLTCMCSSSSKESSSAKTIDSSTSHPQPGQHISIRTFRELRA 
                     QAMSNPTWRKTETSLIMEFSKSMEDQLEEVANLPTTHMPRQSTQGPKLRPSIY" 
BASE COUNT      743 a    544 c    633 g    840 t 
ORIGIN       
        1 accggatggc cgcgattttt ttggtgggcc cctcaacgca ctaactgaca atgatatgct 
       61 aaccaatcac atgacgcgcc caaagcttaa ttgttttgtg gtcccctatt taaacttcgg 
      121 caccaagtat tgtacatcgc actatgtggg atccattgtt aaacgagttt cccgaaaccg 
      181 ttcacggttt tagatgtatg ttagcagtta aatatctgca gttagtagaa aagacctatt 
      241 ctcctgatac attaggttac gatttaatta gggatttaat ttcagttatt agggctagaa 
      301 attatgtcga agcgaccagc agatataatc atttccactc ccgcttcgaa ggtacgtcgc 
      361 cgtctcaact tcgacagccc atatgtgagc cgtgctgctg cccccattgt ccgcgtcacc 
      421 aaagcaaaag catgggcgaa caggcccatg aacagaaagc ccaggatgta caggatgtac 
      481 agaagtccag atgtccctag aggatgtgaa ggcccatgta aggtccagtc gtttgagtcc 
      541 agacatgatg tagtccatat agggaaggtc atgtgtatta gtgatgtcac tcgtggaact 
      601 gggctgaccc atagagttgg taagcgtttt tgtgttaagt ctgtttacgt tttggggaag 
      661 atatggatgg atgagaacat caagaccaag aatcacacga acagtgtcat gttttttctt 
      721 gttcgtgacc gtcgtcctgt tgacaagcca caagactttg gagaggtgtt caatatgttt 



 

xxiv 

      781 gacaacgagc ctagcactgc tactgttaag aatatgcaca gagatcgtta tcaggtgttg 
      841 aggaagtggc atgcaactgt caccggtgga cagtacgctt caaaggaaca ggcattagtg 
      901 aagaagtttg ttagggttaa taattatgtt gtttataacc agcaagaggc tgggaaatat 
      961 gagaatcatt ctgagaatgc attgatgttg tatatggcgt gtactcacgc ctctaaccct 
     1021 gtgtatgcta ctttgaagat acggatctat ttctatgatt cagtatcgaa ttaataaata 
     1081 ttgaatttta ttgaatatgt ttggtctaca tatacaacgt ggtgtaatac attccataat 
     1141 acatgatcaa cggctctaat tacattgtta atactgataa ctcctaaatt atttaaatac 
     1201 ttaagcactt gggtcttaaa tacccttaag aaacgaccag tcggaggctg tgaggtcatc 
     1261 cagattcgga agactaggaa acatttgtgt atccccaaca ctttcctcag gttgtgattg 
     1321 aactgtactt ggacggtgat gatgtcttgg ttcatcagga atggcctgtt gtgatgctct 
     1381 gttatcttga aatatagggg attttgaatc tcccagataa acacgccatt ctctgcttga 
     1441 gctgcagtga tgagttcccc tgtgcgtgaa tccatggtcg tggcaggcta atgctatgaa 
     1501 gtaagaacag ccgcacggta gatcaacacg acgacgcctg ttccccttct tggctagcct 
     1561 gtgcttcact ttgattggta cctgagtaga gtgggccttc gagggtgacg aagatcgcat 
     1621 tctttaaagc ccaattttta agtttagaat tcttttcttc atccaagaat tctttatagc 
     1681 tggagtcggg tcctggattg cagaggaaga tagtgggaat tccgccttta atttgaactg 
     1741 gcttctggta ctttatattt gattgccagt ctctttgggc ccccatgaat tccttaaagt 
     1801 gctttaggta gtgggggtct acgtcatcaa ttacgttata ccaggcatca ttactgtaga 
     1861 ccttttggct aaggtttaga tgaccacaca gataattatg tggtccaagt gatctggccc 
     1921 acatggtctt tcccgttcta ctatcaccct caatcactat acttatgggc cttataggcc 
     1981 gcgcagcggc actgacgacg ttctcggcag cccactcctc aagttcttct ggaacttgat 
     2041 caaaggaaga agaagaaaaa ggagaaacat aaacctccat tggaggtgta aaaatcctat 
     2101 ctaaattaga atttaaattg tgaaattgta aaacataatc tttgggagcc ttttccctta 
     2161 atatattgag ggcctcaatt ttggaccctg cgttgattgc ctcggcatat gcgtcgttgg 
     2221 cagattggca acctcctcta gctgatcttc catcgacttg gaaaactcca tgatcaacga 
     2281 cgtctccgtc tttctccatg taggatttga catcgcttga gctcttagct ccctgaatgt 
     2341 tcggatggaa atgtgctgac ctggttgggg atgtgaggtc gaagaatcta ttgtttttgc 
     2401 actggaactt tccttcgaac tggatgagca catgcaagtg aggagtccca tcttcgtgaa 
     2461 gctctctgca gattctaata aattttttgg aagtgggtgt ttggagattt aataattggg 
     2521 aaagtgcttc ttctttagtg agagagcact tgggataagt gagaaaataa tttttggcat 
     2581 ttattttaaa ccgattgggg gctgccatat tgacttggtc aatcggtgtc tgtcaactat 
     2641 ctctatgtat cggtgtactg gagtcctata tatatggaga ctctaatggc ataattgtaa 
     2701 taaaagaact ttaatttgaa attcaaaatg aaaggctaaa gcggccatcc gtataatatt 
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