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1. Introduction 

Carica papaya L. also known as Papaya is a sole member of family Caricaceae. It is a fruit bearing 

tree with large deeply palmate multi-lobed leaves. The flowers mature into large, soft, and yellowish 

to red colored fleshy fruits. Papaya is native to Mexico and other subtropical areas such as Brazil and 

Colombia. Papaya growth requires high temperature range and evenly distributed precipitation 

throughout the year (Mishra et al. 2007). Papaya fruit is a popular table food with high nutraceutical 

and broad range of industrial applications in food processing industry. It is a major commercial 

tropical horticulture crop and cultivated on large scale in India, Brazil, South-East Asian sub-

continent and Central American region (FAOSTAT 2013). Large-scale cultivation of papaya is 

hampered due to major disease outbreaks caused due to fungi, bacteria, phytopthora and viruses. The 

major pathogens of papaya include microorganisms causing powdery mildew disease, leaf blight, 

papaya mosaic, papaya ring spot, papaya leaf curl, foot rot and other such infections (De la Cruz 

Medina et al. 2003). The papaya leaf curl disease (PLCD) is the major threat to papaya cultivation 

causing severe damage in northern regions of India (Saxena et al. 2016). Papaya leaf curl virus 

(PaLCuV), which is a member of begomovirus group of plant infecting Geminiviruses causes PLCD. 

This group of virus has caused large-scale economic losses to the food grain and horticulture crop 

production in the world. PaLCuV has been identified to be transmitted through Bemisia tabaci 

Gennadius, also known as whitefly (Guo et al. 2015). Whiteflies along-with its various biotypes, 

spread begomovirus species across the globe in tropical and sub-tropical regions. The begomovirus-

whitefly interaction complex has been regarded as a global threat to the world crop production. 

Whiteflies are potentially harmful to the crops such as tomato, papaya, cassava, tobacco, cotton, 

potato, chickpea, sugarcane, wheat, maize and other commercial crops providing the bulk of the 

global food platter (Luo et al. 2017). They cause damage to crops in two ways i.e. through direct 

feeding on the phloem sap and by transmission of Begomoviruses (Byrne and Bellows 1991).  
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PLCD not only affects leaf development but also alters development of whole papaya plant 

including premature fall of fruits. The plant shows stunted growth and low probability of fruit 

development and completion of its normal life cycle. The symptoms consequently result in drastic 

decrease in total papaya production. The production in 2012-13 was approximately 5381.7 metric 

ton, which reduced to less than 4681 metric ton in 2014-15 in India with upto 8% culmination of 

cultivation area (Horticulture Statistics Division, Department of Agriculture, Cooperation and 

Farmers Welfare, Ministry of Agriculture). Many physical, chemical and biological control strategies 

are in current practice as Farm Management techniques for control of PLCD. However, these 

strategies are unable to control the large-scale wipe out of papaya cultivation in north India. 

Therefore, the future control strategies are required to devise tools and techniques to identify, isolate 

and provide resistance to PLCD for healthy papaya cultivation in India.  

The control strategies against begomovirus could be devised by understanding the molecular 

basis of their initiation, propagation and elimination inside the host cell i.e. papaya, and disease 

associated crops. Therefore, it is a prerequisite to dissect the PLCD genome and identify the genes 

and proteins responsible in host defense and virus infection. It is important to identify the plant 

defense pathways and understand the mechanisms by which the PLCD components i.e. DNA-A and 

betasatellites, suppress the plant defense system and invade the plant genetic organization (Pooggin 

and Hohn 2004). It would be beneficial in designing the antiviral strategy to produce PLCD resistant 

transgenic papaya. The first successful virus resistant transgenic papaya was produced against 

Papaya Ring Spot Virus (PRSV), utilizing the strategy based on RNA interference (RNAi) 

technology (Gonsalves 1998). RNAi utilizes the knowledge about molecular basis of virus infection 

and introducing molecular components such as anti-sense transgenes or targeted entry of designed 

small interfering RNAs (siRNAs) containing plant binary vectors (McIntyre and Fanning 2006; 

Velten et al. 2012). These are designed against the viral factors that lead to post-transcriptional 

suppression of the viral genes in plants. Therefore, elaborate study of PLCD in papaya holds a 
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promise to develop a successful technology to prevent the damage caused by PLCD infection in 

Indian sub-continent.  

Objectives 

1. Collection of healthy and leaf curl infected Papaya samples. 

2. Isolation of DNA from infected and healthy plant samples for molecular analysis.  

3. PCR screening of infected leaf samples for presence of begomoviral genome.  

4. Identification and selection of genomic region(s) from viral isolate(s) for siRNA based 

strategy. 

5. Introduction of above region(s) in appropriate vector for siRNA based resistance 

against begomovirus(es) causing papaya leaf curl disease.  
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2. Review of Literature 

2.1 Leaf curl disease of papaya and weeds form a complex 

The C. papaya L. also called Papaya is a member of family Caricaceae, widely used for its 

nutraceutical and commercial value. It is native to southern Mexico and Central American region but 

now cultivated all over the world. India and Brazil are among the largest producing nations of the 

world. The fruit has very high nutritional value and has a daily-recommended allowance for Vitamin 

A, C, folate, riboflavin, niacin, thiamine, iron, potassium, calcium and fibers in it. The stems, leaves, 

fruit and roots of papaya plants are used in production of commercially important enzyme papain, 

which is widely used in food processing industry and is used as a medicinal supplement in case of 

digestive problems (Australian Government 2008). Due to above properties, various varieties of 

papaya are now grown all through globe from kitchen gardens to big farms in tropical and sub-

tropical regions of the world. Such a magnanimous scale of cultivation attracts many infectious 

agents such as bacteria, phytopthora, fungi, insects and viruses.  

Among all symptoms listed, the leaf curl, crinkle, crumple and distortion has common 

occurrence in India (Borah and Dasgupta 2012). The leaf crinkle symptom was first reported to occur 

in papaya (Thomas and Krishnaswamy 1939). The disease was identified to be caused by a 

geminivirus infecting tobacco (Nariani, 1956) and later Papaya leaf curl virus (PaLCuV) in Pakistan 

was reported in papaya (Nadeem et al. 1997). Symptoms such as stunted growth, crippled, darkened 

leaves, curled lamina, deformed leaf and stem shape, vein swelling and enation characterized this 

disease. The genome organization of PaLCuV was first reported to be composed of bipartite 

begomovirus DNA components (Saxena et al. 1998a,b,c). Thus, PaLCuV was identified as a bipartite 

begomovirus, a class of whitefly-transmitted geminiviruses (WTGs) (Deng et al. 1994, Brown et al. 

2015). Later, studies have revealed the monopartite nature of PaLCuV infecting papaya in different 

regions of China (Zhang et al. 2010), National Capital Region (NCR), India (Singh-Pant et al. 2012) 

also its association with weeds was presented in northern regions of India  (Srivastava et al. 2014). 
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Therefore, this disease is now considered to be caused by a monopartite begomovirus group, which 

is found to be associated with smaller satellite molecules.   

A molecular study was conducted related to spatial distribution of leaf curl disease of papaya 

in NCR, India. Typical leaf curl samples were collected from infected and healthy papaya plants. 

Sequence based investigations revealed that the leaf curl disease of papaya was actually not a single 

virus disease but was caused by various other begomoviruses like Chili leaf curl virus (ChLCuV), 

Tomato leaf curl virus (ToLCV), Papaya leaf crumple virus (PapayaLCV), Pedilanthus leaf curl 

virus (PedLCV) and Ageratum leaf curl virus (AgLCV) (Singh-Pant et al. 2012). On the other hand, 

PaLCuV is known to cause leaf curl disease in tomato, cucurbits, jatropha and other weeds (Verma 

and Saxena 2017a). Generally, disease caused by a group of similar or mixed type of viruses is 

considered a “disease complex”. This term is justified in this case, due to the combined effect of the 

interaction of various papaya leaf curl disease (PLCD) causing viruses inside their hosts and the level 

of molecular diversity arising due to their genetic mixing. Therefore, we prefer referring this disease 

a PLCD complex rather than PLCD.     

2.2 The genetic basis of Begomovirus causing PLCD complex  

The group of plant infecting viruses called, Geminiviruses, cause various symptoms in plants leading 

to reduced productivity and developmental anomalies. It is a group of plant infecting single stranded 

(ss) DNA viruses in which the genome is carried inside a geminate shaped capsid, hence the name 

derived as Geminivirus (Gemini= geminate). Earlier, the Geminivirus family was sub-divided into 

genus Mastrevirus, Curtovirus, Topocuvirus and Begomovirus on the basis of number of genomic 

components i.e., Monopartite containing a single component genome e.g. Maize streak virus and 

Bipartite containing a two component genome e.g. Tomato Golden Mosaic Virus (King et al. 2012). 

Later, five new genera were added to geminivirus viz. Becurtovirus, Eragrovirus, Turncurtovirus, 

Capulavirus and Grablovirus due to their distinct genomes, host and transmission vector (Varsani et 
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al. 2014, 2017). There are few viruses which have a half-size defective components i.e., ss-DNA 

satellites encapsidated into the isometric virions e.g. Tomato Leaf Curl New Delhi virus. 

Begomoviruses, a subgroup III type of Geminivirus, have been reported to cause leaf curl 

symptoms in papaya. These plant viruses are characterized by single stranded genome; geminate 

(twinned) particles made up of 110 protein subunits and appears as pentameric capsomeres. 

Begomovirus replicate inside the host nucleus via formation of a double stranded DNA (ds-DNA) 

intermediate through rolling circle mechanism. The intermediate ds-DNA is present in open and 

supercoiled circular forms and complex with histone proteins to form viral minichromosomes 

(Gutierrez et al. 2004). The single stranded-DNA (ss-DNA) ranges from 2.5 kb to 2.9 kb in genome 

size and present as monopartite (DNA-A) or bipartite (both DNA-A and DNA-B) (Stanley et al. 

2005). These viruses are capable of replication in both cases due to the presence of multifunctional 

protein encoding open reading frames (ORFs), which form a variety of interactions with host cellular 

machinery for their own multiplication, movement and defense related functions (Fondong 2013). 

Begomovirus’ helper DNA i.e. DNA-A, contains 4-6 ORF’s named as AC and AV when present on 

complementary sense and viral sense strand respectively, in case of bipartite begomoviruses. In 

monopartite begomoviruses, the ORF’s are named as C and V when present on complementary and 

viral sense strands respectively. In case of a disease complex, where both mono- and bipartite 

begomoviruses are involved, the AC and AV terms shall be used to denote these multifunctional 

ORF’s. A 200 nucleotide long intergenic region (LIR) with hairpin-like loop containing origin of 

replication, nonanucleotide conserved motif and iterons serving as promoter and enhancer elements 

(Borah et al. 2016). 

A monopartite begomovirus causing a severe leaf curl symptom, comprises of DNA-A 

component (2.7kb in size) and a betasatellite (DNA-β) corresponding to genome size of 1.3 kb. Both 

components share approximately 200bp sequences within the intergenic region. The DNA-A virion 

sense strand encode coat protein (CP) gene AV1 and AV2 and the complementary-sense strand 
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encodes replication associated protein (Rep) gene AC1 and transcription activator protein (TrAP) 

gene AC2, a replication enhancer protein (REn) gene AC3 and a host silencing suppressor protein 

called AC4. DNA-β contains a single coding region termed DNA βC1 protein gene, which 

suppresses the host RNA silencing machinery. The β-satellite does not have much sequence 

similarity to DNA-A except that it encodes a recognizable begomoviral sequence from the stem-loop 

and TAATATTAC sequence. Therefore, DNA-β is dependent upon the DNA-A portion of 

begomovirus genome for its replication and encapsidation, which is an essential condition for the 

maintenance of disease in the papaya fields. The genome of almost all the betasatellites contains a 

~120-nts long highly conserved region, called satellite conserved region (SCR) and an Adenine rich 

(A-rich) region (~57-65% A content), typically ~160 – 280-nts long. The A-rich region was earlier 

reported to be important in maintaining the structural integrity of betasatellites. Later on, the 

mutations based studies proved it to be important in functioning of βC1 ORF, helping it in 

betasatellite genome accumulation and its expression regulating symptom severity (Zhou 2013). 

Almost all begomoviruses associated with PLCD complex were found to be associated with 

betasatellite molecules (Singh-Pant et al. 2012; Verma and Saxena 2017a, 2018). Therefore, 

betasatellites are an important ‘infection partner’ of DNA-A in case of PLCD complex.     

2.3 Molecular functions of begomovirus proteins causing PLCD 

The replication and transcription are two most important biological functions required for 

multiplication and survival of begomovirus inside their host cell. The replication of begomovirus ss-

DNA occurs inside the host nucleus via Rep dependent rolling circle replication (RepRCR) 

mechanism involving open, linear double stranded (ds) DNA replicative intermediates. The RepRCR 

involves formation of a complementary anti-sense DNA synthesis on the virion sense strand to 

produce ds-DNA utilizing the host DNA replication factors. The virion ss-DNA synthesis is initiated 

immediately downstream of 3’ thymidine residue present in the conserved TAATATT/AC sequence 

region within intergenic region by the replicase (Rep) protein which is a virus encoded replication 
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associated protein. The viral DNA replication model involves activation of Rep protein, which 

initiates release of ss-DNA template from the virion into the nucleus. RNA primer and host DNA 

polymerase synthesize the complementary strand. The ds-DNA gets associated with the host 

nucleososmes and form minichromosomes. The host RNA polymerase II (Pol II) then transcribes 

Rep mRNA and other proteins assisting in viral DNA replication and transcription. Rep protein with 

the help from PCNA complex binds v-ori, the starting point of replication present in IR. Thus, 

producing multiple viral DNA particles inside host nucleus by ‘nick and join’ mechanism (Stenger et 

al. 1991; Pilartz and Jeske 2003; Gutierrez et al. 2004).  Thus, the RepRCR mechanism is an 

important step in the introduction of a begomovirus systemic infection to the plant and its’ 

propagation inside plant cells. Therefore, Rep is the only essential viral protein required for its 

replication inside the host nucleus.  

The transcription of viral mRNA requires promoter and enhancer elements, which are present 

in IR of viral DNA. IR is a mosaic region containing transcriptionally active elements (TAEs) and 

iterons responsible for initiation of bidirectional transcription of viral mRNAs (Shivaprasad et al. 

2005; Borah et al. 2016). Transcription activator protein (TrAP) expression is controlled by a 

promoter present in upstream Rep coding region of DNA-A. Its’ role has been reported in activation 

of transcription of CP and other movement related proteins by suppressing host viral silencers 

(Bisaro 2006). It is reported to interact in vitro with Arabidopsis H3K9me2 histone methyltransferase 

and inhibits its activity, thus reducing methylation marks and suppressing transcriptional gene 

silencing (TGS) (Castillo-González et al. 2015). TrAP also regulates the CP promoter expression by 

suppressing host suppressor proteins i.e. those participating in defense pathways (Sunter and Bisaro 

1997; Berger and Sunter 2013). It performs transactivation in a manner similar to Adenovirus E1A 

protein that does not require it to bind specifically with related ss- or ds-DNA (Ferrari et al. 2008). 

Thus, TrAP has an important role in gene activation, virus pathogenicity and host RNAi machinery 

suppression. AC3 (C3) also known as Replication Enhancer protein (REn) encodes the symptom 
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severity factor. It enhances viral DNA replication by interacting with Rep and PCNA, thus assist in 

RepRCR (Jeske et al. 2001; Settlage et al. 2005).  

AC4, the least conserved protein of begomoviruses has divergent functions such as symptom 

development, virus movement and host RNAi silencing. Its’ role in vein swelling phenotype was 

reported to be caused by abnormal cellular development and differentiation (Stanley and Latham 

1992; van Wezel et al. 2002; Mills-Lujan and Deom 2010). It causes vein swelling due to its 

interaction with various cell cycle regulator e.g. RKP in tobacco and ATHB7 and ATHB12 in 

Arabidopsis (Lai et al. 2009; Park et al. 2010). The RNAi suppression is an important function of 

AC4 protein found in African cassava mosaic virus (ACMV) and East African cassava mosaic virus 

(EACMV)-like viruses. AC4 inhibits RNAi by binding with miRNAs and siRNAs (Vanitharani et al. 

2004; Chellappan et al. 2005) and by interactions in post translationally modified N- and C-terminus 

region (Fondong et al. 2007; Hipp et al. 2016; Roshan et al. 2018).  

CP is the only structural protein encoded by a begomovirus ORF, its primary function is to 

provide encapsidation to the viral ss-DNA synthesized during DNA replication (Klinkenberg et al. 

1989). CP is known to be a determinant of insect transmission as the mutations in this region resulted 

into reduced transmission rate via whiteflies (Briddon et al. 1990; Ghanim 2014). Apart from 

structural function, CP helps in viral DNA movement in and out of nucleus in absence of other 

movement related proteins e.g. Squash leaf curl virus (SqLCV) can replace function of DNA-B 

encoded MP by CP gene product (Rojas et al. 2001; Priyadarshini et al. 2011). Overall, CP gene 

function has been conserved for structural function, whereas the multifunctional nature of this 

protein is economically utilized by begomoviruses from time to time. AV2 protein is also known as 

pre-coat protein as its start codon precedes AV1 ORF, however, it lays more into overlapping region. 

This protein is normally not essential for any particular function yet mutations might result in 

decrease in viral DNA accumulation inside host and loss of mutants resulting into survival of wild 

type variety only (Padidam et al. 1996; Mubin et al. 2007). Its role in RNA silencing suppression in 
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case of EACMV and Ageratum yellow vein virus (AYVV) has been reported to play an important 

part in host RNAi suppression (Chowda-Reddy et al. 2008; Roshan et al. 2018).  

βC1, the only protein encoding ORF of betasatellite is dependent upon DNA-A for its 

replication and transcription (Briddon and Stanley 2006). There have been evidences of its role in 

symptom development e.g. Tomato yellow leaf curl China betasatellite (TYLCCNB) by inducing 

abnormal cell division (Cui et al. 2005; Guan and Zhou 2006) and by multimerization (Cheng et al. 

2011). Symptom development in case of Radish leaf curl betasatellite (RaLCB) was found to be 

through downregulation of chlorophyll synthesis related genes rather than structural genes of 

chloroplast (Bhattacharyya et al. 2015). The pathogenicity severity was distorted in βC1 mutated 

viral transgenes thus, the symptom development could be attributed to the formation of complexes 

with host defense related transcription factors in order to regulate viral replication (Yang et al. 2008; 

Eini et al. 2009). Betasatellite C1 protein has been heavily linked to host PTGS suppression due to its 

DNA and RNA binding activity in TYLCCNB, Cotton leaf curl Multan betasatellite (CLCuMuB), 

Bhendi yellow vein mosaic betasatellite, etc. (Gopal et al. 2007; Kon et al. 2007; Qazi et al. 2007). 

Studies have supported the role of βC1 in suppression of methylation mediated transcriptional gene 

silencing (TGS) (Raja et al. 2010; Yang et al. 2011a,b; Rogans et al. 2016). The reversal of cytosine 

methylation susceptibility in case of TYLCCNV and Beet curly top virus L2- mutants when co-

inoculated with betasatellites proves its role in reversal of TGS (Sunter et al. 2001; Zhang et al. 

2011). βC1 has a nuclear localization signal called 49KKK51, which interacts with S-adenosyl 

homocysteine hydrolase (SAHH) to reduce SAHH activity. SAHH is responsible for maintenance of 

methyl production via S-adenosyl methionine enzyme. Therefore, decrease in availability of SAM 

would eventually result in suppression of epigenetic mechanism of regulation of TGS (Yang et al. 

2011b; Pooggin 2013).  In an experiment in which ToLCNDV DNA-A when co-inoculates with a 

defective CLCuMuB particles produced hindrance in the DNA-A molecules movement. Later, it was 

reported that βC1 localizes around nucleus and co-localizes with endoplasmic reticulum network 
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around cellular margins (Saeed et al. 2007; Patil and Fauquet 2010; Saeed 2010). Thus, βC1 protein 

of betasatellites has evolved to be multifunctional in nature and adapts to the host and molecular 

machinery of its helper DNA i.e. DNA-A of begomovirus. This property of betasatellites has allowed 

the PLCD complex begomoviruses to infect tobacco, tomato, chili and cucurbits in natural condition 

and Arabidopsis when infected in controlled conditions; use of weeds as their reservoir host when 

the replicative primary host is absent. Therefore, the host range continuously expands as they spread 

from one geographic region to another.   

 2.4 Origin of host diversity in PLCD complex 

Early leaf curl infection in papaya was limited to PaLCuV only, but later on reports of it’s 

occurrence in different parts by various other monopartite begomoviruses opened the theory of “one 

disease - too many viruses”, thus forming a disease complex. This broad host and begomovirus range 

probably resulted out of various interspecific recombinations. The recombination and mutational 

dynamics is the main reason behind most of the molecular events leading to emergence of new 

species causing severe symptoms. The recombination events arising due to the RepRCR tend to 

occur at high frequency in the viral origin of replication (v-ori). This region acts as a recombination 

hot-spot due to the natural tendency of double strand repair phenomenon by nick and join 

mechanism by Rep protein. Also, the monomeric single strand units of begomoviruses are released 

from large sized concatamers in this region. However, the above phenomenon was absent in 

betasatellite molecules indicating the significance of DNA-A in enhancing the genetic diversity and 

emergence of newer begomoviral species. In an experiment carried over 120 days, Tomato yellow 

leaf curl virus and Tomato leaf curl Comoros virus were co-infiltrated and the pattern of 

recombination was studied. It was observed that large number of recombination events occurred in 

genetically similar regions, in regions leading to strengthening of a particular protein-protein, 

protein-DNA or long range interactions and in events which lead to natural selection of the 

phenotype/function helping begomovirus to overcome external obstacles in its survival (Martin et al. 
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2011). Although, the exact pattern of physical recombination events i.e. recognition of physical 

recombination boundaries are not explored in depth, it should be explored in future.  

2.5 RNA interference: PTGS and TGS      

2.5.1 Posttranscriptional Gene Silencing (PTGS)  

RNA interference (RNAi) is a mechanism involving inhibition of mRNA production through 

production of small homologous RNA molecules ranging from 21 – 25-nts in size called small RNAs 

(sRNAs) . It is highly specific, effective and thermodynamically favorable mechanism. It was first 

reported by Baulcombe and Hamilton (1999) as a phenomenon of production of 25-nts long dsRNA 

molecules from their dsRNA precursor regions. This phenomenon was later termed as 

Posttranscriptional gene-silencing (PTGS), which provides innate immunity to plants against 

external organisms, transgenes, transposable elements and viral mRNAs. RNA dependent RNA 

polymerase (RDR), DICERs or DICER-LIKEs (DCL) and ARGONAUTE (AGO) proteins are 

important enzymes having a key role in plant sRNA biogenesis and function. There are six RDRs in 

A. thaliana, which function in synthesis of dsRNA precursor (Willmann et al. 2011). DCLs are 

endonucleases, which catalyze dsRNA precursors to release short dsRNA duplexes (Xie 2005; 

Margis et al. 2006; Liu et al. 2009). AGO then engages this short dsRNA duplex and releases one of 

the RNA strand and results in mRNA-RISC-RNA adduct formation in highly specific manner to its 

target mRNA sequence (Fang and Qi 2016). PTGS involves processing of precursor dsRNA by 

DCLs to produce sRNA duplexes. It is followed by capture of guide sRNA strand by ARGONAUTE 

(AGO) proteins to form RNA induced silencing complexes (RISC) (Rand et al. 2005; Leuschner et 

al. 2006; Ameres et al. 2007). The above process results in recognition and binding of RISC to its 

homologous perfectly complementary sequence in mRNA region resulting into cleavage of mRNA 

into 21 – 25-nts molecules called micro RNAs (miRNAs) and small interfering RNAs (siRNAs) 

belonging to primary sRNAs (Lu et al. 2008). However, when the complementarity is not perfect, 
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then the preferred mechanism is through RISC mediated translational inhibition of target mRNA 

transcription (Brodersen and Voinnet 2009).   

These small non-coding RNAs i.e. miRNAs and siRNAs lie at the pinnacle of gene 

expression regulation and have been reported to be the master regulators of plant growth and 

development and in plant responses against various abiotic and biotic stresses. The mechanism of 

regulation by miRNA is mostly through downregulation of mRNAs involved in a particular function 

e.g. miR394 targets LCR functioning in regulation of shoot meristem (Knauer et al. 2013); miR156 

targets SPL family mRNAs promoting flowering and tillering (Aukerman 2003; Wang and Wang 

2015); miR165/166 in maintaining procambial activity and lateral root growth (Sakaguchi and 

Watanabe 2012; Jia et al. 2015). However, siRNAs mainly take part in conferring innate immunity to 

plants against various pathogenic infection including diseases caused by plant viruses (Axtell et al. 

2006; Aregger et al. 2012; Creasey et al. 2014; Borges and Martienssen 2015).  The endogenous 

siRNAs are produced by action of RDR1 – RDR2 in concert with DCL2 – DCL4 on long non-coding 

RNAs, primarily producing primary siRNA and secondary siRNAs. Primary siRNAs include 

heterogeneous siRNA (hetsiRNA), a 24-nts long primary siRNA processed by DCL3. The secondary 

siRNA include phased or trans-acting siRNA (tasiRNAs) and natural anti-sense small interfering 

RNAs (NAT-siRNAs), which are 21 and 22-nts long secondary siRNAs processed by DCL4 and 2 

(Axtell 2013). The sRNAs thus produced are processed and modified in plants at the 3’-end by 

mainly 2’-O-methylation, which is important for their stability and protection from degradation 

pathways involving 3’-uridylation mechanism (Ibrahim et al. 2010; Scheer et al. 2016).  

2.5.2 Transcriptional Gene Silencing (TGS)  

Plants take part in RNA silencing through PTGS (refer previous section) and also transcriptional 

gene silencing involving RNA dependent DNA methylation (RdDM) causing CG, CHG and CHH 

methylation marks on foreign transgenes to direct them for transcriptional repression termed as TGS. 

The TGS mechanism involves 24-nts long hetsiRNA contributing to identification and suppression 
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of methylation imprints at 5-methyl cytosine residues, made by DNA METHYLTRANSFERASE 

(DNMT) class of enzymes. This methylation pattern is then maintained synergistically by 

DEFICIENT IN DNA METHYLATION 1 (DDM1) and RdDM in plants. The heterochromatin is 

formed only after sustenance of DNA methylation, through activation of H3K9 

METHYLTRANSFERASE enzyme (Zvereva and Pooggin 2012; Pooggin 2013).  

The above canonical pathway of RdDM could not properly explain the trans-generational 

inheritance of DNA methylation patterns. Therefore, several non-canonical mechanisms have been 

proposed to explain TGS in plants (Raja et al. 2010). The non-canonical pathways involving 

miRNA-directed DNA methylation (miRNA-dDM) i.e. pol II derived inverted repeat (IR) sequences 

gets cleaved into a 24-nts siRNAs and produces RdDM in trans manner and epigenetic 

transcriptional repression of the rest of gene family e.g. Mutator family TE in maize. miRNA-dDM 

can occur in both cis- and trans- direction to cause TGS. A RDR6 RdDM based pathway involves 

TAS genes, which facilitate miRNA mediated processing of dsRNA by RDR6 enzyme to produce 21 

– 22-nts siRNA, to repress transposable elements (TE). Apart from above two mechanisms non-

canonical pathways take part in TGS (Cuerda-Gil and Slotkin 2016). Therefore, both canonical and 

non-canonical pathways fill in the voids in biogenesis of siRNA involved in TGS, which is now 

identified as an important mechanism involved in plant resistance against a geminivirus infection. 

2.6. Suppression of RNAi by begomovirus is an important mechanism for its survival 

Both RNA and DNA plant viruses have evolved several mechanisms to override host defense 

pathways for their own survival, transmission and symptom development (Burgyán and Havelda 

2011). RNA virus i.e. Potyvirus was identified to inhibit established plant RNA silencing through 

HC-Pro protein, which was found to inhibit host immunity by interacting with rgsCaM and inhibiting 

dsRNA processing resulting into failure to produce effective siRNA population. Similarly, 
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geminivirus transcripts from DNA-A and betasatellite molecules are known to take part in 

suppression of both PTGS and TGS mode of RNA interference.      

DNA-A component of begomovirus genome has been widely related to suppression of PTGS 

and TGS in host plants. Mainly, the suppression phenomenon occurs through mechanisms involving 

AC2 (TrAP), AC4 alone or AC4/AC2 partnership. Local RNAi suppression by Mungbean yellow 

mosaic virus (MYMV) TrAP is induced through transactivation of viral promoters and activation of 

host RNA silencing suppressor proteins e.g. WEL1 (Werner Exonuclease-Like 1) (Trinks et al. 

2005). In another experiment, Tobacco golden mosaic virus (TGMV) AC2 protein inhibited TGS 

mechanism by interfering with proteins responsible for maintenance of DNA methylation. Here, the 

AC2 protein interacts with adenosine kinase (ADK) protein functioning in methyl group transfer 

during RdDM. From microscopic evidences, AC2 subcellular localization is known to be influenced 

by phosphorylation induced by ADK. Therefore, an ADK-deficient host plant shows failure in TGS 

mediated silencing. Other proteins of TGS associated with AC2 mediated suppression are HEN1, 

SAHH, homology dependent gene silencing 1 (HOG1) and SNF1 (by inactivation of ADK). AC2 

protein of Mungbean yellow mosaic Indian virus (MYMIV) interacts with RNAi components i.e. 

RDR6 and AGO1, thus, inhibiting synthesis of tasiRNAs mediated silencing (Lózsa et al. 2008; 

Kumar et al. 2015). The synergistic interaction of African cassava mosaic virus (ACMV), a recovery 

type virus with AC4 suppressor and East African cassava mosaic virus (EACMV) (non-recovery 

type) with strong AC2 suppressor activity were able to cause severe infection of cassava plantations. 

Another study revealed a newly emergent EACMV-Cameroon detected in samples showing mixed 

symptoms, proposed to form a similar synergism as EACMV-AC2 component (Fondong et al. 2000; 

Vanitharani et al. 2004). A study has shown that AC4/Rep synergism in  ACMV and Tomato leaf 

curl China virus (TYLCCNV) was responsible for appearance of necrotic symptoms, which 

otherwise was absent when only AC4 component was expressed under constitutive promoter 

expression (van Wezel et al. 2002). Further studies are required to elucidate mechanistic aspects of 
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the synergistic interaction of AC4 with Rep and AC2 to get in-depth insight into the RNA silencing 

suppression mechanism.  

βC1, a nuclear localized protein from TYLCCNV, is required for TGS reversal and DNA 

methylation (Zhong et al. 2017). It acts through inactivation of SAHH, resulting in reduction of 3’-

cytosine methylation. It is a functional substitute to mutated C2 protein of TYLCCNV (Yang et al. 

2011b). βC1 of Cotton leaf curl Multan betasatellite (CLCuMuB) binds with DNA and RNA, 

reported to interfere with binding interaction of dsRNA, sRNAs, thus inhibiting PTGS (Qazi et al. 

2007; Amin et al. 2011; Tiwari et al. 2013). Thus, βC1 is an important begomoviral component 

important for symptom severity through suppression of TGS and PTGS (Zhou 2013). 

AV2, functionally least characterized begomovirus protein of Velvet bean severe mosaic 

virus is a strong repressor of RNA silencing when compared to TrAP and CP (Jangid et al. 2017). 

The Rep protein is a known cell cycle modulating component of begomoviral machinery. Rep 

downregulates MET1, CMT3 and ROS1; thus triggering host DNA reduplication and resulting into 

reduced cytosine methylation levels in cell. Therefore, Rep mediated rescue of begomovirus 

replication from methylation-sensitive repression is an important augmentation of viral RNA 

silencing suppressor machinery (Rodríguez-Negrete et al. 2009, 2013).  There is still insufficient 

information related to role of various begomoviral proteins taking part in host PTGS and TGS 

suppression. But, it is an important mechanistic aspect of begomovirus machinery which provides it 

an edge to virus in the molecular arms race of host plant against viral infections (Sahu et al. 2014).  

2.7 RNAi strategies: Past, present and tomorrow 

Initially, discovered as a ‘co-suppression’ phenomenon in Petunia plants overexpressing chalcone 

synthase gene. Co-suppression resulted into depigmentation of flowers as a consequence of reduction 

in transgene and its mRNA expression levels (van der Krol et al. 1988; Napoli 1990). Later, various 

studies identified that coat protein mRNA of plant-infecting viruses have potential to provide partial 
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to complete resistance when introduced in anti-sense manner (Beachy et al. 1990; Gonsalves 1998; 

Krubphachaya et al. 2007). Transgenic papaya carrying coat protein mediated resistance against 

Papaya ringspot virus (PRSV) is a classic example of the level of resistance provided by anti-sense 

RNA technology (Gonsalves 2006). However, the success of this technology could not be guaranteed 

against geminivirus. An approach involving simultaneous expression of viral segments in sense and 

anti-sense manner separated by an intron was found to produce transgenics showing potency against 

geminivirus (Varsha Wesley et al. 2001; Hirai and Kodama 2008). The principle behind above 

approach was to induce the RNAi machinery of plants to synthesize 21 – 24-nts siRNA against a 

specific region by mimicking it as a hairpin containing dsRNA precursor fragment. Thus, the natural 

RNAi machinery of plants, which generally produce decoys of primary and secondary virus siRNAs 

(vsRNAs) from putative hot-spot regions of viral genome was diverted to produce specific and 

efficient targeted siRNAs to produce geminivirus resistant transgenics (Younis et al. 2014). As per 

current scenario, several cases in India and around the world, have been reported, where the siRNA 

strategy has found success in conferring resistance. The siRNA harboring transgenic plants against 

Bean Golden Mosaic Virus (BGMV) (Bonfim et al. 2007), Cotton Leaf Curl Virus (CLCuV) 

(Hashmi et al. 2011), Ageratum yellow vein virus (AYVV) and Melon yellow spot virus (MYSV) 

(Yang et al. 2014) were developed and evaluated successfully. The transgenic plants against 

Mungbean yellow mosaic virus (MYMV) and African cassava mosaic virus (Vanitharani et al. 2003; 

Galvez et al. 2014) have found success in field trials. The insect resistance transgenic cotton plants 

were developed against B. tabaci, which indirectly inhibits transmission of geminiviruses (Thakur et 

al. 2014, Shukla et al. 2016). Interestingly, some of the transgenic horticulture crops produced using 

siRNA strategy were approved for human consumption e.g. Bean golden mosaic virus resistant Pinto 

bean (approved by Brazil, 2011), Papaya ring spot virus resistant papaya (approved by USA, 1996; 

Canada, 2003; Japan, 2011), high oleic acid soybean line MON87705 (approved by New Zealand, 

2010).  
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 Transgenic plants containing  short and long-intronic hairpin containing viral transgenes and 

fragments became a popular approach from 2002 - 2016 as the levels of siRNAs produced were high 

and the resistance developed was sustainable to some extent (Pooggin 2017). However, occurrence 

of frequent recombination events resulted into breaking anti-viral resistance in transgenic plants (Pita 

et al. 2001; van der Walt et al. 2009).  Recently, field trials of a TYLCV resistant tomato transgenic 

plant harboring Rep containing intron-hairpin siRNA construct was conducted till F4 – F6 transgenic 

generations (Fuentes et al. 2006). This transgenic tomato plant showed successful resistance against 

TYLCV but due to intervention by a previously unknown virus identified as Tomato latent virus 

(TLV), the resistance was suppressed (Fuentes et al. 2016). TLV was a recombinant virus inheriting 

DNA-A complementary sense strand ORFs from a distant begomovirus and viral sense strand ORFs 

from TYLCV. Various strategies have been employed against different variants of ToLCNDV, but 

all of them failed due to frequent emergence of a new recombinant or a new variant possessing 

mutation in viral genomes conferring resistance against RNAi constructs (Jyothsna et al. 2013; Sahu 

et al. 2014; Kumar and Naqvi 2016; Zaidi et al. 2016). RNAi initiative for developing transgenic 

cassava resistant against ACMV and associated cassava disease complex in Africa is underway (De 

Bruyn et al. 2016; Fondong 2017). Similarly, research is ongoing to develop transgenic cotton plants 

resistant against CLCuMV and associated cotton leaf curl disease complex viruses in Pakistan and 

India (Saeed 2010; Akmal et al. 2017; Zubair et al. 2017a; Shweta et al. 2018). In an interesting 

siRNA based strategy, transgenics with generic resistance were developed against Pepper golden 

mosaic virus (PepGMV) and Tomato chino La Paz virus (ToChLPV) using 700-800-nts upper half 

fragment of DNA-A carrying more than 85% sequence conservation (Medina-Hernández et al. 

2013). This experiment provided a support to the generic approach involving long hpRNAi 

containing constructs, which when designed on the basis of sequence conservation of a particular 

region, have potential to provide a sustainable resistance against a genera of begomovirus like 

papaya, chili, tomato and cassava disease complexes.  
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 Apart from RNAi based strategies, new tools have been discovered which act in a sequence 

specific manner and result in whole genome editing. This technique is termed Clustered regularly 

interspaced palindromic repeats (CRISPR) and forms a molecular editing system when adjunct with 

Cas9 protein (Li et al. 2014). It is in exploratory stages at the moment, which when successful has 

potential to provide resistance through targeted mutagenesis and geminiviral genome editing (Cong 

et al. 2013; Zaidi et al. 2016; Abdullah et al. 2017; Gebre et al. 2018).  

   Therefore, begomovirus infection in India plays a crucial role in increasing suffering of 

farmers apart from natural calamities, which has severely affected food productivity. This situation 

has caused mass migration of farmers from agriculture to other profitable occupation and then we 

might face a national food crisis. Therefore, the immense loss caused by the begomovirus class of 

Geminiviruses needs special attention and this problem could be solved by restricting their national 

and global presence using siRNA strategy.   
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3. Materials and Methods 

3.1 Chemicals and experimental material 

Table 3.1 List of Laboratory chemicals and enzymes used in this study 

 

 

Material Source Purpose 

Plant Material 

Papaya (Carica papaya cv Pusa 

delicious) 

National Seeds Corporation Ltd., 

New Delhi 

Experimental plant 

Tobacoo (Nicotiana benthamiana) Plant Genomics Lab. CSIR-NBRI, 

Lucknow 

Experimental plant 

Bacterial Culture 

Escherichia coli (DH5α strain) Invitrogen Life Technologies, 

Carlsbad, USA  

Bacterial 

transformation 

Agrobacterium tumefaciens 

(LBA4404 strain) 

Invitrogen Life Technologies, 

Carlsbad, USA 

Plant transformation 

Vectors 

pTZ57R/T Thermo Scientific Cloning 

pUC19 GE Lifecare Cloning 

pCAMBIA1301 Plant Genomics Lab. CSIR-NBRI, 

Lucknow 

Cloning 

pBI121 Plant Genomics Lab. CSIR-NBRI, 

Lucknow 

Cloning 

DNA Ladders and Markers 

Lambda HindIII/EcoR1 digested Fermentas Agarose Gel 

Electrophoresis 

1kb plus Ladder Invitrogen Agarose gel 

Electrophoresis 

Restriction Enzymes and DNA modifying enzymes 

Restriction endonucleases 

T4 DNA Ligase 

Calf Intestinal Alkaline Phosphatase 

(CIAP) 

Taq DNA polymerase 

Fermentas DNA modification 

and cloning 

TempliPhi Amplification kit (100rx) GE Lifecare Viral DNA 

amplification 

Real time reagents ABI biosystems (Invitrogen)  

General Chemicals 

Electrophoresis grade chemicals HiMedia Laboratories Sigma 

Chemicals 

Genei Chemicals 

India 

High purity HPLC purified 

chemicals and solvents 

Sigma Chemicals  

Rankem chemicals 

 

Tissue culture medium, salts and 

hormones 

Sigma Chemicals  

HiMedia Laboratories 

GIBCO Invitrogen Corporation 
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3.2 Experimental conditions for various types of culture 

3.2.1 Bacterial culture 

E.coli cells were cultured in Luria Bertani (LB) broth (1% NaCl; 1% Tryptone; 0.5% Yeast extract 

dissolved in water, pH 7.0±0.2). The cells were incubated at 37℃ with 200-250 rpm shaking for 12-

18 h. The bacterial colony forming unit (c.f.u.) were sub-cultured on LB-Agar (LA) plates containing 

1.5% Agar with appropriate antibiotics added before pouring.  

3.2.2 Agrobacterium culture 

Agrobacterium strain was cultured on YEM (1% D-Mannitol, 0.01% NaCl, 0.04% yeast extract, 

0.02% MgSO4, 0.05% K2HPO4) broth while incubation was done at 28℃±2℃ for 2 days. The 

Agrobacterium c.f.u. were maintained on YEM–Agar (1.5%) medium containing petri plates with 

suitable antibiotics added just before pouring.       

3.2.3 Plant growth conditions  

The plants were maintained in controlled glasshouse conditions dedicated for optimal growth of 

tobacco and papaya plants. The light conditioning was set for 14 h day and 10 h night for tobacco 

and 16 h day and 8 h night for papaya. The temperature was maintained at 22-24℃ for tobacco and 

28℃±3℃ for papaya with relative humidity range of 50-60% during day and night cycles. The 

tobacco plants were grown in plastic pots filled with Agro-peat/vermiculite mixture in 1:1 ratio. The 

papaya plants were grown in medium sized earthen pots containing clay: peat: vermiculite mixture in 

1:1:1 ratio.  

3.3 Database management and in-silico analysis 

3.3.1 Viral genome retrieval and database management 

The viral genome sequences were retrieved from National Centre for Biotechnology (NCBI) website 

(https://www.ncbi.nlm.nih.gov/) Nucleotide database (https://www.ncbi.nlm.nih.gov/ nuccore/). 

Search terms such as “leaf curl”, “begomovirus”, “DNA-A”, “DNA-B” and “betasatellite” were used 
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to retrieve the nucleotide sequences of interest. Annotation of the sequences in FASTA format was 

done for further analysis. 

3.3.2 Multiple Sequence Alignment (MSA) 

The procedure of multiple sequence alignment was performed using various algorithms available in 

MEGA version 6.0, a freely available software suite (Tamura et al. 2013). The large dataset of viral 

DNA sequences retrieved from NCBI was aligned using MUltiple Sequence Comparison by Log-

Expectation (MUSCLE) algorithm (Edgar 2004) integrated into MEGA 6. The default parameters 

were selected to obtain alignment with highest accuracy and refined position information (Hall 

2013). Smaller sized datasets of viral DNA sequences were aligned using CLUSTALW (Thompson 

et al. 1994) integrated into MEGA 6 software suite using default parameters.  

3.3.3 Construction of Phylogenetic tree 

The phylogenetic analysis was performed to infer evolutionary information of the DNA sequences 

retrieved for the terms as described in section 3.3.1. All DNA sequences were aligned using 

methodology as described in section 3.3.2. The input file saved in FASTA format was uploaded into 

TOPALi v2.5 software (www.topali.org/), an integrated platform to perform high-throughput, 

parallel computing on a distant server (Milne et al. 2009). This platform was used to perform 

evolutionary study of DNA-A sequences of retrieved begomovirus related to PLCD in Indian sub-

continent. Bayesian algorithm and Maximum Likelihood (ML) algorithms are popular choices when 

analyzing distantly related, large number of population (Felsenstein 1981; Ronquist et al. 2012). 

Both of the above studies can be done using tools integrated into TOPALi v2.5 software suite i.e. 

MrBayes v.3.1.1 for Bayesian calculations and PhyML-aLRT v2.4.5 (www.atgc-

montpellier.fr/phyml/) for ML based evolutionary study (Guindon et al. 2005, 2010). The parameter 

selection for this study was decided by performing a model test using Model Selection Tool available 

in TOPALi v2.5. The suitable model was set for both Bayesian and ML based study to infer 

phylogenetic tree depicting evolutionary distances between input DNA sequences with appropriate 
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statistical significance set by performing bootstrapping steps (Freedman 1981). The inferred trees 

from above studies were prepared for illustration using FigTree v1.4.3 

(http://tree.bio.ed.ac.uk/software/figtree/).  

The ML algorithm available in MEGA 6 was used to infer evolutionary relationship between 

DNA-A and betasatellite sequences retrieved from NCBI website. The default parameters were 

employed to infer a statistically relevant phylogenetic association of DNA sequences of 

begomoviruses as required for the study of evolutionary distances and relationships.  

3.3.4 Sequence Demarcation Tool analysis  

Sequence Demarcation Tool (SDT) v1.2 (http://web.cbio.uct.ac.za/~brejnev/) (Muhire et al. 2014) 

was used for the taxonomic classification of DNA viruses infecting plants as it was recommended by 

International Committee on Taxonomy of Viruses (ICTV). This is highly automatable tool to classify 

a smaller dataset e.g. DNA-A and betasatellite components of PLCD complex, based on pairwise 

genetic identity of DNA sequences of new and unknown viral isolates. The viral DNA-A sequences 

retrieved in section 3.3.1 were used in FASTA format for the analysis in SDT v1.2. The output is 

illustrated in the form of a color-coded distance matrices to aid in the classification of viral 

sequences according to the ICTV approved demarcation criterion (Brown et al. 2015). The DNA-A 

sequences showing close percentage proximity with each other were grouped under one 

representative begomovirus causing PLCD. Similar analysis was carried out for analysis of Sultanpur 

isolate DNA-A component causing papaya leaf curl disease.  

3.3.5 Recombination analysis 

The recombination analysis was conducted to detect and analyze recombination breakpoints in a 

viral sequence using Recombination Detection Program ver.4 (RDP4) (http://web.cbio.uct.ac.za/ 

~darren/ rdp.html). RDP4 program simultaneously uses various recombination detection methods to 

detect and characterize the recombination boundaries and hence an event, which arises due to a 
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possible recombination between two or more virus genomes (Martin et al. 2015). The input file 

containing all putative parental and recombinant viral DNA sequences was prepared as mentioned in 

section 3.3.1 and 3.3.2. The input file in .fasta format is used to feed the program with aligned DNA 

sequences. RDP4 has an OPTION toolbar, which contains various parameters set at default values. 

The parameters are optimized for most of the basic recombination analysis, but require careful 

selection for investigation of complex sequences such as large DNA sequence dataset containing 

DNA-A and betasatellite sequences. The parameters such as Methods and the basic operation 

settings were modified according to the nature of investigation. General analysis provided significant 

results in few cases, therefore, the guidelines for parameter selection was followed to perform the 

recombination analysis using RDP4 software. Various recombination detection programs available in 

RDP4 are RDP (Martin and Rybicki 2000), BOOTSCAN (Salminen et al. 1995; Martin et al. 2005), 

CHIMAERA (Posada and Crandall 2001), MAXCHI (Smith 1992), GENECONV (Padidam et al. 

1999), SISCAN (Gibbs et al.s 2000), 3SEQ (Boni et al. 2007), VisRD (Lemey et al. 2009) and 

BURT (Martin et al. 2015). All recombination analysis were done for circular viral DNA, with 

highest acceptable p-values set at default for each program, breakpoint polishing selected with 

‘require topological evidence’ setting ON to generate phylogenetically meaningful results. The 

output file was saved in default format i.e. .rdp and recombinant screening was done manually as 

described in the RDP4 software suite instruction manual (http://web.cbio.uct.ac.za/~ 

darren/RDP4Manual.pdf).   

3.3.6 in silico prediction of siRNA molecules 

3.3.6.1 Selection of conserved regions 

The DNA sequences retrieved and aligned in section 3.3.1-3.3.2 were investigated for the percentage 

conservation among them. Generally, the sequence conservation percentage is maintained at 100% to 

design a specific and effective siRNA. However, in case of generic approach, the conservation was 

kept between 70-85%.  
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3.3.6.2 Prediction of siRNAs 

The conserved consensus regions were analyzed with pssRNAit software (http://plantgrn.noble.org/ 

pssRNAit/), a platform for plant siRNA prediction. pssRNAit incorporates various algorithms for 

efficient and specific siRNA prediction with efficiency score based on the features such as 

homology, mRNA-siRNA binding energy, siRNA accessibility, secondary structure and off-target 

screening against query plant genome. It also provides score for the algorithms and rules used to 

predict each siRNA. The parameters were selected to design efficient and specific siRNAs against 

highly conserved consensus sequences and off-target filtering was performed against Carica papaya 

genome. The results were compiled into MS Excel file to carry out further investigations.  

3.4 Sample collection 

The Carica papaya L. leaf samples from plants showing upward curl, downward curl, vein swelling, 

leaf mottling, crumpling with darkened green coloration and stem swiveling were collected in zip 

lock bags containing silica pouches. The leaves were wrapped in aluminium foil and stored at -20℃ 

until further use. The samples were collected from several parts of Lucknow (26.8467° N, 80.9462° 

E), Sultanpur (26.2648° N, 82.0727° E), Bareilly (28.3670° N, 79.4304° E) and Malihabad (26.9168° 

N, 80.7076° E). 

3.5 Routine laboratory protocols 

3.5.1 Isolation of genomic DNA from plant tissue 

Isolation of genomic DNA from fresh leaf tissue was done by modified CTAB procedure (Doyle and 

Doyle 1987). Preheated CTAB isolation buffer [2% hexadecyltrimethylammonium bromide 

(Bangalore Genei), 1.4 M NaCl, 20 mM Na-EDTA, 100 mM Tris-HCl, pH 8.0 and freshly add 0.2% 

2-mercaptoethanol] was added to 0.2-0.5 g leaf tissue pulverized with a mortar and pestle in liquid 

nitrogen till a fine powder was obtained. The powder in CTAB buffer was incubated for 30 min in 

water bath at 65℃ with occasional gentle swirling. Gently, equal volume of chloroform-isoamyl 

alcohol (24:1) was added, mixed and centrifuged at 10,000 rpm for 5 min at room temperature (RT). 
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The aqueous layer solution was collected while rest was discarded. Total DNA and impurities were 

precipitated with ice-cold isopropanol (2/3 volumes) after centrifugation at above condition. The 

DNA pellet was washed twice with 75% alcohol and air-dried; dissolved in 1ml TE buffer [10 mM 

Tris-HCl+1 mM Na-EDTA; pH 7.5]. The DNA thus obtained was used for diagnostic purpose i.e. 

PCR based virus screening. Further purification procedure (see section 3.5.2) was employed to 

prepare DNA for sophisticated techniques. 

3.5.2 Procedure for viral DNA enrichment 

The genomic DNA isolated in section 3.5.1 was diluted with sterile deionized water to make final 

volume up to 0.5 ml. To this, RNase (20 µg/ml) was added and incubated for 30 min in water bath at 

37℃ and then 0.2 ml Solution II [0.2 N NaOH+ 1% w/V sodium dodecyl sulphate (SDS, Sigma)] 

was added and incubated for 5 min with gentle mixing. Immediately, 0.3ml ice cold Solution III [60 

ml 5 M K-acetate; 11.5 ml glacial CH3COOH and water to final volume 100 ml] was added and 

incubated on ice for 20 min. The microfuge tubes were centrifuged at 12,500 rpm for 20 min at 4℃ 

in a fixed angle bench top centrifuge. The supernatant was collected while the white precipitate was 

discarded. The resulting solution was extracted sequentially with phenol:chloroform:isoamyl alcohol 

(25:24:1), chloroform:isoamyl alcohol (24:1) and then DNA was precipitated with 0.7 volumes 

isopropyl alcohol. The DNA pellet was washed thrice with ice cold 75% ethanol and air-dried in 

sterile environment. The dried DNA pellet was dissolved in 50 µl TE solution and stored at 4℃.  

3.5.3 Rolling circle amplification (RCA) of viral DNA from genomic DNA 

Rolling circle amplification (Richardson et al. 2003) of viral DNA was performed using phi DNA 

polymerase enzyme kit i.e. Templiphi™ 100 DNA amplification kit (GE Healthcare). 50 ng of 

enriched viral DNA was added to 5 µl Sample buffer (SB) and denatured at 95℃ for 3 min and 

immediately cooled on ice for 5-10 min. Reaction solution was prepared by adding 5 µl Reaction 

buffer (RB) and 0.2 µl enzyme mix. The final reaction was prepared by adding 5.2 µl reaction 
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solution and incubated at 30℃ for 16-18h in a thermal cycler. The reaction product was removed on 

completion and stored at -20℃ until further use.  

3.5.4 Restriction enzyme mediated digestion of DNA and analysis 

Plasmid/genomic DNA/RCA product (0.1-2 µg) was used for restriction enzyme mediated DNA 

digestion. A 50 µl reaction mixture was prepared containing 1unit/µg DNA of restriction enzyme and 

reaction components as per manufacturer’s instruction. The mixture was incubated in water bath set 

at 37℃ for 30 min to 12 h as per requirement. The digested plasmid DNA was treated with Calf 

intestinal alkaline phosphatase (CIAP) enzyme, purified (see section 3.5.6) and  stored at -20℃. For 

restriction analysis, 1 µg of RCA product was digested as mentioned above and resolved on 0.8% 

agarose gel. For confirmation of cloned inserts, 200 ng of total DNA was used for restriction analysis 

at above-mentioned conditions.  

3.5.5 Polymerase chain reaction (PCR) amplification of nucleic acids 

Polymerase chain reaction (Mullis and Faloona 1987) was used to amplify various viral DNA 

segments using forward and reverse primers. The PCR reaction mixture contains PCR buffer, 

primers, dNTPs, Taq/other commercial DNA polymerase enzymes, DNA template, MgCl2 and  

Table: 3.2 List of primers and PCR conditions used in this study 

Primer 

name 
Primer sequence (5’-3’ direction) 

Amplicon 

details  
PCR conditions 

UN1V 1979 
ACCTACGCGGCCGGCATCTGCAGGCC

CACATYGTCTTYCCNGT 
Upper half  

94℃=30s, 59℃=2m, 

72℃=3m, 35cycles, 72℃=15m  

 

Product size= 1.5-1.6 kb 
UN1C715 

ACCTACGCGGCCGGATTTCTGCAGTT

DATRTTYTCRTCCATCCA 
Upper half  

NBL1V 2040 
ACCTACGCGGCCGGCCTCTGCAGCAR

TGRTCKATCTTCATACA 
Coat protein 

94℃=30s, 60℃=2m, 

72℃=1m, 35cycles, 72℃=5m  

 

Product size= 520-600 bp 

NCRC1 
ACCTACGCGGCCGCTAGCTGCAGCAT

ATTTACRARWATGCCA 
Coat protein 

NPCR154 
ACCTACGCGGCCGGGTAATATTATAH

CGGATGG 
Coat protein 

N1C1960 
ACCTACGCGGCCGTGGACTGCAGACN

GGNAARACNATGTGGGC 
Bottom half 

94℃=30s, 59℃=2m, 

72℃=3m, 35cycles, 72℃=15m  

 

Product size= 1.2-1.4 kb NR1V722 
ACCTACGCGGCCGATATCTGCAGGGN

AARATHTGGATGGA 
Bottom half 
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KBet01 

(Kβ01) 

ACCTAGGTACCACTACGCTACGCAGC

AGCC 
Betasatellite 

94℃=30s, 55℃=1m, 

72℃=3m, 35cycles, 72℃=15m  

 

Product size= 1.2-1.4 kb 
KBet02 

(Kβ02) 

ACCTAGGTACCTACCCTCCCAGGGGT

ACAC 
Betasatellite 

M13UF  CCCAGTCACGACGTTGTAAAACG lacZ(pUC) 94℃=30s, 52℃=1m, 

72℃=1.5m, 35cycles, 

72℃=15m  

 

Product size= depends upon 

insert size 

M13UR AGCGGATAACAATTTCACACAGG lacZ(pUC) 

KGF1335 GGATATACAGAAGCCCAGATGTTCC 
Full length DNA-A 

(AC1-AC4 region) 
94℃=30s, 56.2℃=50s, 

72℃=3m, 35cycles, 72℃=15m  

 

Product size= 2.74 kb 
KGR1336 TGTACATCTTGGGCTTTCGG 

Full length DNA-A 

(AV2-AV5-AV1 

region) 

SA1825EF 
GGATGGAATTCGCTATACACCTTTGG

GCTCAG 

siRNA (upper half) 

forward 
94℃=30s, 58.8℃=1m, 

72℃=3m, 35cycles, 72℃=15m  

 

Product size= 1.4 kb 

SA472SR 
TCTGAGCTCGCACGTCGGGACTTCTA

TACATTC 

siRNA (upper half) 

reverse 

SA472BR 
ATCGGGATCCGCACGTCGGGACTTCT

ATACATTC 

siRNA (upper half 

insertion of BamH1 

site) reverse 

RTMF 
CGATCGAATTCGTAAGTCTGATTTTTG

ACTCTTC 
Intron (hairpin) 

94℃=30s, 54.9℃=50s, 

72℃=1m, 35cycles, 72℃=15m  

 

Product size= 120bp 
RTMR 

ATGCGCTAATGAGAAGTCACCACCAG

GAGG 
Intron (hairpin) 

SRTB2 TAATGAGAAGTCACCACCAGGAGG 

Bridged primer at 

intron for 

asymmetric PCR 

94℃=30s, 56.2℃=1.5m, 

72℃=4m, 35cycles, 72℃=15m  

Used in combination with 

SA472R primer 

Product size= 2.8 kb/1.5kb 

FB1F GGCACTCACAAACGTCTATTTC 
qRT-PCR 

F-box gene 
94℃=30s, 56.2℃=30s, 

72℃=50s, 35cycles, 72℃=3m 

 FB2R ACCTGGGAGGCATCCTGCTTAT 
qRT-PCR 

F-box gene 

CPR1 CAGCAACGGTGAAGAACATGGC 
qRT-PCR 

CP gene 
94℃=30s, 52.2℃=30s, 

72℃=30s, 35cycles, 72℃=3m 

 CPR2 GCTCCCTAGATGCATATGTTCCTCC 
qRT-PCR 

CP gene 

C1R1 CTCTACCATGTCCTCCTGTC 
qRT-PCR 

c1 gene 
94℃=30s, 51.5℃=30s, 

72℃=30s, 35cycles, 72℃=3m 

 C1R2 CAACAATTTGGAGGAAGGGG 
qRT-PCR 

c1 gene 

 

sterile deionized water. PCR consists of 3 different steps i.e. denaturation at 94℃, annealing at 50-

65℃ and extension at 65-72℃ for appropriate time with 25-35 cycles. The PCR was employed in 

diagnosis of begomovirus in plant leaves using degenerate primers and amplification of full length 

viral isolates with condition specific for each reaction (Table 3.2). The PCR amplified fragments 

were resolved on 0.8-1.2% agarose gel through electrophoresis. 
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3.5.6 DNA extraction and purification from agarose gel 

The PCR amplified fragments resolved on agarose gel were sliced off under ultra-violet lamp 

illumination and transferred to Buffer SET provided with Nucleopore® SureExtract Spin PCR clean 

up/Gel extraction kit (Genetix Biotech Asia Pvt. Ltd.) and incubated at 50℃ for 5-10 min. The gel 

when melted completely was transferred to spin columns and centrifuged for 1 min at 11,000xg at 

RT. The flow through was discarded and column was washed twice with 700 µl Buffer SET3 and 

spin-dried. The DNA in columns was eluted with either TE buffer or sterile deionized water to 

required concentration.  

3.5.7 Preparation of plasmid DNA using alkaline lysis method 

Overnight bacterial culture (5ml) were harvested by centrifugation at 8,000 rpm for 1 min. The pellet 

was washed with 0.1X phosphate buffer and resuspended in 0.1 ml of chilled Solution I [50mM Tris-

HCL, pH8.0; 10mM Na-EDTA, pH8.0; 50mM Glucose (filter sterilized)]. Freshly prepared Solution 

II (2 ml) was added and gently mixed by inverting 5 times. Upon lysis completion, 0.15ml of chilled 

Solution III was added to neutralize the solution and incubated on ice for 15-20 min. The supernatant 

was collected by centrifugation at 13,000 rpm at 4℃ for 20 min. The supernatant was processed as 

described in section 3.5.2.   

3.5.8 Preparation of E.coli competent cells and transformation 

E.coli DH5α cells were grown in 100 ml LB medium (sub-cultured on LA plates and 5 ml LB 

previously) at 37℃ until OD600 reached 0.4-0.6. The cells were harvested at 3000 rpm at 4℃ in SS34 

tubes. The loosely bound pellet was washed with 20 ml of 100 mM CaCl2 for 5 min on ice and 

centrifuged to collect clean pellet. Again, the pellet was suspended in 20 ml of 100 mM CaCl2 and 

incubated for 10-15 min on ice. The pellet was collected by centrifugation and dissolved in 4 ml 

glycerol resuspension buffer [100mMCaCl2+ 50% sterile glycerol] with incubation on ice for 1-3 h. 
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Subsequently, the cells were transferred to chilled 1.5 ml microfuge tubes in 0.1 ml aliquots and 

stored at -80℃ until further use.    

  The gel purified PCR/restriction digested fragments (both containing 3’A overhangs) were 

ligated with appropriate plasmid (preparation in section 3.5.7) i.e. pTZ57R/T using T4 DNA ligase 

enzyme (1unit/reaction) according to manufacturer’s instructions. The ligated product was used 

directly for transformation. DH5α cells were transferred on ice from -80℃ and allowed to thaw for 

20-30 min. The ligated product was added and allowed to incubate for 10-15 min. The heat shock 

treatment was carried out at 42℃ for 90 s and immediately chilled on ice for 5 min. Approximately, 

1 ml of LB was added to the cells and allowed to grow at 37℃ for 1 h with slow shaking. These cells 

were plated on LA plates with appropriate antibiotics and allowed to grow overnight or for 16-18 h 

at 37℃. The colony forming units thus obtained were screened with colony PCR to obtain positive 

clones. 

3.5.9 Preparation of Agrobacterium competent cells and transformation 

 Agrobacterium tumefaciens strain LBA4404 harboring helper plasmid only was cultured in YEM 

medium [0.4g/L Yeast extract, 0.1g/L NaCl, 0.2 g/L MgSO4, 10g/L Mannitol, 0.5g/L K2HPO4, pH 

7.0] supplemented with streptomycin (25 mg/L) and rifampicin (25 mg/L) till OD600 reached ~0.5 

absorbance. The culture was pre-chilled at 4℃ for 30-45 min before harvesting by centrifugation at 

3000 rpm for 20 min at 4℃. The pellet was washed with 0.1X phosphate buffer and suspended in 

chilled 10 mM CaCl2 solution. After incubation of 2-3 h on ice, the cells were harvested at 25,000 

rpm and resuspended in 10 mM CaCl2 solution containing equal volume of >80% glycerol. The cells 

were transferred to 1.5 ml microfuge tubes as 0.1-0.2 ml aliquots and stored at -80℃. 

Approximately, 1 µg of a plant transformation vector-containing insert was added to the 

LBA4404 competent cells and incubated on ice for 20-30 min. The cells were pulverized in liquid 

nitrogen and immediately treated with a heat shock in a water bath set at 37℃ for 5 min. The cells 
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were incubated on ice for 5-10 min and then incubated in incubator shaker at 28℃ for 3-5 h at 200 

rpm after addition of YEM medium (800-900 µl). After the appropriate culture growth, the cells 

were plated on YEM agar plates containing appropriate antibiotic. The plates were incubated at 28℃ 

for 48 h until satisfactory colony formation was obtained. These colonies were further processed for 

screening of positive clones. 

3.6 Preparation of infectious clones containing dimeric forms of viral genome 

Upper half of the begomovirus was amplified and sequenced as mentioned in the section 3.5.5. The 

full-length genome of begomovirus was amplified by designing abutting primers (with appropriate 

restriction sites) against the region within upper half of the sense and anti-sense strands. The 

amplified fragments were restriction digested and partial ligation was carried out to obtain dimeric 

forms of the begomoviral DNA. This dimer was ligated into a restriction digested pCAMBIA1301 

plasmid at appropriate restriction site in multiple cloning sequence region. This plasmid was 

propagated into suitable Agrobacterium strain. The clones thus obtained were screened with colony 

PCR using suitable primers. Positive clones were further sequenced and introduced into the tobacco 

plants.   

3.7 Agroinfiltration procedure for mobilization of infectious clones in tobacco 

3.7.1 Preparation of media and stock solutions 

Murashige and Skoog (MS) medium (Murashige and Skoog 1962) was used for all the tissue culture 

experiments and was prepared in distilled water, sterilized by autoclaving. The MS medium 

constituents are listed in Table 3.3. The phytohormones used in the study were prepared as 1 mg/ml 

stocks. 

Table 3.3 Composition of Murushige and Skoog medium (MS) used for in-vitro culture  

Constituents Concentration (mg/L) 

Macronutrient components 

MgSO4.7H2O 370 

KNO3 1900 



P a g e  | 32 

 

NH4NO3 1650 

CaCl2.2H2O 440 

KH2PO4 170 

Micronutrient components 

FeSo4.7H2O 27.80 

Na2.EDTA 37.30 

MnSO4.4H2O 22.30 

H3BO3 6.2 

ZnSO4.4H2O 8.6 

Na2MoO4.2H2O 0.25 

KI 0.83 

CuSO4.5H2O 0.025 

CoCl2.6H2O 0.025 

Supplementary components 

Sucrose 30,000 

Inositol 100 

Glycine 2.0 

Nicotinic acid 0.5 

Pyridoxine-HCl 0.5 

Thiamine-HCl 0.1 

Double distilled water used to make up volume to 1 litre. 

pH of the medium was adjusted to 5.8 before autoclaving 

 

3.7.2 Agro-inoculation/infiltration procedure in Nicotiana plants 

10 ml YEM medium supplemented with 1 μl acetosyringone (200 mM), 100 μl MES buffer (2-(N-

morpholino)-ethane sulfonic acid, 1 M) and the appropriate antibiotics were prepared. 20 μl glycerol 

stock of the Agrobacterium strain harboring viral DNA components was pipetted into the above 

medium and allowed to grow for 2 days at 28°C and 200 rpm to an OD600 of approximately 1.0. The 

cells were harvested by centrifugation at 3,000 rpm for 10 min. The pellet was dissolved in freshly 

prepared MMA medium (20 g sucrose, 5 g MS salts without vitamins, 1.95 g MES, 2 ml (1 M) 

NaOH, 1 ml acetosyringone (200 mM); finally adjust pH to 5.6 and make volume with ddH2O to 1 

L] to obtain an OD600 of 0.3. The cells were gently vortexed and resuspended. The cultures were kept 

at RT for 2-5 h before infiltration. 

The Agrobacterium transformed cells in equimolar i.e. 1:1 molar ratio  

concentration were inoculated on N. benthamiana plants (3-4 week old). For inoculating N. 

benthamiana plants, junction of 4th and 5th leaf were pricked and one drop of inoculum was added. 

For agroinfiltration, 1 ml syringe was used to infiltrate the viral cultures on the dorsal side with 
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constant negative pressure on ventral side with fingers to create a vacuum for easy infiltration of 

culture. All inoculated plants along with the plant inoculated with empty construct (mock) were 

allowed to grow at 28°C in glass house chamber maintaining 16 h day and 8 h night period. 

3.8 Whitefly mediated viral acquisition and transmission  

3.8.1 Whitefly colony maintenance 

The non-viruliferous whiteflies i.e. Bemisia tabaci Gennadius were maintained on cotton plants 

grown in glasshouses at 28°C in cages maintaining 14 h photoperiod and 30-50% relative humidity. 

Cages were built with wooden planks and insect-proof net (50 x 50 mesh size). Several other types of 

cages were built from pet bottles for transmission experiments.  

3.8.2 Acquisition stage  

The newly emergent (1-3 days post emergence) non-viruliferous adult whiteflies were collected from 

cotton plants and approximately 100-200 non-viruliferous whiteflies were transferred per cage 

containing 6-8 symptomatic Nicotiana benthamiana plants (6-7 weeks old). They were left for 36-48 

h for acquisition of replicating viral genome. The viruliferous whiteflies were then collected for the 

transmission procedure.  

3.8.3 Infection/Transmission stage   

A fresh insect-proof cage was prepared and 3 papaya plants were kept per cage. Papaya plants (more 

than 10 weeks old) were grown under controlled glass house conditions. Approximately, 100-200 

viruliferous whiteflies were released into these cages and allowed to transmit virus through feeding 

for 24 h. The whitefly colonies were terminated by using Pegasus® (Syngenta, India) insecticide used 

as per manufacturer’s instructions. The papaya plants were maintained in insect-proof cages until 

completion of experiments. 
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3.8.4 Study of symptoms 

All virus transmitted papaya plants were studied daily for symptom development and compared with 

mock to record the symptom appearance. Score was given for symptoms as per the criteria 

mentioned in Table 3.4 (Respective score was given if one or more of the symptoms from that 

category appeared). 

Table 3.4 Score criterion set for evaluation of symptom severity in infected plants 

Label Score Symptom description 

Symptom-0 0 No symptoms 

Symptom-1 1 
Mild chlorosis, slight deformation in new leaves, systemic leaf has little 

crumpling 

Symptom-2 2 Curling of leaf, chlorosis/mosaic 

Symptom-3 3 Curling of leaf, chlorosis/mosaic, vein clearing, reduced plant growth 

Symptom-4 4 Curling/rolling of newly emerging leaves and shoot apex growth reduced,  

Symptom-5 5 
Severe mosaic, curling/crumpling of whole shoot apex, stunted growth, no new 

leaves 

 

3.9 Construction of siRNA binary vector for viral RNA silencing 

3.9.1 Preparation of a binary vector for siRNA insertion 

pBI121 (Addgene), plant binary vector was used for the construction of siRNA containing 

expression vector. pBI121 plasmid is a plant expression vector, 14,758 bp in size, contains CaMV35s 

promoter (346 bp), β-glucuronidase (GUS) reporter gene (1812 bp), kanamycin selection marker 

within T-DNA borders. It contains several restriction sites, which could be cleaved to insert the gene 

of interest. For this reason, BamH1 (5821 bp position) and Sac1 (7715 bp position) restriction sites 

were cleaved and dephosphorylated as described in previous sections. The cleaved plasmid pBI121-

(BamH1-Sac1) was resolved on 0.8% agarose gel and recovered using gel extraction procedure 

mentioned in previous sections. The prepared vector pBI121-(BamH1-Sac1) was stored at -20°C 

until further step.  

3.9.2 Preparation of siRNA cassette 

siRNA expression cassette consists of a siRNA producing region derived from viral source in sense 

and antisense orientation. The two regions are separated by an intron from unrelated plant host, 
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which acts as a hairpin-forming loop for stability of siRNAs. Arabidopsis thaliana (Col-0) RTM1 

gene was used to amplify a 120 bp intron region using primers RTMF and RTMR (Thakur et al. 

2014). Here, TLCV-Sultanpur isolate DNA-A upper half region was used to derive siRNA producing 

region. The primers were designed from the nucleotide at position 1825 corresponding to region near 

AC1 tail (SA1825EF) until the end of AV2 tail region at position 472 (SA472SR) as mentioned in 

Table 3.2. Both amplicons were digested with EcoR1 restriction enzyme (primers containing 

respective sites) and ligation was performed. The resulting ligated product was ~1.5 kb in size and 

was used as a template for asymmetric PCR. The asymmetric PCR was performed by designing 

bridged primer SRTB2 from intron end and RTMR reverse primer (AV2 tail region with SacI 

restriction site). The resulting product was ~3 kb in size and carried ~1.4 kb upper half region in 

sense and anti-sense orientation. A PCR Primer SA472BR was designed to incorporate a BamH1 

restriction site at anti-sense end of the siRNA cassette.  

3.9.3 Insertion into binary vector pBI121-(BamH1-Sac1) 

The final siRNA cassette was double digested with BamH1-SacI restriction enzymes and ligated 

with pBI-(BamH1-Sac1) plasmid. The resulting plasmid pBS-Sul was transformed in Agrobacterium 

LBA4404 and positive clones were screened and selected on kanamycin YEM-Agar plates. The 

clones were sequenced using specific primers (Table 3.2) and confirmed for the presence of full 

siRNA cassette, correct orientation and in-frame insertion.  

3.10 Isolation of total RNA from infected and control plants 

Total RNA (100-150 mg) was isolated from the control and infected leaf samples using PureLink™ 

RNA mini kit (Invitrogen™). The tissue was pulverized in liquid nitrogen and made in to a fine 

powder using autoclaved mortar and pestle. The finely ground powder was dissolved in 500 µl Lysis 

buffer (freshly added 2-mercaptoethanol) and processed as given in manufacturer’s instruction 
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manual (MAN0000406-2012). The isolated RNA was quantified using Nanodrop spectrophotometer 

for concentration and purity using A260nm/280nm. 

3.11 Viral load quantification using quantitative Real Time PCR technique 

3.11.1 Preparation of cDNA 

Total RNA (5 µg) treated with RNase free DNase was used for first strand cDNA synthesis. 

SuperScript™ IV First-Strand Synthesis System (Invitrogen) was used to synthesize cDNA first 

strand.  

Cocktail-I [1 µl oligo-dT primer (50 µM), 10µl (~5 µg) total RNA, 13 µl sterile deionized water) 

was prepared in a 100 µl PCR tube and contents were annealed at 65°C for 5 min and immediately 

cooled down on ice. Cocktail II [4 µl 5x SSIV buffer, 1 µl of 10 mM dNTP mix, 1 µl of 0.1 M DTT 

and 1 µl Superscript IV™ RT (200 U/µl)] was prepared and mixed to the annealed RNA mixture. 

The contents of the tube were incubated at 50°C for 10-15 min and inactivated at 80°C for 10 min. 

The contents were stored at -20°C for short-term storage and at -80°C for long-term storage in a 

volatile buffer.  

3.11.2 Quantitative Real Time PCR (qRT-PCR) analysis 

The cDNA prepared was used for the quantification of viral load after confirming viral DNA through 

rolling circle amplification based detection. Viral titer was quantified through amplification of short 

200 bp coat protein and C1 transcripts with the help of Power SYBR™ Green PCR Master Mix and 

(Applied Biosystems™). The qRT-PCR was performed according to the manufacturer’s instruction 

(4367218 Rev.E) in Applied Biosystems 7500/7500 Fast real time PCR system. The results were 

analyzed with Applied Biosystems Software v2.0. Nicotiana benthamiana F-box (F-box) gene was 

used as a reference gene in the analysis. The viral quantification was done by calculating final fold 

change and comparing ΔΔCt values of reference and infected samples (Varkonyi-Gasic et al. 2007; 

Noris and Miozzi 2015). Appropriate biological and technical replicates were maintained throughout 

all the experiments.  
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Figure 3.1 Construction of siRNA cassette and siRNA expression vector: (A) STEP 1: Preparation of 

binary vector pBI121-(BamH1-SacI) by restriction digestion of pBI121with BamH1 and SacI enzymes. (B)  

STEP 2: Intron fragment amplification resulted in synthesis of a 120bp hairpin template. STEP 3: 

Amplification of a 1.5kb fragment from DNA-A containing upper half of Tomato leaf curl virus 

[India:Sultanpur: Papaya:2016]. STEP 4: Ligation (EcoR1 site) of intron template and upper half fragment 

resulted into a 1.5kb fragment template for next step i.e. asymmetric PCR. STEP 5: Asymmetric PCR using 

bridged primer (BP) and reverse primer of upper half fragment (containing a Sac1 site) resulted into 

amplification of 2.95kb i.e. ~3kb, major product with SacI sites on both end, the product contained upper half 

in sense (viral hairpin upwards) and anti-sense (viral hairpin downwards).  (C) STEP 6: Integration of BamH1 

restriction site in siRNA cassette by incorporating BamH1 site towards antisense terminal instead of SacI site. 

Step 7: The resulting cassette from step 6 was incorporated into pBI-(BamH1-SacI) plasmid producing siRNA 

expression plasmid named pBS-Sul. 

3.12 Experimental design for evaluation of siRNA efficacy in N. benthamiana plants 

siRNA based resistance strategies are homology dependent post-transcriptional mode of gene 

silencing. Therefore, a plant binary vector based hairpin construct containing a genomic fragment of 

DNA-A was constructed. The aim for incorporation of this fragment was effective suppression of the 

transcription of genes lying within this fragment. The upper half PCR amplified fragment of DNA-A 

Step 6:    Integration of BamH1 restriction site in siRNA cassette 
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component of Tomato leaf curl virus [India:Sultanpur:Papaya:2016] (MH105055) contains AV2 

and partial CP gene fragment on viral sense strand and AC4, partial AC1 and AC5 gene fragments 

on viral complementary strand. Therefore, the siRNA decoy produced using siRNA construct pBS-

Sul (Figure 3.1) could suppress any or individual mRNA production for the above-mentioned gene 

fragments.  

For siRNA efficacy assessment: WT, Mock (pBI121 only), SA1301-5.4/SB1301-2.6 (1:1) 

only (S1301-5.4/2.6), pBS-Sul+S1301-5.42.6 (siRNA/Vir), S1301-5.4/2.6+pBS-Sul (Vir/siRNA) 

plasmids inside Agrobacterium LBA4404 cultures were agro-infiltrated. In 3rd type of 

agroinfiltration, siRNA construct pBS-Sul was infiltrated 7 days prior to introduction of equimolar 

cultures containing SA1301-5.4/B1301-2.6 (1:1). In 4th type of agroinfiltration, equimolar cultures 

containing SA1301-5.4/B1301-2.6 (1:1) plasmids was inoculated 7 days prior introducing siRNA 

construct containing culture. This condition was simulated to assess the silencing potential of siRNA 

construct on virus challenged field crops. The saplings were transferred at their 75 days stage i.e. 

when the immune system was developed.  

N. benthamiana plants at 3-4 leaf stage were used to evaluate the efficacy of siRNA against 

genomic components of PLCD complex i.e. DNA-A of Tomato leaf curl virus 

[India:Sultanpur:Papaya:2016] and Tomato leaf curl betasatellite - Naj 2 [India:New Delhi: 

Papaya:2009]. Agroinfiltration of infectious clones containing genomic dimers i.e. 5.4 kb DNA-A 

fragment and 2.6 kb betasatellite fragments, initiated the virus challenge in tobacco plants. The 

infectious clones propagated in Agrobacterium cell line LBA4404 were agroinoculated in tobacco 

plants. Suitable control plant lines i.e. WT and Mock plants containing pBS-Sul plasmid only were 

used for the comparative evaluation of siRNA efficacy. The siRNA construct was introduced into the 

tobacco plants in two ways: first, at 0 day and in another at 7th day of experiment. S1301-5.4/2.6 

(equimolar mixture) plasmid was positive control for the virus challenge. The leaves were collected 

from plants grown in same conditions in glass house, at suitable time intervals i.e. 7, 15, 36, 50th day 
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and processed separately for DNA and RNA based assays i.e., RCA and qRT-PCR. Real time 

analysis was performed for comparison of relative expression of CP (DNA-A) probe and c1 

(betasatellite) probe in plants inoculated with infectious clones for evaluation of siRNA efficacy of 

pBS-Sul hairpin construct. 

3.13 Statistical analysis 

The statistical analysis for evaluation of significant changes observed in experiments e.g., infectious 

clones efficacy, viral and siRNA treatment efficacy and suitable time-period for observed changes, 

was performed with the help of embedded tools in Microsoft Excel package and IBM SPSS 20.0 

software package, IBM Analytics Inc. (https://www.ibm.com/analytics/data-science/predictive-

analytics/spss-statistical-software). Kruskal Wallis H test was performed for the estimation of 

significance of symptom development (Ruxton and Beauchamp 2008) at different time-periods 

(alpha factor=0.0005). Post-hoc analysis of above data was performed using Mann-Whitney U test, a 

non-parametric test of null hypothesis i.e. the two variables are equal and there is no significant 

difference and the alternate hypothesis that the two variables have significant different response to a 

treatment (Kasuya 2001), followed by Friedman and Wilcoxon Signed Ranks Test (Laerd Statistics 

2013).   
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4. Results and Discussion 

4.1. in-silico investigation into Papaya leaf curl disease (PLCD) group  

4.1.1. DNA-A begomoviral components of PLCD complex 

The PLCD complex consists of 13 begomovirus species associated with β satellites (Figure 4.1). This 

begomovirus complex component is present in Central Asia i.e. China, India, Pakistan and parts of 

Bangladesh. Papaya leaf curl China virus (PaLCuCNV), Papaya leaf curl Guandong virus 

(PaLCuGNV) Tomato leaf curl Hainan virus (ToLCuHaV) were mainly reported in China infecting 

papaya, tomato and members of family Euphorbiaceae. The Chinese components are associated with 

Papaya leaf curl China betasatellites. There are 18 different virus isolates comprising the Chinese 

PLCD complex components. The Pakistan PLCD complex consists of Papaya leaf curl Faisalabad 

virus, an unclassified virus that has been excluded from begomovirus. The Indian PLCD complex 

consists of 28 isolates and has diverse nature in terms of species reported to cause leaf curl symptom 

in papaya. Nine begomovirus species i.e. Chili leaf curl virus (ChiLCV), Papaya leaf curl virus 

(PaLCuV), Pedilanthus leaf curl virus (PeLCuV), Papaya leaf crumple virus (PapayaLCV), Tomato 

leaf curl virus (ToLCV), Tomato leaf curl New Delhi virus (ToLCNDV), Papaya yellow leaf curl 

virus (PaYLCuV) etc. have been known to infect papaya. Overall, the PLCD complex consists of 47 

different isolates identified to cause leaf curl disease in papaya and associated weeds and crops.  

4.1.2. High molecular diversity of DNA-A in PLCD complex 

The phylogenetic analysis of thirty-five isolates belonging to Indian PLCD complex (Annexure 1) 

was performed. The CLUSTALW output was used for Bayesian inference with MrBayes v.3.1.1 

using General time reversible with gamma (GTR-G) substitution model (Larget and Simon 1999) 

with two runs for 2,50,000 generations, sample frequency at 10 and burn-in ratio at 42% i.e. first 

1,05,000 generations were excluded from the inference. The same set of PLCD complex DNA-A 

sequences were analyzed for maximum likelihood analysis using PhyML-aLRT v2.4.5 and 

Hasegawa, Kishino and Yano - Gamma (HKY- G) as substitution model (Hasegawa et al. 1985).  
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The above phylogenetic analysis produced likelihood values that were very similar to each other i.e. 

26743.85 and 26732.18 for MrBayes and PhyML respectively (Figure 4.2 and 4.3). The close lying 

likelihood scores indicate that the results and interpretation for MrBayes tree analysis will be same as 

PhyML-aLRT tree analysis.  

The genetic complexity of Indian PLCD group was determined employing posterior distribution 

of model GTR-G parameters through applying Markov Chain Monte Carlo (MCMC) methods 

available in MrBayes analysis output (Larget and Simon 1999; Ronquist and Huelsenbeck 2003; 

Gamerman and Lopes 2006) (Figure 4.2). Potential scale reduction factor (PSRF) converged to value 

1.0 for all parameters providing acceptable inferences in above analysis. The convergence in the 

range of 1.0-1.2 indicate that the clade credibility tree has branches lying in the region of acceptable 

posterior probability i.e 95% or more. 

Therefore, branch length in the cladogram, represents the measured expected substitution per 

site, which signifies a phylogenetic relatedness among all clades and sub-clades. Further, MrBayes 

and PhyML tree results were mid-rooted tree (Figure 4.2 and 4.3), divided into two major clades and 

an out-group i.e. PLCD19 (Tomato leaf curl New Delhi virus).  Other out-groups lying in the two 

major clades include PLCD13, PLCD14, PLCD34, PLCD35 and PLCD31 representing CLCuMuV, 

PaLCuV [India:New Delhi:tomato:2005], PaYLCuV [DP2], ToLCuV [C1], PapayaLCV [A-87] 

respectively.  
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Figure 4.1 Schematic representations of the papaya leaf curl disease (PLCD) group. It consists of DNA-

A and betasatellite components of begomovirus and other unclassified plant virus. The PLCD group contains 

diversity in strains causing leaf crumpling and curl like symptoms in papaya and associated crops and weeds. 
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Figure 4.2 Phylogenetic tree based on the complete DNA-A sequences of the begomoviruses detected in C. 

papaya and additional sequences from associated crops and weeds infecting begomoviruses causing leaf curl 

disease. The tree was constructed by Bayesian inference using the GTR-G nucleotide substitution model 

available in MrBayes v3.1.1 method in TOPALi v2.5. Numbers at the branches indicate estimated clade 

credibility score inferred from statistical analysis of posterior probabilities assessed for the substitution 

model.   
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Figure 4.3 A maximum likelihood tree based upon complete DNA-A sequences of the begomoviruses 

detected in C. papaya and additional sequences from associated crops and weeds infecting begomoviruses 

causing leaf curl disease. The tree was constructed by using PhyML-aLRT v2.4.5 tool in TOPALi v2.5 and 

the HKY-G nucleotide substitution model. Numbers at the branches indicate estimated substitution rate per 

nucleotide position. 

The first major clade consists of Papaya leaf crumple virus isolates within branch lengths 0.1 

to 0.17 signifying low expected substitution rates per site (Figure 4.3). The narrow branch length, is 

the reason for narrow host range i.e. virus infecting only A. paniculata, as its reservoir host, which is 
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an annual weed widely found in south India whereas tomato and papaya as a primary host in north 

India. This indicates that this new virus was introduced in northern regions via anthropogenic 

activities. During its course for survival, the Papaya leaf crumple virus isolates have adapted tomato 

and papaya as its primary host and evolved in parallel with Papaya leaf curl virus group in the 

northern regions. The second major clade was further sub-divided into two minor sub-clades i.e. 

ChiLCV and PaLCuV. The ChiLCV clade consists of ChiLCV and CLCuBuV [LK_2N] whereas 

PaLCuV clade clustered the papaya and associated crop infecting PaLCuV isolates according to their 

hosts. The ChiLCV clade has a narrow branch length range i.e. 0.24 - 0.29 signifying low 

substitution rate per site. Therefore, whole ChiLCV clade shows close genetic relatedness and host 

singularity as evident from C. papaya being the only host crop infected by members of this clade. 

The pattern suggests that these clade viruses have evolved to infect papaya crops lying nearby chili 

fields in north Indian region and they are under very low mutational pressure to evolve and expand 

their host range. The PaLCuV clade on the other hand, has a very broad range of branch length i.e. 

0.23 – 0.39 signifying high substitution rate per site; showing expansive genetic relation and diverse 

host range. Analysis also suggests that they might have evolved independently on diverse hosts in the 

geographically different regions. The out-group species were un-related to the clade forming viral 

species. These outgroup viral species i.e. Tomato leaf curl isolate C1 and Papaya yellow leaf curl 

virus isolate DP2 have acquired the ability to infect papaya and associated host crops and weeds. 

4.1.3. Species diversity identification on the basis of DNA-A by pairwise sequence comparison 

 

The International Council for Taxonomy of Viruses (ICTV) has decided to solve the species 

nomenclature issues by using pairwise sequence identity criterion as a standard methodology for 

species demarcation. Earlier cutoff i.e., >89% sequence similarity was elevated to >91% and use of 

SDT tool was made mandatory for naming of new viral species. Therefore, this tool was employed to 

study the taxonomic status of species reported to be associated with Indian PLCD complex.  
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Figure 4.4 Pairwise identity estimation of sequence similarity using Sequence Demarcation Tool v1.2. The 

matrix output indicates the diversity of begomoviruses infecting papaya and associated crops and weeds. The 

color key indicates highest and least similarity with brown and blue color respectively.  

The pairwise matrix (Figure 4.4) obtained by using SDT v1.4 shows a similarity matrix 

characteristic of a complex association as the minimum and maximum similarity obtained was >75% 

and 100%. The species with highest similarity group i.e. >90% to 100% were grouped together using 

inbuilt function of the software. The PLCD complex was distributed into 11 different groups (Table 

4.1). The groups were labeled as Papaya leaf curl virus group, Chili leaf curl virus group, Papaya 

leaf crumple virus group and Papaya leaf curl virus (Pratapgarh), these groups consist of 10, 9, 6 

and 3 isolates respectively. Among all 35 PLCD complex isolates, 28 belonged to above mentioned 

groups and rest of the DNA-A sequences were phylogenetically isolated as individual species 
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associated with Indian PLCD complex. Further, recombination analysis can prove their 

categorization into above mentioned groups. 

Table.4.1 SDT analysis of PLCD DNA-A components. Result of pairwise sequence demarcation using SDT v1.2 

program for inferring pairwise sequence similarity among begomovirus components in PLCD complex (Figure 4.10) The 

groups have been distributed according to the >90 to 100% sequence similarity with each other. 

 

4.2. Recombination pattern study of DNA-A in Indian PLCD complex 

Recombination is an important molecular event that leads to translocation, transversion, addition, 

deletion or frame-shift mutations in a genome (Lima et al. 2017). Due to the rolling circle replication 

mechanism in begomoviruses, these organisms have evolved to survive inside their hosts through 

acquisition of useful regions from other viruses or the host themselves, so that they can successfully 

evade host mediated RNA interference based immune response (van der Walt et al., 2009). In the 

above analysis, it was observed that the Indian PLCD complex is well defined with major 

contribution made by PaLCuV, ChiLCV, PapayaLCV and discreet reports of other species infecting 

Group No. No. of species PLCD complex Virus Taxon included in group 

1 6 PLCD26; PLCD27; PLCD28; 

PLCD29; PLCD30; PLCD32 
Papaya leaf crumple virus 

2 1 PLCD31 Papaya leaf crumple virus (A-87) 

3 1 PLCD34 Papaya yellow leaf curl virus (DP2) 

4 9 PLCD9; PLCD12; PLCD21 

PLCD22; PLCD23;PLCD24; 

PLCD25 

Papaya leaf curl virus (New Delhi/2016) 

Chili leaf curl virus (Amritsar/2009) 

5 1 PLCD35 Tomato leaf curl virus (C1) 

6 10 PLCD1; PLCD2; PLCD3; PLCD4; 

PLCD5; PLCD6; PLCD7; PLCD10; 

PLCD11; PLCD33 

 

Papaya leaf curl virus 

7 1 PLCD8 Papaya leaf curl virus (WB2&5) 

8 3 PLCD16; PLCD17; PLCD18 Papaya leaf curl virus (Pratapgarh) 

9 1 PLCD13 Cotton leaf curl Multan virus 

10 1 PLCD14 Papaya leaf curl virus (New Delhi/2005) 

11 1 PLCD19 Tomato leaf curl New Delhi virus 
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papaya and associated crops and weeds. To study if recombination is responsible for occurrence of 

such complex virus-host interaction; the DNA-A sequences of Indian PLCD complex were subjected 

to recombination analysis using RDP v4.95 using available recombination analysis tools (Figure 4.5) 

and default parameters as recommended by RDP4 manual. The analysis ended up predicting 66 

recombination events, which further reduced to 12 events after careful manual screening as per the 

RDP4 manual. 

According to the manually screened recombination events results (Table 4.2), event no. 10 

i.e. PLCD9 and PLCD31 (inferred closest to the unknown minor parent) seems to be the major 

contributor of fragments giving a chance for origin of a new recombinant species e.g., PLCD8 and 

thirteen others i.e. PLCD1, PLCD2, PLCD3, PLCD4, PLCD5, PLCD6, PLCD7, PLCD10, PLCD16, 

PLCD17, PLCD18, PLCD23 and PLCD33. Thus, a Chili leaf curl virus and Papaya leaf crumple 

virus, infecting papaya and A. paniculata contributed significantly to the Papaya leaf curl virus sub-

clade, which partially explains the clades affinity to infect weeds and associated crops. The event no. 

5, PLCD2 and PLCD28 (inferred closest to the unknown minor parent) gave rise to PLCD33, 

PLCD6 and PLCD7 (already contains fragments from event no.10), resulting into Papaya leaf curl 

virus isolates capable of infecting soybean, croton and tomato. Similarly, PLCD5 became a weed 

infecting recombinant after acquiring fragments through event no.1 i.e. Papaya leaf curl virus 

infecting S. lycopersicum and Chili leaf curl virus infecting papaya. Overall, the Indian PLCD 

complex appears to be a repertoire of recombinant betasatellite components as evident from the 

recombination analysis. As the level of complexity in recombination increases, the host range of 

recombinant virus also seems to expand accordingly. 
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Figure 4.5 Recombination analysis showing results of event number 1 using Recombination Detection 

Program v4.95 (RDP v4.95). The pink region indicates the occurrence of the recombination event with 

intersection points in the case of RDP and overlapping peaks in case of MAXCHI on the plot as the 

recombination starting and ending breakpoints. The grey region at the ends represents 99% and 95% 

confidence interval of prediction of breakpoints as mentioned in the key. A. RDP output; B. GENECONV 

output; C. MAXCHI output and D. Recombination breakpoint distribution plot: The light and dark grey 

regions in the plot represent the 99% and 95% confidence limit respectively for a 200nt scanning window. 

The breakpoint distribution was assessed with PLCD5 DNA-A sequence as a reference sequence just for 

qualitative purpose. 
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Table. 4.2 Recombination analysis of Indian PLCD complex using RDPv4.95 program. The analysis was performed 

against DNA-A sequences of 35 begomoviruses using default parameters (Figure 4.6.1) and following algorithms. 

R=RDP; G=GENCONV; B=BOOTSCAN; M=MAXCHI; C=CHIMAERA; S=SISCAN; T=3SEQ  

* Unknown parent detected in recombination analysis but the specified parent was the closest inferred sequence in this analysis. 

4.3. Betasatellite enhances the molecular complexity prevalent in PLCD complex 

Betasatellite molecules are the truncated version of a larger begomoviral genomic component 

associated with leaf curl disease. Many monopartite begomoviruses are incapable to produce viral 

symptoms and spread in usual manner due to lack of movement factors. These factors are important 

for cell-cell movement and nuclear trafficking of begomoviral DNA-A protein/nucleic acid 

components. The betasatellite molecules have been shown to enhance symptoms of begomovirus 

infection in plants and help in its systemic spread across host plants (Zhou 2013). Therefore, they 

become a prime candidate for investigation into their potential for siRNA based strategy. A 

Event 

No. 

Recombinant Major 

parent 

Minor Parent Frequency 

of recombin-

ation event 

Detection Method 

R G B M C S T 

1 PLCD5 PLCD7 PLCD15 1 + + + + + + + 

2 PLCD14 PLCD13 PLCD8 1 + + + + + + + 

3 PLCD35 PLCD8* PLCD3 1 + + + + + + + 

4 PLCD7 PLCD10* PLCD6 1 + + + + + - + 

5 PLCD33 PLCD2 PLCD28* 3 + + + + + + + 

6 PLCD13 PLCD2* PLCD28 2 + + + + + + + 

7 PLCD19 PLCD29 PLCD8 1 + + + + + + + 

8 PLCD26 PLCD2 PLCD7 2 + + - + + - + 

9 PLCD3 PLCD4 PLCD28* 1 + + + + + + + 

10 PLCD8 PLCD9 PLCD31* 14 + + + + + + + 

11 PLCD23 PLCD1 PLCD28 1 + + + + + + + 

12 PLCD34 PLCD28 PLCD12 1 + + + + + + - 

Total = 

12             

 Total frequency = 29  
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molecular investigation was carried out to get insight into the molecular complexity prevalent in 

betasatellite molecules associated with PLCD complex. Then, recombination based investigation was 

carried out to determine the potential contribution of recombination in providing betasatellite 

molecules the evident genomic complexity.    

4.3.1. Betasatellite associated with DNA-A of begomoviral components of PLCD complex 

The PLCD complex is mainly composed of monopartite begomoviruses, which are associated with 

either betasatellite or alphasatellite or both. Since, this complex is found to be closely related to 

tomato, chili and weeds infecting monopartite begomoviruses, therefore, a comprehensive list of 

betasatellites associated with DNA-A of the above begomoviruses was compiled (Annexure 2). The 

betasatellite molecules of Ageratum leaf curl virus, Chili leaf curl virus, Cotton leaf curl Burewala 

virus, Papaya leaf curl virus, Tomato leaf curl virus, Tomato yellow leaf curl virus and Tomato leaf 

curl Among 51 betasatellite sequences, 39 were identified in India, 10 in Pakistan and 2 from 

Chinese region. Total papaya, tomato, capsicum, guar and other crop infecting betasatellite 

molecules were 10, 11, 9, 5 and 12 out of 51 in the list. The betasatellite molecules associated with 

other crops and weeds along-with papaya were included in this study to evaluate their diversity and 

recombination potential. This helps in minimizing interference with resistance strategy at later stages 

of this study. 

4.3.2. Betasatellite molecules are highly diverse and have potential to enhance PLCD 

complexity  

All 51 betasatellite DNA sequences were retrieved from NCBI and saved as FASTA format and 

annotated as TBS1-TBS51 according to their taxonomic placements. Total genome alignment was 

performed with MUSCLE algorithm in MEGA6 software suite. The aligned DNA sequences of 

betasatellite molecules were included in phylogenetic analysis and a Maximum Likelihood tree was 

inferred (Figure 4.6). 
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Figure 4.6 

Phylogenetic analysis of betasatellite component of PLCD complex and associated leaf curl disease 

group. The tree was divided into two clusters i.e. Cluster-1 and Cluster 2 on the basis of likelihood predicted 

by bootstrap step estimation. The Cluster-1 was further subdivided into five sub-clusters on the basis of host, 

virus and region. Cluster-2 is sparsely related, therefore, all genomic components in this group were analyzed 

separately. The evolutionary history was inferred by using the Maximum Likelihood method based on the 

Tamura-Nei model. The tree with the highest log likelihood (-13451.7843) is shown. The percentage of trees 

in which the associated taxa clustered together is shown next to the branches. A discrete Gamma distribution 

was used to model evolutionary rate differences among sites (5 categories (+G, parameter = 1.5473)). The rate 

variation model allowed for some sites to be evolutionarily invariable ([+I], 9.4207% sites). The analysis 

involved 51 nucleotide sequences. All positions containing gaps and missing data were eliminated. There were 

a total of 878 positions in the final dataset. Evolutionary analyses were conducted in MEGA6.Joydebpur virus 

were included in the list of 51 betasatellite molecules.   

 

The tree was clearly demarcated into two types of clusters viz. genetically related CLUSTER-1 (blue 

colored group) and genetically distant CLUSTER-2 (Red to magenta colored groups). Chinese taxon 

is illustrated separately in light blue color and outgroups in black colored labels. CLUSTER-1 was 
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further grouped into Group1-1 to Group1-6 (Table 4.3). Each sub-clade in CLUSTER-2 was 

analyzed separately.  

CLUSTER 1-1 consists of betasatellites infecting primarily papaya plant in New Delhi, 

Panipat (Haryana, India) and Punjab (Pakistan). These were found to be genetically very close i.e. 

phylogenetic likelihood predicted in 80-100% bootstrap steps. TBS7, 39, 40, 41, 42, 43, 44 and 45 

were papaya infecting betasatellites belonging to Chili and Tomato leaf curl disease causing DNA-A 

component. CLUSTER 1-2 consists of  Chili leaf curl associated betasatellites infecting capsicum 

and tuber plants in Punjab (Pakistan), Palampur (India), Rajasthan (India) and Punjab (India) regions. 

TBS 13 is an outlier in this group belonging to betasatellite associated with Cotton leaf curl 

Burewala disease from Punjab (India) region. CLUSTER 1-3 consists of tomato and guar plants in 

New Delhi, Haldwani in India and Bhakkar in Pakistan.  

Table 4.3 Details of clusters obtained through phylogenetic analysis of betasatellite in PLCD complex 

 

 

 

 

 

 

 

 

 

 

* Outgroup species not related to other members in host or species but occur together due to predicted 

nucleotide sequence similarity. 

These betasatellites were found to be associated with primarily Guar and Tomato leaf curl disease. 

CLUSTER 1-4 is a group of weed infecting betasatellite associated with Ageratum leaf curl disease 

Cluster Betasatellite Feature 

1-1 TBS7, TBS9, TBS11, TBS12, TBS39, 

TBS40, TBS41, TBS42, TBS43, TBS44 

Chili and Tomato leaf curl 

betasatellites infecting papaya plants. 

1-2 TBS5, TBS6, TBS8, TBS10, TBS13* Chili leaf curl betasatellite group 

1-3 TBS17*, TBS38, TBS46, TBS47, TBS48 Tomato leaf curl betasatellite group 

1-4 TBS1, TBS2, TBS3, TBS4 Ageratum leaf curl betasatellite group 

infecting weeds and crops other than 

papaya. 

1-5 TBS30, TBS31, TBS33, TBS34, TBS35 Papaya leaf curl betasatellite group 

infecting crops other than papaya. 

1-6 TBS37, TBS49, TBS50, TBS51 Tomato leaf curl betasatellite infecting 

tomato and chili in China, India and 

Bangladesh 



P a g e  | 55 

 

reported mainly in Central parts of Uttar Pradesh and Rajasthan, India. CLUSTER 1-5 was found to 

be associated with Papaya leaf curl disease causing DNA-A component infecting guar and capsicum 

plants in western provinces of India and adjoining areas in Pakistan. CLUSTER 1-6, a group of 

Tomato leaf curl betasatellite molecules infecting tomato and capsicum in China, India and 

Bangladesh.  

CLUSTER 2 appeared to be a complex clade consisting of papaya leaf curl associated 

betasatellite components reported from various parts of India. The betasatellite components in this 

group are genetically diverse and phylogenetically distant. The betasatellite components infect 

various crops such as papaya, tomato, cucurbits, weeds and other herbaceous plants growing in 

tropical regions of India and Pakistan. The papaya infecting group consist of TBS15 and 16 whereas 

tomato being infected by TBS24, 25, 32 and 36. A unique group of TBS21, 22 and 23 has been 

reported from Coimbatore and Pudukottai districts (Tamil Nadu, India), which infect various gram 

(Cereal) varieties in that region. TBS18, 19, 20 and 28 were infecting cucurbits and tuber varieties. 

The weed infecting group consists of TBS27 and 29 infecting Parthenium specifically. The wide 

genetic variation in this group provides the basis of genetic complexity in this study.  

Although, not all betasatellite molecules selected for phylogenetic analysis were associated 

with PLCD complex, yet, their probability of becoming one in future cannot be obviated. Therefore, 

this analysis holds importance when a designing a siRNA based strategy against betasatellite 

molecules. The unrelated betasatellite species lying in same CLADE could be included into the 

possible target genomes groups selected for siRNAs based generic approach. In addition, evaluation 

of recombination in above results of betasatellite molecules could be done.   

4.4. Recombination analysis of Betasatellite with DNA-A component of PLCD complex 

A recombination analysis was conducted to investigate the recombination boundary distribution 

which provides an evidence of recombination pattern prevalent between the DNA-A and betasatellite 
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components of PLCD complex. DNA-A dataset of PLCD complex (Annexure 1) was aligned with 

betasatellite dataset (Annexure 2) to prepare input for RDP4 software based recombination analysis. 

The recombination analysis of betasatellite component did not predict any recombination boundary, 

which includes genomic fragments from DNA-A components of PLCD. The betasatellite dataset was 

analyzed for recombination boundaries and breakpoint distribution plot were obtained (Figure 4.7). 

Eleven recombination events were detected with statistical relevance and qualifying the criteria set 

initially (Table 4.4). In total, 50 recombination signals were predicted under 11 separate events. 

Event no. 4 was detected in 14 different viral sequences namely, TBS29,15, 16, 19, 20, 21, 22, 23, 

24, 27, 28, 32, 36 and partially evident in TBS25. Similarly, event no. 10 was detected in 11 different 

recombinant betasatellite sequences namely, TBS 27, 15, 16, 19, 20, 24, 26, 28, 29, 36 and partially 

evident in TBS 25 and 32. Such a prominent recombination event prediction signifies that the major 

and minor parents Papaya leaf curl virus betasatellite isolate In:Var:Pum:08:1 and Tomato leaf curl 

betasatellite isolate Cluster bean, clone NGS-D1 respectively, were responsible for evolution of 15 

putative recombinant betasatellite components reported to be associated with Papaya leaf curl virus 

reported from Indian tropical regions. Another pair of major and minor parents i.e. Papaya leaf curl 

virus betasatellite clone BG-CBE and Cotton leaf curl Burewala betasatellite, clone L2-RCA-b1-F 

respectively, have significant contribution in evolution of betasatellite components of above 

mentioned components of PLCD complex. 

The betasatellite components associated with leaf curl disease of papaya and tomato have 

undergone significant evolution through recombination. Recombination has enabled these 

betasatellite components to evolve and infect different crops in varied tropical regions of Indian sub-

continent. 
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Figure 4.7 Recombination analysis showing results of event number 1 using Recombination Detection 

Program v4.95 (RDP v4.95). The pink region indicates the occurrence of the recombination event with 

intersection points in the case of RDP and overlapping peaks in case of MAXCHI on the plot as the 

recombination starting and ending breakpoints. The grey region at the ends represents 99% and 95% 

confidence interval of prediction of breakpoints as mentioned in the key. A. RDP output; B. GENECONV 

output; C. MAXCHI output; D. CHIMAERA output; E. Recombination breakpoint distribution plot: The light 

and dark grey regions in the plot represent the 99% and 95% confidence limit respectively for a 200nt 

scanning window. The breakpoint distribution was assessed with TBS1 sequence as a reference sequence just 

for qualitative purpose. 

Apart from PLCD complex, the above mentioned parental pair has contributed in evolution of 

tomato leaf curl disease associated betasatellite components. Other predicted recombination events 
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i.e. event no. 11 and 57 also gave rise to recombinant viral sequences associated with tomato leaf 

curl disease complex (TLCD) (Moriones et al. 2017).In addition, the broad host spectrum of PLCD 

and TLCD could also be attributed to recombination. Owing to replication dependent recombination, 

the resistance strategies against leaf curl diseases in particular, became potentially prone to failure. 

This study also explains the occurrence of interspecies infections i.e. association of Papaya 

betasatellite with TLCD and Tomato betasatellite with PLCD. These two disease complexes along-

with ChLCD make up for the majority of leaf curl disease in Indian sub-continent, which are caused 

by a monopartite begomovirus. Therefore, betasatellite recombination hot-spots should be identified 

and future siRNA based strategies should be based upon these regions along-with the DNA-A 

component associated with respective monopartite begomoviruses.  

Table. 4.4 Recombination analysis of Betasatellite genomes reported in Indian sub-continent using 

RDPv4.95 program. The analysis was performed against Betasatellite and DNA-A sequences of 51 

begomoviruses using default parameters and following algorithms 

Event 

No. 

Recombinant Major parent Minor 

Parent 

Frequency of 

recombination 

event 

Detection Method 

R G B M C S T 

1 TBS32 TBS3 TBS18 2 + + + + + + + 

2 TBS8 TBS10 TBS11 1 + + + + + + + 

3 TBS4 TBS1 TBS34 1 + + + + + + + 

4 TBS29 TBS18 TBS47 15 + + + + + + + 

5 TBS27 TBS32 TBS15* 1 + + + + - + + 

10 TBS27 TBS21 TBS14 13 + + - + - + + 

11 TBS38 TBS39* TBS6 5 + + - + + + + 

12 TBS3 TBS2 TBS1 1 - + + + + + + 

13 TBS35 TBS2 TBS1 4 + + + + + + - 

15           TBS16 TBS26 TBS27* 2 + + + + + - - 

57 TBS36 TBS27 TBS26 5 + + + + + + + 

Total = 11              Total frequency = 50  

 R=RDP; G=GENCONV; B=BOOTSCAN; M=MAXCHI; C=CHIMAERA; S=SISCAN; T=3SEQ 
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 * Unknown parent detected in recombination analysis but the specified parent was the closest inferred sequence in this analysis. 

4.5. Collection of papaya leaf curl infected leaf samples of Carica papaya L. 

Leaf samples were collected from various sites located in Lucknow, Bareilly, Sultanpur and 

Malihabad regions of Uttar Pradesh, India. Total 19 sites were investigated and the leaf samples 

showing symptoms of leaf curl, vein swelling and other associated anomalies (Figure 4.8 A-F) were 

collected along-with non-symptomatic leaves of Carica papaya L. plants. The details of the 

Table 4.5 Leaf curl infected C. papaya L. samples collected from various sites in U.P., India 

S.No. Sample 

Name 

Place of collection/Date Symptoms 

1 BR1 Kitchen Garden, Shastri Nagar, Bareily- 

12/07/15 

Yellowish mosaic pattern+vein swelling 

+ inward curling. 

2 BR2 Kitchen Garden, Triveni nagar, Bareily- 

12/07/15    

Yellowish mosaic pattern + vein 

swelling + inward curling. 

3 BR3 Vacant plot, Triveni nagar, Bareily- 12/07/15 Yellowing (old leaves) + vein swelling + 

Inward curling. 

4 BR4 Kitchen Garden, Karamcharinagar, Bareily- 

12/07/15 

Vein swelling (Apical leaves) + Inward 

curling. 

5 BR5 Kitchen Garden, Lajpatnagar 1- Bareily- 

12/07/15 

Yellowish mosaic pattern + vein 

swelling + inward curling + leaf 

mottling. 

6 PC1 Highway road (Lucknow  to Sultanpur)- 

30/07/15  

Vein swelling  + average inward curl 

7 PC2 Road side field, Aliganj, Sultanpur- 30/07/15 Vein swelling + severe inward curl, no 

fruits 

8 PC3 Road side field, Aliganj, Sultanpur- 30/07/15 Vein swelling  + severe inward curl, no 

fruits 

9 BR6 Kitchen Garden, Lajpatnagar 1- Bareily- 

12/07/15 

Vein swelling + inward curling. 

10 BR7 Kitchen Garden, Lajpatnagar 2- Bareily- 

12/07/15 

Vein swelling + inward curling. 

11 BR8 Kitchen Garden, Lajpatnagar 2- Bareily- 

12/07/15 

Healthy 

12 PC4 Department of Biotechnology, BBAU, 

Lucknow- 31/07/15 

Vein swelling + average inward curling 

13 PC5 Department of Biotechnology, BBAU, 

Lucknow- 31/07/15 

Vein swelling + severe inward curling 

14 PC6 Department of Biotechnology, BBAU, 

Lucknow- 31/07/15 

Vein swelling + mild inward curling 

15 KG1 Hostel garden, KGMU, Lucknow- 02/08/15  Vein Swelling + upward curling 

16 KG2 Hostel garden, KGMU, Lucknow- 02/08/15  Vein Swelling + inward curling 

17 CISH1 Nethouse, CISH, Rahmankheda, Malihabad- 

03/11/14 

Vein swelling + severe inward curling  

18 CISH2 Nethouse, CISH, Rahmankheda, Malihabad- 

03/11/14 

Vein swelling + inward curling +  

mottling + dark green papery leaves  

19 CISH3 Nethouse, CISH, Rahmankheda, Malihabad- 

03/11/14 

Yellowish mosaic + vein swelling + 

severe inward curling 
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collected samples is provided in the Table 4.5. The symptoms mainly comprise of yellowing of 

leaves producing mosaic pattern along-with vein swelling and inward (downward) curling as evident 

from Bareilly  (BR1-5) and CISH3 (Figure 4.9 A); vein swelling, upward curling of leaves along-

with mosaic pattern all over the leaves collected from KGMU, Lucknow (KG1) (Figure 4.9 B) and 

severe vein swelling and inward curling of leaves found in Sultanpur (PC1-3), Bareilly (BR6-8), 

Lucknow (PC4-6; KG2; CISH1-2) (Figure 4.9 C&D). 

4.6. Isolation of DNA from healthy and symptomatic papaya leaves 

The DNA extraction is an important step in the efficient PCR mediated detection of any 

Begomovirus, therefore, viral DNA was checked both qualitatively and quantitatively along with 

plant genomic DNA (G-DNA). Various methods were used to extract plant G-DNA. A viral DNA 

enrichment procedure was performed to detect the Begomovirus genome through PCR. A good 

quality viral DNA was isolated using enrichment procedure and yield was between 50ng/µl – 

150ng/µl; samples were resolved on 0.8% agarose gel electrophoresis (Figure 4.10). Lanes 1-19 

represent total enriched DNA samples isolated from papaya leaves.  

4.7. Polymerase chain reaction mediated detection of viral components in healthy and 

symptomatic leaves of papaya plant 

The PCR mediated screening for DNA-A component of begomoviruses was performed with 

degenerate primer sets targeting DNA-A genome. Different primer sets were used to amplify various 

fragments from regions of a 2.4 - 2.7 kb size ss-DNA-A and ~ 1.2 - 1.4 kb DNA-β monopartite 

genomes of leaf curl causing begomovirus (Table 3.2). The enriched genomic DNA of 19 leaf curl 

samples of papaya plants were subjected to PCR mediated screening using upper half region (UH 

region) of DNA-A, the RCA and the betasatellite specific primer set. Out of 19 samples of leaf curl 

infected leaves, six were identified to be positive for UH region PCR with degenerate primer set 

amplifying 1.4-1.6 kb region of the DNA-A component (Figure 4.11). 
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Figure 4.8 Different leaf curl samples collected from various sites in Uttar Pradesh, India. (A) typical 

lamina curled and twisted, dark green color, vein swelled curled leaf, (B) crumpled, down--ward curling with 

mosaic patches, (C) leaf crumpled, mosaic patches, dark green color, (D) up-ward curled, lamina crippled, (E) 

downward curl, vein swelling, slight discoloration, (F) healthy papaya leaf sample.  

 

 

A B

C D

E F
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Figure 4.9 Field symptoms observed in papaya leaf curl infected papaya plants form various sites in 

Uttar Pradesh, India. (A) reduced growth, downward curling, sporadic dark and light green coloration, vein 

swelling; (B) reduced growth, upward curling, shoestring type leaves, vein swelling; (C) reduced plant growth 

with prominent mixed leaf curling, vein swelling, dark green color, sporadic chlorosis; (D) reduced plant 

growth, inward curling, vein swelling, vein clearing, mosaic chlorosis. 

 

Figure 4.10 Isolation of total DNA from healthy and symptomatic papaya leaves. Total DNA was isolated 

from papaya leaves using modified CTAB procedure and later enriched using method mentioned in section 

3.5.2. DNA samples were resolved on 0.8% Agarose gel electrophoresis to assess quality of viral DNA. Lanes 

1-19 represent following samples 1= BR1, 2= BR2, 3= BR3, 4= BR4, 5= BR5, 6= PC1, 7= PC2, 8= PC3, 9= 

BR6, 10= BR7, 11= BR8, 12= PC4, 13= PC5, 14= PC6, 15= KG1, 16= KG2, 17= CISH1, 18= CISH2, 19= 

CISH3. 

 

A B

C D
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These UH positive samples were subjected to RCA, which produced positive concatamers in all 

samples. The high molecular weight (HMW) concatamers did not pass through wells i.e. >50kb 

whereas, low molecular weight (LMW) concatamers resolved on 0.8% agarose gel  above 21 kb 

region (Figure 4.12). Therefore, RCA reaction resulted into concatamers in the range of 7 – 16 times 

the genome size of DNA-A, DNA-B, DNA-β components (Knierim and Maiss 2007; Wyant 2011). 

The resulting RCA product was subjected to the screening for the presence of a putative betasatellite 

component of monopartite begomoviruses. Six RCA positive samples were diagnosed with 

degenerate primer sets designed to amplify 1.2 – 1.4 kb fragment of betasatellite genome (Table 3.2). 

Out of the above six samples, four samples from site no. 2, 4, 5 and 8 produced amplicon  fragment 

in the range of ~1.2 – 1.4kb corresponding to betasatellite component genome (Figure 4.13). The two 

samples i.e. site 14 and 15 (faint band ~1kb) did not amplify DNA-β component, therefore, they 

might be bipartite begomovirus or might be DNA-A with defective interfering fragments (Patil and 

Dasgupta 2006).   

4.8 Cloning and Sequencing of full-length fragment of DNA-A and betasatellite components of 

leaf curl sample from Sultanpur 

The leaf curl positive UH fragments from samples 2, 4, 5, 8 were cloned into pTZ57R/T vector 

provided with TA Cloning Kit (Invitrogen). Sample no. 8 was selected for further analysis due to 

evidence of its association with a betasatellite molecule and characteristic severe leaf curl symptoms 

of PLCD i.e. vein swelling and severe inward leaf curling. The 1.6 kb fragment was amplified from 

sample no.8 using primers containing Not1 restriction sites (Table 3.2). The 1.6 kb UH fragment was 

resolved on 0.8% agarose gel and eluted with gel elution kit. The resulting fragments were ligated at 

16℃ for overnight to pTZ57R/T vector plasmid containing A overhangs providing sticky ends for 

ligation. The resulting plasmid-insert product was transformed in E.coli DH5α competent cells. The 

resulting clones were screened for the presence of inserted fragment using M13U forward and 

reverse primer sets in colony PCR. A positive fragment of ~1.6 kb confirms the presence of UH  
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Figure 4.11 Polymerase chain reaction mediated detection of viral components in healthy and 

symptomatic leaves of papaya plant using UH primer set. PCR mediated screening of total DNA isolated 

from papaya leaves. Upper-half degenerate set of primers (Table 3.2) were used to amplify ~1.4-1.6kb 

fragment (indicated with white arrows) from DNA-A component of leaf curl infected and healthy samples. 1= 

BR1, 2= BR2, 3= BR3, 4= BR4, 5= BR5, 6= PC1, 7= PC2, 8= PC3, 9= BR6, 10= BR7, 11= BR8, 12= PC4, 

13= PC5, 14= PC6, 15= KG1, 16= KG2, 17= CISH1, 18= CISH2, 19= CISH3, L= Lambda HindIII/EcorI 

digested DNA ladder, H=healthy plant DNA. 

Figure 4.12 Rolling circle assay based detection of UH positive viral components in healthy and 

symptomatic leaves of papaya plant using betasatellite PCR. PCR mediated screening of total DNA 

isolated from papaya leaves. High molecular weight (HMW) product in wells, low molecular weight (LMW) 

product (indicated with white arrow) resolved in 0.8% agarose gel electrophoresis;  2= BR2, 4= BR4, 5= BR5, 

8= PC3, 14= PC6, 15= KG1, L= 250bp step up DNA ladder, H=healthy DNA (negative control). 
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Figure 4.13 Polymerase chain reaction mediated detection of viral components in healthy and 

symptomatic leaves of papaya plant using betasatellite specific PCR. PCR mediated screening of RCA 

positive DNA samples isolated from papaya leaves. Betasatellite degenerate set of primers (Table 3.2) were 

used to amplify ~1.2-1.4kb fragment (indicated with white arrow) from DNA-β component of leaf curl 

infected and healthy samples. 2= BR2, 4= BR4, 5= BR5, 8= PC3, 14= PC6, 15= KG1, L= 250bp step up DNA 

ladder, H=healthy DNA (negative control). 

region. Total plasmid DNA was isolated from positive clones and Sanger sequencing at Eurofins Inc. 

was performed. Similarly, betasatellite fragment was amplified from sample no. 8 using above 

procedure to clone and sequence ~1.3 kb size fragments of betasatellite components.   

The sequencing results provided information about the UH and betasatellite regions of the 

viral component in positive sample no. 8. Abutting primers (Table 3.2) was designed against a 

common AV2-AV1 encoding open reading frame on viral sense strand to amplify whole viral 

genome i.e., 2.7 kb fragment through PCR. The resulting 2.7 kb fragment amplified using abutting 

primers was purified using PCR purification kit. It was later, cloned into pTZ57R/T plasmid and 

positive clones were sequenced using Sanger sequencing (Annexure 3 and 4).  

4.9. Infection clones of DNA-A and betasatellite components are causative agents of leaf curl 

disease of Carica papaya L. 

 

It is important to prove Koch’s postulate so that the causative factor for plant disease could be 

established for a pathogen isolated from infected plant sample. Viral DNA-A and betasatellite 

H     2      4 5 8    L     14 15



P a g e  | 66 

 

components isolated and identified from papaya leaves showing infection symptoms were introduced 

into an expression vector in dimeric forms to function as infectious clones. These infectious clones 

could then be introduced into a host plant to prove Koch’s postulate. 

Figure 4.14 Preparation of infectious clones of DNA-A and betasatellite components: Preparation of 

plant binary vector for insertion of dimeric viral fragments. 

Figure 4.15 Preparation of infectious clones of DNA-A and betasatellite components: Preparation of 

dimeric fragment (5.4 kb for DNA-A and 2.6 kb for betasatellite) for integration into plant binary 

vector 
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The vector backbone for infectious clone was prepared by restriction digestion of 

pCAMBIA1301 plasmid with BamH1 enzyme to produce 14.7 kb nucleotide product, which was gel 

purified and dephosphorylated using CIAP enzyme at 37℃ for 15 min in water bath (Figure 4.14). 

The insertion fragments were prepared using previously PCR amplified products of DNA-A and 

betasatellite component i.e. 2.7 kB and 1.3 kB fragments. Betasatellite monomeric fragments were 

subjected to restriction digestion with BamH1 restriction enzyme and ligation was performed for 

short duration i.e. 30℃ for 30-60 min, to produce a 2.6 kb dimer. The full length PCR amplified 2.7 

kB fragment of DNA-A genome was similarly subjected to restriction digestion and ligation to 

produce a dimer (partial ligation product) i.e. 5.4 kb ligation product (Figure 4.15). The ligated 

dimeric fragments of 5.4 kb and 2.6 kb were purified using QIAEX II Gel Extraction Kit (Qiagen, 

GmBH, Germany). Purified dimers were ligated using T4 DNA ligase (Thermo Scientific, Waltham, 

USA) into a BamH1 restriction enzyme digested pCAMBIA1301 binary vector. The resulting 

plasmids were named as SA1301-5.4 and SB1301-2.6 for DNA-A and beta satellite respectively 

(Figure 4.16). Above steps have been illustrated in Figure 4.17, where A-C represent molecular 

modifications done to obtain infectious clones SA1301-5.4 and SB1301-2.6.  

Similar procedure was used to produce infectious clones for Pepper golden mosaic virus, a 

bipartite begomovirus naturally infecting solanaceous plants in Mexico and Central America 

(Carrillo-Tripp et al. 2007). The plants infected with these infectious clones prepared for 

investigation related to symptom appearance, resistance and remission. N. benthamiana plants 

infected with the infectious clones were studied upto 35dpi and the role of PTGS was studied. 

Therefore, dimeric clones were employed for conducting infectivity and siRNA based assays.      
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Figure 4.16 Illustration of infectious clones of DNA-A and betasatellite components after ligation of 

their respective dimeric fragments Full length fragment of DNA-A was amplified using abutting primer set 

KGF1335 and KGR1336 (Table 3.2). pCAMBIA1301 binary expression vector was linearized and 

dephosphorylated at BamH1 restriction site. The amplified viral genomes (2.7/1.3kb) cloned in pTZ57R/T 

were retrieved after cleavage with BamH1 restriction enzyme. Dimerization was performed by performing 

partial ligation for 30 minutes. The resulting dimer was purified from agarose gel and integrated into 

previously digested pCAMBIA1301 vector. The resulting plasmids were designated as SA1301-5.4 for DNA-

A and SB1301-2.6 for betasatellite component. 

4.10. Qualitative and Quantitative estimation of begomovirus DNA-A and betasatellite 

infectivity in agroinoculated plants. 

 

The plasmids SA1301-5.4 and SB1301.2.6 were transformed into Agrobacterium strain LBA4404 

competent cells and transferred into 4-5 weeks old Nicotiana benthamiana plants using 

agroinfiltration procedure (Du et al. 2014). Negative control tobacco plants were mock inoculated 

with pCAMBIA 1301. The plants were maintained in insect proof cages at 22℃ with 16h light and 

8h dark cycles of growth conditions until appearance of symptoms. Whitefly mediated acquisition 

and transmittance procedure was performed as mentioned in section 3.9. The pots were removed 
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after 24h and kept in separate insect proof cages under controlled conditions as mentioned earlier. 

The symptoms started developing after 30 day post inoculation (dpi). The samples were collected 

and tested for presence of viral genome using PCR based diagnostic technique as mentioned in 

following sections  (Verma and Saxena 2017b). 

Figure 4.17 Construction of infectious clones of PLCD complex. (A) Ligation of DNA-A dimer: 1=NTP 

(no template); M= Lambda H/E DNA ladder; 2= DNA-A dimer (30 minutes). (B) Integration of DNA-A 

dimer in pCAMBIA1301: 1= Linearized pCAMBIA1301, M= Lambda H/E DNA ladder, 2=digested SA1301-

5.4 plasmid, 3=SA1301-5.4 plasmid. (C) Dimerization of betasatellite molecule (~1.3kb): M=Lambda H/E 

DNA ladder, 1=PCR product betasatellite (0 min), 2= ligated dimer product (30 min) and remaining monomer 

product (30 min). 

4.10.1. Infectivity assay in Nicotiana benthamiana plant 

The plasmids SA1301-5.4 and SB1301.2.6 were mobilized into Agrobacterium cells and transferred 

into Nicotiana benthamiana plants using agroinfiltration technique (Du et al. 2014). Both plasmids 

were introduced individually as well as in equimolar ratio in tobacco plants. Negative control 

tobacco plants were subjected to mock inoculation with pCAMBIA1301plasmid. The transformed 

plants were grown in insect proof cages at 22℃ with 16h light and 8h dark cycles of growth 

conditions until appearance of symptoms. The plants were observed for 6, 15 and 36 days post 

inoculation (dpi) for symptoms and qualitative assay for infectivity of SA1301-5.4 and SB1301-2.6 
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infectious plasmids in N. benthamiana. The symptoms scores assessed were statistically validated 

using non-parametric tests to derive significance values (p value) due to absence of normal 

distribution data in the experiments. F-box gene was used as a reference gene for qRT-PCR based 

study for relative quantification of viral replication. Coat protein gene, a component of DNA-A and 

c1, a component of betasatellite genome were used to estimate the viral load in tobacco plants. The 

results of symptom based observation supplemented with RCA based virus genome detection were 

used to calculate % infectivity = no. of symptomatic plants\total no. of RCA positive plants *100 

(Figure 4.18). 

Table 4.6 Infectivity assay in N. benthamiana to assess potential of infectious clones SA1301-5.4 and SB1301-2.6 to 

cause disease symptoms. Control plants were WT tobacco plants, Mock were infiltrated in 6 tobacco plants with 

pCAMBIA1301 vector only, SA1301-5.4 and SB1301-2.6 were infiltrated separately in 16 plants each  while equimolar 

mixture (1:1) S1301-5.4/2.6 was infiltrated in another 16 tobacco plants. The scores were recorded for each plant and 

mean score obtained was listed in table. 

 N 
Non-

Symptomatic 

 

Symptomatic 

 

Mean 

Score 

 

SD  

(+/-) 

RCA 
% 

Infectivity 

Control 
6 6 0 - - - - 

Mock 
6 6 0 - - - - 

SA1301-

5.4 

16 10 6 1.5 0.5 11 54.5 

SB1301-

2.6 

16 15 1 0.5 0.15 6 16.7 

S1301-

5.4/2.6 

(1:1) 

16 1 15 2.6 0.47 15 100 

 

The values for % infectivity was calculated to be 54.5% for SA1301-5.4 infectious clone with 1.5 

±0.5 mean symptom score. The mean score for SB1301-2.6 was 0.5 ±0.15 with 1 incidence of 

symptomatic plant. The tobacco plants co-infiltrated with both genomes were calculated to show 

100% infectivity with mean score of 2.6 ±0.47 (Table 4.6).Thus, the equimolar mixture of infectious 

clones i.e. S1301-5.4/2.6 was the most efficient to cause leaf curl infection in tobacco plants (Figure 

4.19). This result is cohort with disease causing frequency of genomic components in monopartite 
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begomoviruses causing leaf curl disease (Saeed et al. 2007; Akhtar et al. 2011). The above 

observation were used to derive statistical significance of infectivity assays in tobacco plants. 

According to the Kruskal Wallis test and post hoc analysis by Mann Whitney U test, the symptom 

differences at different time interval was most significant (p < 0.005) when comparison of SA1301-

5.4  was done against S1301-5.4/2.6. The Wilcoxon Signed Ranks test was conducted to determine 

the most efficient treatment time interval. The period between 15-36 days was found most significant 

for the treatment in all cases (p < 0.5).  Therefore, the viral treatment S1301-5.4/2.6 was studied at 

time points 15 to 36 days for determination of infection and resistance based parameters. The 

confidence of data beyond this time interval was inconclusive due to initiation of senescence 

phenotypic changes and decreased innate immunity of plants (Figure 4.20).   

The symptoms produced in N. benthamiana by dimeric clones of DNA-A and betasatellite 

components was studied. The equimolar mixture of both components produced mild symptoms of 

leaf curl disease with prominent leaf crumpling and appearance of yellow mosaic patterns at later 

stages of plant development. This signifies the fact that tobacco is not the most suitable host for this 

virus isolate causing PLCD in central U.P. region of India. The above observations were found to be 

in correlation with various studies, where infectious clones were introduced in plants and the 

symptoms were studied for different combinations of  begomoviral components i.e. containing DNA-

A, DNA-B, betasatellite or any combination of these components (Rochester et al. 1990; Brown et 

al. 2005; Bhattacharyya et al. 2015). Similarly, infectious clones have been widely employed to 

study recombination, pseudorecombination and defective genomic component formation in case of 

mixed begomovirus infections (Stanley 1995, 2004; Fondong et al. 2000; Briddon et al. 2001; Pita et 

al. 2001; Malik et al. 2011). The symptoms studied through inoculation of infectious clones of these 

begomoviruses have resulted in confirmation of the infectious clones to be functional and can cause 

mild symptoms of PLCD in N. benthamiana plants. This is an important result, as the RNAi based 

experiments will be performed in this model plant and the observations will be used to interpret the 
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efficacy of resistance through introduction of a siRNA producing cassette. In above assays, the CP 

gene based experiment set-up comprises of WT, Mock, SA1301-5.4 plasmid and S1301-5.4/2.6 

equimolar mixture agroinoculated into tobacco plants (3-4 weeks old). Leaf samples were collected 

from 3 different plants for each sample. Therefore, 3 biological and 2 technical replicates were 

collected and RNA samples were isolated from 100mg leaf samples.  

The DNase-A treated RNA samples were subjected to reverse transcriptase-mediated ds-

cDNA production. The final product was diluted to 5ng/µl and 2 µl was added to 25µl qRT-PCR 

reaction assay mixture. The real time estimation of viral load in infected and control plants showed 

significant fold change in viral mRNA expression i.e. CP and c1 transcripts. The CP gene primers 

could probe replication and expression of DNA-A component of PLCD complex in tobacco plant. 

The c1 gene was used to probe the viral load due to betasatellite component in tobacco plants. 

Therefore, CP and c1 gene expression was studied for estimation of DNA-A and betasatellite load in 

tobacco plant respectively.  
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Figure 4.18 Infectivity assay of infectious clones in N. benthamiana (A) Inoculation stage (4-5 weeks) (B) 

15 dpi stage SA1301-5.4 only(C) 15 dpi stage SB1301-2.6 only (D) 15 dpi stage S1301-5.4/2.6 (1:1) 

equimolar mixture. 

 Figure 4.19 Comparison of WT and S1301-5.4/2.6 (1:1) plants at 36 dpi stage. Control (WT) tobacco 

plants was compared to plants harboring equimolar ratio of S1301-5.4/2.6 virus expression vector at 36th day 

post inoculation. A reduced plant growth, crumpling, upward curling of lamina and mosaic pattern was 

characteristic symptom of infection using viral expression vector in N. benthamiana. 
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Figure 4.20 Comparison of S1301-5.4/2.6 (1:1) plants at various post inoculation stages. S1301-5.4/2.6 

infected tobacco plants were compared at different days post inoculation. (A) 15 dpi stage (score 2, (B) 36 dpi 

stage (score 3), (C) 36 dpi stage (score 2) and (D) 50 dpi stage (score 4). All stages show reduced plant 

growth, crumpling, upward curling of lamina and mosaic pattern. The plants were studied until 50 days, after 

this stage the plants complete their life cycle.  

In present experiment, the CP gene expression was found to be upregulated in infectious 

component containing tobacco plants. At 15 dpi, the CP expression in plants with DNA-A 

component only i.e. SA1301-5.4 and equimolar (1:1) betasatellite component i.e. SB1301-5.4/2.6 

was found to be upregulated by more than 5 and 15 folds respectively (Figure 4.21 A). This 

expression pattern was observed until completion of experiments i.e. till 36 dpi stage. The present 

results were found to be similar to 15 and 36 dpi CP gene expression pattern in symptomatic leaves 
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upon introduction of PepGMV DNA-A and DNA-B components in chili (Carrillo-Tripp et al. 2007).  

The temporal changes in CP gene expression in S1301-5.4/2.6 plants were found to be consistently 

Figure 4.21 Real time analysis of infectivity assay in N. benthamiana plants. This figure illustrates 

comparative expression of viral genes at 7 days, 15 days and 36 days after different treatments in WT, mock 

and virus genome infiltrated plants.  (A) Relative expression of CP gene after different days post infection 

(dpi), the increase in CP gene expression indicates increasing viral load (DNA-A) in plant samples. (B) 

Comparative expression of CP gene after infiltration of SA1301-5.4 and S1301-5.4/2.6 at different temporal 

points, expression of CP in SA1301-5.4 samples was taken as reference. (C) Relative expression of c1 gene 

after different days post infection (dpi), the increase in c1 gene expression indicates increasing viral load 

(betasatellite component) in plant samples. (D) Comparative expression of c1 gene after infiltration of 

SB1301-2.6 and S1301-5.4/2.6 at different temporal points, expression of c1 in SB1301-2.6 samples was 

taken as reference Relative expression levels of betasatellite increases after 15 days although DNA-A 

component does not show significant increase. 

upregulated by 1.5, 3.0 and 3.5 folds at 7, 15 and 36 dpi when compared against SA1301-5.4 plants 

(Figure 4.21 B). Similar expression pattern was obtained for c1 gene when relative expression was 

compared for infectious clones against control plants. SB-1301-2.6 accumulated at lower levels in 

absence of helper DNA component i.e. SA1301-5.4 (Figure 4.21 C). This result confirms that 

betasatellite component depends upon DNA-A Rep gene interaction for initiation of its replication 
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and transcription (Eini and Behjatnia 2016; Zubair et al. 2017b). Therefore, c1 accumulation could 

be attributed to synergistic interaction with DNA-A component SA1301-5.4 in equimolar inoculation 

plants, which resulted in 9 and 20 folds increase in expression between 15-36 dpi stages (Figure 4.21 

C). The temporal changes in c1 gene expression was found to be upregulated by 2, 6 and 15 folds at 

7, 15 and 36 dpi stages respectively (Figure 4.21 D). The high level accumulation of c1 gene 

transcripts could be attributed to its’ functional significance in both long and short range movement 

of viral particles inside cells (Bhattacharyya et al. 2015; Singh et al. 2016). Thus, resulting in 

severity of leaf curl, vein swelling and leaf deformation symptoms.   

In above experiments, the CP and c1 gene expression at various stages of plant development 

were studied. The expression levels were consistently high for the equimolar mixture containing both 

viral components i.e. DNA-A and betasatellite molecules as compared to single genomic component 

containing plants. This signifies that the symptoms developed using both infectious components 

most possibly represent the real infection pattern, if not the real symptoms as observed in the papaya 

leaf samples from Sultanpur region.  

4.10.2. Whitefly mediated transmission of PLCD complex components in C. papaya L. plants 

 

The procedure adopted for this experiment is similar to that in section 4.10. The only difference in 

this experiment was that papaya plants were infected instead of tobacco plants during inoculation 

phase. The samples were collected and tested for presence of viral genome using isothermal PCR 

based diagnostic technique i.e. RCA at 7, 14, 36 and 50 dpi.  

Table 4.7 Transmissivity assay in C. papaya L. using s1301-5.4/2.6 equimolar mixture of infectious clones. Control 

plants were WT tobacco plants, Mock were exposed to non-viruliferous whitefly (pCAMBIA1301 only) challenge in 2 

tobacco plants, while 6 plants were exposed to S1301-5.4/2.6 carrying viruliferous whiteflies.  

 N Non-

Symptomatic 

Symptomatic Mean 

Score 

SD 

(+/-) 

RCA % 

Transmissivity 

Control 2 2 0 - - 0 0 

Mock 2 2 0 - - 0 0 

S1301-5.4/2.6 6 0 6 4.3 0.47 6 100 
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RCA based screening of both symptomatic and non-symptomatic C. papaya plants was 

performed to detect viral genome components. The successful detection of a viral DNA component 

from symptomatic leaf samples confirmed the completion of whitefly mediated transmittance in WT 

papaya plants. The results of RCA screening were recorded and % transmissivity was calculated 

(Table 4.7).  

Figure 4.22 Whitefly mediated transmission of DNA-A and betasatellite components into C. papaya L. 

Figure illustrates symptoms developed due to transmission of viral genome in papaya plants after 50 dpi. (A) 

Control papaya plant (B) infected papaya plant, 50 days after transmission (C) Healthy leaf of control papaya 

plant (D) infected symptoms show typical crumpled, stunted growth, dark green coloration and inward curling 

of leaves with  curling prominent in fresh leaves (E) RCA detection of positive infection (Lanes 2 and 3; Lane 

1=positive control).  

 All parameters were tabulated for symptomatic and non-symptomatic plants and real time 

analysis was performed with CP, c1 and F-box gene probes. Transmission efficiency was found to be 

100% for plants challenged with viruliferous whiteflies carrying equimolar infectious particles i.e. 

A B

C D E 1        2        3
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S1301-5.4/2.6 plasmid. The symptoms were scored 5 out of scale of 5 with mean score of 4.3 ± 0.47 

in all 6 infected papaya plants after 50 days of transmission using viruliferous whiteflies (Figure 4.22 

A-E).  

The real time analysis was conducted at 7, 15, 36 and 50 dpi plant samples from WT and 

S1301-5.4/2.6 papaya plants exhibiting scores of zero and 5 respectively (Figure 4.22 A-D). CP and 

c1 gene expression was found to be upregulated in all samples after 7 dpi also RCA amplicons were 

detected in all S1301-5.4/2.6 papaya samples (Figure 4.22) The relative expression of CP gene was 

upregulated by 15 folds at 15 dpi. The same expression reached around 26 folds after 36 dpi and was 

maintained at same level till 50 dpi. Contrastingly, c1 gene relative expression was upregulated by 

10.5 fold at 15 dpi, 25 fold at 36 dpi and 30 fold at 50 dpi (Figure 4.23 A and C). The CP gene 

temporal expression at 15, 36 and 50 dpi samples was compared to that at 7 dpi. The temporal 

expression increased by 7 and 9 fold for 15 and 36 dpi, after which it did not show any increase 

(Figure 4.23 B). The relative expression was found to attain replication plateau as evident by the 

maximum symptom i.e. score 5, exhibited by papaya plants. The temporal expression of c1 gene was 

also upregulated by ~6, 13 and 15 fold at 15-50 dpi stage papaya leaf samples (Figure 4.23 D).  

Thus, the relative fold change in gene expression of both CP and c1 gene correlates the 

results obtained for % transmissivity experiment and prove that both genomic components i.e. DNA-

A and betasatellite are responsible for successful propagation of this PLCD complex component in 

papaya through their vectors i.e. whiteflies.  

The efficiency to acquire, retain and transmit a begomoviral DNA component depends upon 

the biotype of whitefly involved in infection. It has been reported that all biotypes are able to acquire 

and transmit viral DNA component, but transmission efficiency depends upon the biotype of 

whitefly. The ideal acquisition access period for the biotype Q was found to be between 18-24 h, 

which resulted in 100% whiteflies with acquired viral DNA. The retention of viral DNA was found  
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Figure 4.23 Real time analysis of infectivity assay in C. papaya L. plants. This figure illustrates 

comparative expression of viral genes at 7 days, 15 days, 36 days and 50 after different treatments in WT, 

mock and virus genome infiltrated plants.  (A) Relative expression of CP gene after different days post 

infection (dpi), the increase in CP gene expression indicates increasing viral load (DNA-A) in plant samples. 

(B) Comparative expression of CP gene after infiltration of SA1301-5.4 and S1301-5.4/2.6 at different 

temporal points, expression of CP in S1301-5.4/2.6 plant samples when 7 days expression was taken as 

reference. (C) Relative expression of c1 gene after different days post infection (dpi), the increase in c1 gene 

expression indicates increasing viral load (betasatellite component) in plant samples. (D) Comparative 

expression of c1 gene after infiltration of S1301-5.4/2.6 at different temporal points, expression of c1 in 

S1301-5.4/2.6 samples when 7 days expression value was reference. Relative expression levels of betasatellite 

increases drastically after 15 days although DNA-A component does not show such a difference at various 

time points. 

to be under ideal range within first 20 h, therefore, the whiteflies were used for transmission phase 

within first 4 h after acquisition phase (Guo et al. 2015, 2018, Rosen et al. 2015). The transmission 

rate was found to be >100% when more than 20 viruliferous whiteflies were employed for 

transmission, hence the exposure of 100 whiteflies in our experiment is in compliance with 100% 

transmission efficiency of whitefly biotype Q. The 100% transmission rate was observed in above 

experiment which also signifies that the whitefly biotype Q is actually the transmitting agent for this 

PLCD complex component. 
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4.11. BLAST analysis of DNA-A and betasatellite clones 

The sequences of full length DNA-A clone and betasatellite components were subjected to BLAST 

tool based analysis. The DNA-A component had 99% nucleotide identity with Tomato leaf curl virus 

isolate Raebareli DNA-A segment (JX232220.1). Therefore, the present DNA-A component isolated 

from Sultanpur site in India was named as Tomato leaf curl virus [India:Sultanpur:Papaya:2016] 

[MH105055] abbreviated as TLCV [India:Sultanpur:Papaya:2016], according to the new 

convention.  

The betasatellite component showed 100% nucleotide identity with a Tomato leaf curl 

betasatellite-Naj 2 [India:New Delhi:Papaya:2009] (HM143911.1) associated with Tomato leaf curl 

virus isolate found infecting  papaya at Najafgarh site in New Delhi, India.  

4.11.1. Molecular investigation of DNA-A component isolated from Sultanpur region 

The genomic sequence of DNA-A component of TLCV [India:Sultanpur:Papaya:2016] (Annexure 

5) was subjected to ORF analysis using SnapGene viewer (http://www.snapgene.com/products 

/snapgene_ viewer/) software. The software provided following open reading frames corresponding 

to: AV2 (120-458=339bp) and AV1 (280-1050=771bp) present on viral strand; AC1 (1496-

2581=1086bp); AC4 (2248-2424=177bp); AC2 (1174-1593=420bp); AC3 (1047-1454=408bp) and 

AC5 (310-672=363bp) present on complementary strand of DNA-A genome. The viral strand ORFs 

encoded coat protein (AC1) 29.5kDa and AV2 protein 12.9kDa in size whereas the complementary 

strand ORFs encoded Rep (AC1) 40.8kDa, TrAP (AC2) 15.8kDa, Ren (AC3) 16.1kDa, putative 

silencing suppressor protein (AC4) 6.6kDa and AC5 encoded putative protein 13.1kDa in size.  

Thus, the circular single stranded DNA-A component contains all the necessary ORFs required for 

infectivity, survival and transmittance across host compartment.    
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4.11.2. Molecular investigation of betasatellite component isolated from Sultanpur region 

The betasatellite component Tomato leaf curl betasatellite-Naj2 [India:New Delhi:Papaya:2009] 

(HM143911.1) was found to be 1370bp in size, circular, single stranded DNA molecule containing 

betasatellite associated ORF called C1 (201-563=363bp) encoding a 13.7kDa protein, A rich region 

(759-971bp=213bp) a stem loop containing conserved region (common to all Begomovirus genomic 

components) (Annexure 6).  

4.12. Identification of siRNA target regions 

A phylogenetic analysis of DNA-A component of PLCD complex i.e. TLCV 

[India:Sultanpur:Papaya:2016] was performed using ML algorithm and it was found that it was 

closest to Tomato leaf curl New Delhi virus-Papaya [India:New Delhi:Papaya:2005] in 100% of 

trees obtained in bootstrap analysis (Figure 4.24). It was found 86% closer to PapayaLCV and 

ChLCV group. Therefore, whole DNA-A genome of TLCV [India:Sultanpur:Papaya:2016] was 

investigated for siRNA based targeting using methods as mentioned in section 3.3.6.2, for designing 

siRNAs. The results were tabulated (Annexure 7 and 8) for total 7 siRNA predictions fulfilling 

criterion for effective and non-toxic RNA interference. The top siRNA candidate score was 10.42 

with one off-target, it was targeting AC3 (1453-1473) coding regions of DNA-A (Annexure 7). 

While the lowest ranked candidate score was 9.07, targeting AC1/AC4 (2360-2380) protein encoding 

regions. Maximum siRNA candidates were predicted to target AV1, AV1/AV2, AC1, AC/AC4 

protein encoding regions (Annexure 8) i.e. five out of seven, therefore, this region was analyzed 

further for a generic resistance strategy against PLCD complex.   

It is important to mention that the predicted siRNA candidates are not the only population 

being synthesized by plants machinery. The plants produce a decoy of siRNA which enables 

effective, broad range targeting of viral genomes. Therefore, the upper half fragment containing viral 

genome from nucleotide position 1825 – 472 was used as fragment to generate in-vivo siRNA 
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candidates via hairpin siRNA containing construct. The upper half was also used for this strategy as 

it showed nucleotide conservation in the range of 73-79%, which is very near to criterion of >85% 

nucleotide conservation (Figure 4.25). One advantage offered by choice of this region is that it 

contains a viral hairpin, non-coding region containing various promoter elements and origin of 

replication of DNA-A genome. Therefore, this fragment was chosen in favor of bottom half region of 

DNA-A. Also, the siRNA candidates predicted for upper half fragments were less toxic to N. 

benthamiana due to weak or moderate off-target binding as evident from high expect score and 

higher off-target accessibility score i.e. lower the score better will be off-target-siRNA binding. This 

fragment has been a choice in many siRNA based strategies where a resistance was developed 

against more than one type of begomovirus (Bucher et al. 2006; Saxena et al. 2011, 2013; Medina-

Hernández et al. 2013).  Various non-coding regions have been reported to cause transcriptional gene 

silencing (TGS), methylation dependent mechanism and other non-canonical pathways have been 

reported to carry out such a silencing phenomenon (Blevins et al. 2011; Keller et al. 2013; Pooggin 

2017). Earlier, it was reported that this region is important in virus replication and provides promoter 

elements for efficient transcription of viral ORFs into viral mRNAs (Pooggin et al. 2003;  
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Figure 4.24 Phylogenetic status of DNA-A component in PLCD complex. The evolutionary history was 

inferred by using the ML method based on the Tamura-Nei model. The tree with the highest log likelihood (-

24854.0143) is shown. The percentage of trees in which the associated taxa clustered together is shown next 

to the branches. A discrete Gamma distribution was used to model evolutionary rate differences among sites 

(5 categories (+G, parameter = 0.7466)). The rate variation model allowed for some sites to be evolutionarily 

invariable ([+I], 10.1469% sites). The tree is drawn to scale, with branch lengths measured in the number of 

substitutions per site. The analysis involved 36 nucleotide sequences. All positions containing gaps and 

missing data were eliminated.  
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Shivaprasad et al. 2005). Therefore, upper half becomes a natural choice for a generic RNAi based 

strategy against PLCD complex. 

Figure 4.25 DNA-A component of PLCD complex Pairwise identity estimation of sequence 

similarity using Sequence Demarcation Tool v1.2. Tomato leaf curl virus [Sultanpur:Papaya:2016] 

(indicated by Δ symbol) shows sequence similarity in the range of 73-80% when compared against other 

DNA-A components of PLCD complex. The matrix output indicates the diversity of begomoviruses infecting 

papaya and associated crops and weeds. The color key indicates highest and least similarity with brown and 

blue color respectively.  

4.13 Evaluation of siRNA construct pBS-Sul efficacy against PLCD complex components in N. 

benthamiana plants 

The plant binary vector containing siRNA cassette (section 3.10) was introduced into N. 

benthamiana plants through agroinoculation and its efficacy was evaluated at different time intervals 

Δ 

Δ 
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after virus challenge. Two control plants (WT) were inoculated with pBI121 only, while 2 were used 

as WT controls in the siRNA challenge experiment. Six tobacco plants were inoculated with 

equimolar mixture i.e. S1301-5.4/2.6, which was labelled as virus only and shall be ussed henceforth. 

The siRNA efficacy was checked in two ways to simulate the in-vivo conditions i.e. one plant was 

inoculated with equimolar mixture containing both viral infectious components and then siRNA 

construct pBS-Sul was introduced. This plant is labelled as Vir/siRNA and shall be used to describe 

this particular case. In another siRNA experiment, siRNA construct pBS-Sul was introduced before 

challenging the plants with viral components. The plants were labelled as siRNA/Vir in this case. Six 

number of plants were inoculated (see section 3.8) in both cases and studied for symptom 

appearance, resistance and recovery for 50 days. The leaf samples were recovered for each timeline 

i.e. 7 days, 15days, 36 days and 50 days keeping 2 biological and 3 technical replicates.   

4.13.1 Phenotype and RCA based qualitative evaluation of siRNA efficacy 

The plants were observed for symptomatic changes at different time intervals i.e. at 7, 15, 36 and 50 

days stage, total DNA was isolated from them for PCR based screening. The phenotypes related to 

disease symptom development such as curling, vein swelling, chlorosis and vein clearing were 

observed for each sample and tabulated (Table 4.8).  

Table 4.8 RNA silencing efficacy of siRNA construct pBS-Sul evaluated in N. benthamiana (36 days).  The table 

represents mean symptom score (with SD values) recorded for 6 biological replicates across time period of 7 days to 50 

days in virus, siRNA/Vir and Vir/siRNA treated N. benthamiana plants. The increase in mean score of siRNA/Vir 

treatment at 15-50 days with relative to those of other two treatments owes to the advancement in ageing process of 

tobacco plants. 

 

  

N 

Mean Score (Scale 5) (±SD) 

7 days 15 days 36 days 50 days 

Virus only 6 0.33±0.39 1.3±0.47 3.83±0.37 5±0 

siRNA/Vir 6 0 0.33±0.42 2.33±0.74 4.83±0.4 

Vir/siRNA 6 0.33±0.41 1.33±0.43 3.33±0.45 5±0 
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The symptom was scored at the scale of 5 (when compared to Virus only positive control) to 

assess the efficacy of siRNA in reducing symptoms in infected tobacco plants (Figure 4.26). The 

siRNA/Vir samples were inoculated with siRNA construct 7 days before introduction of virus, 

therefore, these plants show late and decreased symptom initially but later on i.e. after 30 days stage, 

the symptoms increased 50% more than virus only plant, owing to ageing and reduced innate 

immunity. However, further experiments need to be performed to assess the changes occurring at 

molecular and protein level.     

Figure 4.26 Phenotype of virus challenged N. benthamiana plants at 15 dpi stage (A) siRNA/Vir tobacco 

plants in which siRNA construct pBS-Sul was infiltrated 7 days prior to infiltration of S1301-5.4/2.6. (B) 

Vir/siRNA plants in which pBS-Sul was infiltrated 7 days after virus infiltration. (C) Virus only (S1301-

5.4/2.6) infiltrated tobacco plants 

 The total DNA isolated from leaves was subjected to RCA analysis using pUC19 plasmid and 

DNA from WT tobacco plant as positive and negative control respectively. After 36 dpi, all 3 WT 

and Mock plants remained non-symptomatic (Figure 4.27) and correlated well with absence of RCA 

amplification in their DNA samples (Table 4.9).  The tobacco plants with pBS-Sul did produce a 

detectable amount of RCA amplification product due to presence of binary plasmid in it. But, it 

cannot be considered significant due to absence of any type of exposure to viral genome in these 

plants. All S1301-5.4/2.6 plants. 
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Figure 4.27 Symptoms in N. benthamiana plants at 15 dpi stage (A) & (D) siRNA/Vir plants showing very 

mild leaf curl symptoms. (B) & (E) Virus only plants showing typical lamina curled with stunted growth and 

chlorosis. (C) & (F) Vir/siRNA plants showing laminar curling along-with chlorosis and slightly reduced 

growth.  

Figure 4.28 Comparative symptoms of N. benthamiana plants at 50 days stage without siRNA treatment 

(~35 dpi) (A) WT tobacco plant. (B) pBS-Sul infiltrated mock tobacco plant. (C) S1301-5.4/2.6 (1:1) plant 

showing severe chlorosis, leaf curl, reduced plant growth.  

A B C

D E F
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Figure 4.29 Comparative symptoms of N. benthamiana plants at 50 days stage (~35 dpi) (A) Mock 

tobacco plant. (B) Virus only, severe symptoms. (C) & (D) siRNA/Vir plants showing slightly reduced 

symptoms with late recovery. (E) Vir/siRNA plant with severe symptoms, apparent plant senescence with 

slight late recovery.  

were symptomatic with a score in the range of 4-5 at 15 to 36 days stage i.e. curling of leaf, vein 

clearing, chlorosis/mosaic appearance with reduced plant growth (Figure 4.27 and 4.29). These 

plants were RCA positive for all DNA samples (Table 4.9) and also positive for PCR amplification 

of CP gene using degenerate primer set. When symptoms were compared for siRNA efficacy in 

siRNA treated plant samples, the 35 dpi stage plants in siRNA/Vir and Vir/siRNA were slightly less 

symptomatic with reduced chlorosis and showing better upper branch growth. This result indicate 

slight recovery of plant’s innate immunity against viral infection (Figure 4.29). 

The symptom attenuation is considered to be an indication of RNAi activity in plants (Zhang 

et al. 2005; van der Walt et al. 2008). It has been observed that imperfect, chimeric and mutated virus 

genomes cannot produce efficient and severe infection symptoms. This reduction in infection 

severity is termed as ‘attenuation’. Hence, symptom attenuation is an indication that the virus is not 

producing the desired symptoms resulting in to attenuated infection. 
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Table 4.9 RNA silencing efficacy of siRNA construct pBS-Sul evaluated in N. benthamiana (36 days).  The control 

plants are WT tobacco plants, mock plants were infiltrated with pBS-Sul (siRNA vector only). Equimolar mixture 

S1301-5.4/2.6 was used as positive control for virus infection. The siRNA treatment was simulated in two way to check 

its efficacy against begomoviral components. First, siRNA was infiltrated before virus challenge at 7 days stage while the 

virus was infiltrated at 0 days stage i.e. 7 days prior to siRNA infiltration. 

 The phenotypic observations in above experiment i.e. the reduction in mean score of 2.33 

indicate that the symptom attenuation occurred in siRNA/Vir plants as compared to Virus only and 

Vir/siRNA plants having mean score value of 3.83 and 3.33 respectively (Figure 4.29). Although, 

virus was inoculated at later stages of plant development in siRNA/Vir plants, the innate immunity of 

all tobacco plants was supposed to be same at same developmental stage. Therefore, attenuation in 

symptom severity at 36 days stage in siRNA/Vir plants could be attributed to prior introduction of 

pBS-Sul containing siRNA cassette under constitutive expression of CaMV35S promoter. It was 

observed that the virus only plants did not show even a slight symptom attenuation at same stage as 

the siRNA treated tobacco plants as evident from increase in symptom mean score at all stages 

(Figure 4.29 B). Therefore, at this stage the apparent attenuation of symptoms can be seen as induced 

via introduction of siRNA construct pBS-Sul. However, the level of accumulation of viral genome 

particles and transcripts would be a fair indicator of the efficacy of siRNAs in producing PTGS in 

tobacco plants against PLCD component DNA-A and betasatellite molecules.    

 

 

  

N 

Non-

Symptomatic 

Symptomatic RCA % Infectivity 

7 

days 

15 

days 

36 

days 

7 

days 

15 

days 

36 

days 

Control 3 3 0 0 0 0 - - - 

Mock 3 3 0 0 0 0 - - - 

Virus only 6 0 6 3 6 6 50 100 100 

siRNA/Vir 6 0 6 0 2 6 0 33.3 100 

Vir/siRNA 6 0 6 3 6 6 50 100 100 
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4.13.2 Quantitative estimation of siRNA efficacy using qRT-PCR based assay   

The quantitative estimation of siRNA efficacy to suppress viral transcripts was performed with the 

help of CP, c1 and F-box primer probes in qRT-PCR. The decrease in relative expression of viral 

transcripts indicate effect of PTGS mediated suppression of viral transcripts in tobacco plants. RNA 

isolation was performed for samples at each time point i.e. 7, 15, 36 and 50 dpi and the cDNA 

samples were prepared and stored at -20℃ until required. A qRT-PCR was performed for CP gene 

and c1 gene probes of DNA-A and betasatellite components of PLCD complex. Real time analysis 

was performed against 2 biological and 3 technical replicates for each sample at different time 

points.  

The non-symptomatic WT and Mock tobacco plants did not show any significant up or 

downregulation in CP nor c1 gene expression at any time point (Figure 4.30.A&C). Since, the CP 

and c1 relative gene expression show more than 15 fold change in gene expression when compared 

with the F-box gene background, therefore, a relative change in gene expression was studied. The 

gene expression was compared against virus only CP and c1 gene backgrounds as represented by 

blue and orange bars (Figure 4.30.B&D) whereas a comparison was done in background of 

Vir/siRNA treatment as shown by grey bars, at different time intervals i.e. 15-36 days stage. The 

siRNA/Vir treatment was shown to exhibit nominal reduction in CP and c1 gene expression i.e. 0.24 

and 0.15 fold at 15 day stage but gradually the expression the level equivalent to the background 

until 50 days stage i.e. between 1-1.1 fold of virus only plant samples. The Vir/siRNA plant samples 

showed equivalent levels of CP and c1 gene expression when compared to background samples. The 

c1 gene was found to be slightly more upregulated in case of 15 day samples, which gradually got 

nullified due to enhanced c1 levels in virus only plants at later stages (Figure 4.30.D). 
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Figure 4.30 Quantitative estimation of siRNA efficacy using qRT-PCR analysis (A) Expression of CP 

gene in siRNA treated, virus infected, mock treated and control WT N. benthamiana plants. (B) Efficacy of 

siRNA was analyzed by comparing the increase or decrease in expression of CP gene in relation to virus only 

plants. The grey bars present comparison of siRNA treatment relative to siRNA/Vir treated plant. The 

comparative difference in CP gene expression indicates reduced/increases DNA-A accumulation. (C) Relative 

expression of c1 gene in siRNA treated, virus infected, mock treated and control WT N. benthamiana plants. 

(D) Efficacy of siRNA was analyzed by comparing the increase or decrease in expression of c1 gene in 

relation to virus only plants. The grey bars present comparison of siRNA treatment relative to siRNA/Vir 

treated plant. The comparative difference in CP gene expression indicates reduced/increases DNA-A 

accumulation.  

The grey bars represent comparative change in gene expression under various siRNA 

treatments with Vir/siRNA taken as background sample. The comparison indicate slightly reduced 

CP gene expression at 15 day stage, which gradually levels to 1 at later stages. The change in c1 

expression did not follow any trend and show random nature i.e. increased levels decreased at 36 day 

stage but reached to level 1 at later stage. 

The statistical analysis was conducted for above siRNA treatments i.e. two-way ANOVA to 

assess the significance of CP and c1 gene expression at various time intervals and also among 

themselves. The p value obtained for above test was more than 0.05 i.e. the expression changes were 
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not found to be significant. Hence, the treatment cannot be considered effective in providing 

resistance against begomovirus component of PLCD complex.      

It was observed that CP gene transcript level has no correlation with that of c1 gene, as the 

replication of betasatellites is dependent entirely on the Rep gene transcript levels in host cell (Zhang 

et al. 2016). Therefore, the c1 gene seems to express more at later stages (after 30 dpi) of viral 

infection and gradually increase their population even when the helper genome i.e. DNA-A, 

expression reaches its plateau. It has been shown that DNA-A of Cotton leaf curl Multan virus and 

Cotton leaf curl Burewala virus were unable to suppress RNA silencing mechanism of cotton plants, 

however, the suppression was successful in presence of an associated betasatellite component (Amin 

et al. 2011). In another study, Cotton leaf curl Burewala betasatellite associated with an old world 

begomovirus was able to transreplicate efficiently in presence of a new world bipartite begomovirus 

i.e. Cabbage leaf curl virus, after few generations due to introduction of few mutations in 

betasatellite component (Nawaz-ul-Rehman et al. 2009). Therefore, an elevated level of c1 gene 

expression depicts a natural mechanism exhibited by betasatellite components i.e. they adapt to 

helper DNA component and utilize it for their own replication. Thus, mutations and host RNAi 

suppression seems to be a possible mechanism by which betasatellite components interfere with 

siRNA based resistance strategy.  Therefore, this seems to be a possible reason for symptoms 

severity at later stages of virus infection in PLCD complex.   

The results of siRNA efficacy indicate that the siRNA can be efficient in controlling viral 

population only when introduced in host plants at-least 7 days before viral entry (Figure 4.12.5.B). 

The expectation that siRNA decoy production in response to introduction of siRNA hairpin cassette 

corresponding to AC1, AC4, AC5, AV2 and AV1 ORFs of PLCD complex DNA-A component 

could suppress virus accumulation inside host cell was fulfilled at early stages i.e. 7-15 dpi, as 

evident from decrease in fold change as compared to virus only plants. But, abrupt increase in CP 
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and c1 transcripts level by more than ~9 fold (Figure 4.30 C) indicate that the induced silencing 

mechanism due to pBS-Sul construct had failed to control viral accumulation.  

This failure could be attributed to large amount of betasatellite accumulation in mid-to later 

stages of plant development and virus infection due to their role in host RNAi suppression (Amin et 

al. 2011). It was also observed that RNAi hairpin constructs were able to inhibit systemic movement 

when the plants were infected with only DNA-A component of Cotton leaf curl Multan virus. But, 

the same constructs failed to produce mildest of resistance when the plants were infected with both 

DNA-A and Cotton leaf curl Multan betasatellite molecules (Mubin et al. 2011). Therefore, 

betasatellite have ability to compromise the host resistance machinery by suppression of RNAi 

components and enhancing accumulation of V-sRNAs (Yang et al. 2011a). Growing evidences of 

betasatellite adapting rapidly by causing multiple mutations might result in to an efficient co-

operation with helper DNA. This causes the betasatellite to transreplicate and adapt to the new 

environment and helper DNA (Nawaz-ul-Rehman et al. 2009).  

Plant RNAi machinery is known to act in two ways i.e. via PTGS and TGS pathways. TGS 

pathway is mediated by the methylation mechanism in which epigenetic modifications on viral 

transgenes act as signals for the plant RdRP’s to promote siRNA production and thus result into 

TGS. A study has shown that c1 gene of Tomato yellow leaf curl China betasatellite (TYLCCNB) 

can complement the AL2 gene function of Tomato leaf curl China virus (TYLCCNV) by interacting 

with S-adenosyl homocysteine hydrolase (SAHH) enzyme by inhibiting it’s in vitro activity (Yang et 

al. 2011b). Other mechanisms, which might be involved in host RNAi suppression, have been 

discussed in review of literature section of this thesis.    

In this study, the mechanism and components involved in symptom attenuation could not be 

predicted at this stage due to limited knowledge about replication, transcription, translation and 

RNAi suppression components of these PLCD complex components. However, it was observed that 
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the plant DCLs’ have preference for the type of siRNAs produced in response to a particular virus as 

evident from a comparative study on TYLCV and Tomato latent virus (TLV). Here, the tomato 

transgenic plants carrying intronic hairpin constructs were found to be symptomless in case of TLV 

infection whereas TYLCV caused severe infection (Fuentes et al. 2006a, 2016). Further, betasatellite 

c1 gene is known to interact with ASYMMETRIC LEAVES 2 (AS2) (Yang et al. 2008) and 

ubiquitin conjugating enzyme (SlUBC3) (Eini et al. 2009) and suppress plant defense pathways to 

increase its accumulation. A major mechanism responsible for such an interaction is the ability of 

betasatellites to forms multimeric units, which help in formation of complexes with above mentioned 

host molecular factors (Cheng et al. 2011). Therefore, the observed attenuation of symptoms could 

be a possible case of betasatellite-mediated suppression of host RNAi machinery.  
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5. CONCLUSION 

This study is significant as this is the first time that the leaf curl diseases in papaya was shown to be 

forming a PLCD complex. In this study, begomovirus causing leaf curl symptoms collected from 

Sultanpur region was identified, isolated, cloned and sequenced. The sequenced full length 

begomovirus fragment was found to be associated with a betasatellite causing PLCD. The infectious 

clones of both DNA-A and betasatellite components of PLCD complex developed exactly the same 

symptoms in experimental papaya plants as observed in the infected papaya plants (from field) used 

to isolate both components. Later, through BLAST analysis, the DNA-A was found to have 99% 

sequence similarity with a tomato leaf curl virus isolate from Raebareli hence, DNA-A component 

was renamed as Tomato leaf curl virus [India:Sultanpur:Papaya:2016] [MH105055] (a Sultanpur 

isolate) and betasatellite component was found to be 100% similar to Tomato leaf curl betasatelllite-

Naj2 [India:New Delhi:Papaya:2009] [HM143911.1] hence the name was used as such. 

Due to 75-80% sequence similarity of the Sultanpur isolate DNA-A component with other 

components of PLCD complex, this isolate was chosen for a generic resistance strategy based on 

siRNA dependent PTGS. The siRNA based generic strategy was shown to slow down begomoviral 

infection thus providing resistance against PLCD complex. Based upon this study, following can be 

concluded: 

1. PLCD group of begomoviruses constitute a disease complex in Indian sub-continent. 

2. Different symptomatic leaf curl disease infected papaya samples were collected from central 

Uttar Pradesh region in India. 

3. 6 samples were found to be positive in PCR for begomovirus. 

4. The Sultanpur isolate was chosen for cloning and to prove Koch’s postulate as it shows the 

most severe and prominent infection in papaya plants. 
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5. The viral isolate was genetically similar to a leaf curl causing begomovirus, which was later 

named as Tomato leaf curl virus [India:Sultanpur:Papaya:2016] [MH105055] and Tomato 

leaf curl betasatelllite-Naj2 [India:New Delhi:Papaya:2009]  [HM143911.1] due to their 

nucleotide similarity score.   

6. Infectious clones containing DNA-A and betasatellite in dimeric form was constructed and 

named as p1301-5.4 and p1301-2.6 respectively. 

7. The begomoviral components were successfully transmitted via Whitefly from infected 

tobacco plants to healthy papaya plants.. 

8. PLCD is caused due to DNA-A and betasatellite components of a monopartite begomovirus 

responsible for leaf curl disease in India. 

9. siRNA expression cassette containing binary vector pBS-Sul was constructed and introduced 

into tobacco plants using agro-infiltration. 

10. siRNA/Vir plants showed better resistance against PLCD complex genomic components as 

compared to Vir/siRNA plants, which were previously inoculated with viral mixture.  

11. siRNA cassette against upper half (UH) region could effectively suppress virus replication. 

12. The systemic movement of virus was inhibited in presence of pBS-Sul as evident from 

healthy, non-symptomatic leaves in upper portion of tobacco plants.   

13. pBS-Sul might require further fine tuning by trimming the large sequence into smaller 

overlapping fragments, which are capable of producing siRNAs.       
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6. SUMMARY 

This thesis work involves study on development of a resistance strategy against begomoviruses 

causing papaya leaf curl disease (PLCD). Papaya occupies status of an important cash crop of India 

and one of the important source of foreign revenue through export across world. In India, leaf curl 

disease severely affects papaya production. PLCD is caused by begomoviruses such as PaLCuV, 

PapLCV, ToLCV, ChLCV and other associated viruses. The proposed study employed both 

molecular and in-silico approaches to dissect molecular complexity of PLCD and disease resistance 

potential of the siRNA strategy. In past, many approaches based on siRNA based tools were 

proposed like artificial miRNA, hp-siRNA and anti-sense RNA, but most of them enjoyed partial 

success in eliciting resistance against evolving genomes of begomoviruses. Therefore, generic 

resistance based approach was evaluated for potential to produce efficient siRNA based silencing in 

plants.   

In silico analysis of the DNA-A of begomoviruses, causing PLCD was conducted to evaluate 

their genetic complexity and recombination patterns within the group. Within the group of 

begomoviruses of PLCD, there were 11 sub-groups, where PaLCuV, PapLCV and ChLCV/PaLCuV 

were the major groups forming the PLCD complex. Further, 12 recombination events were observed 

in 29 predicted viral recombinant sequences signifying contribution of this phenomenon in 

enhancement of genetic complications of PLCD complex. Therefore, PLCD shall be considered a 

disease complex i.e. disease caused by complex interactions of more than two types of 

begomoviruses. Similarly, betasatellite genomic components were investigated for the prevailing 

complexity. Phylogenetically, betasatellite components in Indian sub-continent were divided into six 

clusters represented by betasatellite molecules associated to particular host plants or to a particular 

DNA-A associated diseases pattern i.e. begomovirus, host and symptoms. Among all, PaLCuB 

infecting papaya and ChLCB/ToLCB infecting papaya crops were closely associated with each other 
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as compared to other clusters. Recombination study on betasatellite components revealed much more 

intricate interactions giving rise to genetic variation in betasatellite genomes i.e. 11 recombination 

events occurring among 50 betasatellite sequences. All presented experimental observations provide 

an evidence of molecular complexity prevailing in DNA-A of PLCD. Therefore, PLCD is definitely 

a disease complex consisting of cross-interaction between DNA-A and betasatellite components of 

various leaf curl causing begomoviruses.  

Leaf samples were collected from various symptomatic papaya plants from Bareily, 

Sultanpur, Lucknow and Malihabad regions of Uttar Pradesh in India. After PCR based diagnostics, 

cloning and sequencing of begomovirus components, DNA-A and betasatellite components causing 

leaf curl disease symptoms in papaya were isolated. Infectious clones were prepared by arranging 

together genomic dimers of DNA-A and betasatellite components and introducing them in a plant 

binary vector, pCAMBIA1301. DNA-A infectious clone was named as pB1301-5.4 and betasatellite 

was named p1301-2.6, according to the size of dimers i.e. 5.4 kb and 2.6 kb. These infectious clones 

were found to cause crumpled and mosaic symptoms in Nicotiana benthamiana plants, when co-

infiltrated together in 1:1 molar mixture. The infectious clones were found to be functional and cause 

typical mild leaf curl symptom in tobacco plants. Severe leaf curl symptoms developed in papaya 

plants when above begomoviral infectious particles were introduced via viruliferous whiteflies 

previously fed upon infected tobacco plants. Therefore, Koch’s postulate was proved and the above 

two begomovirus components are considered to be a part of the PLCD complex in India. 

Through BLAST and SDT analysis, the DNA-A and betasatellite components were later 

identified to be a new DNA-A isolate named Tomato leaf curl virus [India:Sultanpur:Papaya:2016] 

[MH105055] and Tomato leaf curl betasatelllite-Naj2 [India:New Delhi:Papaya:2009]  

[HM143911.1]. These were the begomoviral components identified to be the causative agents of 

PLCD in samples collected from Sultanpur region in central Uttar Pradesh.  
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Till now, the RNAi based strategies focused more on specific and single gene 

siRNA/artificial miRNA based disease control. Few reported that overlapping regions from DNA-A 

genome were successful in eliciting resistance (Ye et al. 2014). Therefore, this strategy based upon 

overlapping regions fulfills our criterion for a generic strategy against PLCD complex components. 

siRNA producing potential of DNA-A was evaluated. The Upper half region (UH) was chosen for 

siRNA based strategy as it contains AC1/AC4, IR and AV1/AV2/AC5 encoding overlapping ORFs. 

These regions were found to be functionally important for replication, coat protein synthesis, 

movement and host RNAi suppression in host plants. Therefore, UH region was introduced into a 

plant binary vector pBI121 as a siRNA expression cassette named pBS-Sul. Theoretically, similar 

types of cassettes are capable of producing a decoy of targeted siRNA specifically induced under 

effect of CaMV35s promoter, resulting in constitutive expression of protective ds-RNA molecules 

ranging from 21 – 24-nts size (Blevins et al. 2011; Aregger et al. 2012; Pooggin 2017). RNAi 

experiment was designed to simulate field type conditions i.e. plants in which pBS-Sul was 

introduced either before or after infection. The plants were co-infected with p1301-5.4/2.6 (1:1) 

equimolar mixture to produce maximum possible disease severity index. As compared to Virus only 

plants, the siRNA/Vir plants showed better resistance from 14th until 36th day, as the pBS-Sul 

expressed siRNAs before introduction of viral genomic components. The Vir/siRNA plants did not 

show any significant resistance for above period due to previous infection of viral components, 

which might have suppressed their production. After 50th day, both siRNA treated plants show 

similar levels of CP gene expression concluding that viral DNA reached their replication plateau, 

however, betasatellite molecules show unprecedented rise in expression from 36th days onwards. 

This signifies that the siRNA construct might have controlled the late expression of DNA-A encoded 

proteins and its efficacy against betasatellite molecules requires further investigations. Therefore, the 

siRNA strategy proposed in this thesis has potential to become a basis for further siRNA based 

research to get a better insight into the UH mediated resistance through expression of siRNA decoys. 
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Carica papaya L. (papaya) production is severely affected by leaf curl and related disease 

symptoms caused by various species of begomoviruses making it a complex disease. 

Papaya leaf curl disease (PLCD) complex has broad host range and high genetic 

variability, therefore, the study was conducted to dissect the genetic complexity of PLCD. 
Begomoviruses infect various host crops and weeds associated with cultivation of 

papaya. Intermixing among their genomes and mutational forces drive molecular 

variability in the disease complex, which enables them to expand their host range. This 

molecular variability is important determinant when RNA interference based strategy is 

applied against these viruses. In this study, we have observed that the broad host range of 

PLCD complex viral components is due to high frequency of recombination events that 

took place at different time scales. The rise of recombinants led to host variability 

resulting in similar symptomatic infection over new crops and weeds in nearby fields. 

Therefore, we have taken into account molecular variability and recombination regions 

of the viral genome as the targets for providing resistance against these viruses, thus, 

preventing serious implications of similar diseases spreading over to new hosts.
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Abstract

1. Introduction

Papaya fruit is used for various medicinal and 

commercial purposes apart from being an edible 

delicacy and an important source of daily nutrition like 
minerals, vitamins and papain. Due to its commercial 

importance, it is cultivated at large scale in almost all 

parts of India. However, in last decade, papaya farming 

has suffered a huge setback due to various pathogens 

infecting papaya crops in every season, especially the 

rainy season. Fungus, anthracnose, leaf curl, crumpled 
growth and early fruit fall are some of the problems 

related to rainy season (Roden and Ingle, 2009; Singh et 

al., et al., 2012; Varun  2017). Among all problems, the 

leaf curl disease of papaya has been a major adversity 

faced by papaya plantations causing a deep dip in 

papaya productivity (Saxena and Verma, 2016). Upward 

or downward leaf curl, dark green coloration, vein 
swelling, leaf mottling, crumpling and crippled plant 

development (Saxena  2016) characterize the leaf et al.,

curl disease symptoms in papaya caused by a plant virus 

infection. This disease is endemic and causes huge 

losses to papaya farmers in India, especially in the 

northern and central regions of Uttar Pradesh, Haryana, 
Delhi and Rajasthan. Apart from papaya leaf curl, crops 

in India such as cotton, tomato, okra, chili and squash 

are highly susceptible to leaf curl disease caused by 

various other begomoviruses (Varma and Malathi, 

2003; Borah and Dasgupta, 2012). 

Begomoviruses are single stranded DNA viruses, 
characterized by the geminate shaped structure 
consisting of a capsid and viral genome. Their genome 
reported to be containing DNA-A, DNA-B, beta (DNA-β) 
and alpha satellite molecules. The genetic composition 

of these viruses depends upon their host plants and 
vector biotypes i.e.  (Gennadius) also Bemisia tabaci
known as whitefly (Brown  1995; Gutierrez, 2000; et al.,
David, 2003; King  2011). Monopartite et al.,
begomoviruses consist of DNA-A and associated 

satellites, whereas, bipartite consist of DNA-A and DNA-
B. The common genetic component, DNA-A, of 
begomoviruses harbor structural and multi-functional 
protein encoding open reading frames (ORFs). All 
genetic components have been found to be associated 

with a 200bp long, highly conserved region composed of 
repetitive elements, promoter region, origin of 
replication and a hairpin loop (Harrison, 1985). Satellite 
molecules are incomplete defective genetic components 
which may or may not be functional inside the host 
crops. In addition, DNA-β has been reported to be 

associated with disease severity in several cases (Zhou, 
2013). DNA-B harbors ORFs responsible for the 
movement of viral DNA from cytoplasm to nucleus, 
nucleus to cytoplasm and from one cell to another cell, 
hence also known as movement component of bipartite 

begomoviruses. Together, these ORFs encode proteins 
that take part in structure formation, replication 
initiation, transcriptional activation, replication 
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enhancement, host immune suppression and viral 
movement (Fondong, 2013). Hence, begomoviruses are 
complete parasites of plants, forming a very tight virus-
vector-host complex (Hanley-Bowdoin  2013; et al.,
Saxena and Verma, 2016).

The PLCD (Nadeem  1997; Saxena  et al., et al.,
1998a,b,c) is reported to be a complex system due to 

different begomoviral species involved in causing this 

symptom. The begomovirus isolates belonging to 

Papaya leaf curl virus (PaLCuV), Papaya leaf curl China 

virus (PaLCuCNV), Papaya leaf curl Guangdong virus 

(PaLCuGdV), Chili leaf curl virus (ChiLCV), Tomato leaf 

curl virus (ToLCV), Pedilanthus leaf curl virus (PeLCuV), 
Papaya leaf crumple virus (PapayaLCV) and beta (β) 

satellites associated with other monopartite 

begomoviruses causes severe leaf deformation 

symptoms in plants (Fig. 1). Among all PLCD causing 

begomoviruses, the Indian species form the 

components of largest disease complex infecting 
papaya and associated crops and weeds (Hallan  et al.,

1998a,b; Raj  2008) (Table 1). There is an urgent et al.,

need to develop assessment parameters to propose an 

effective and sustainable resistance strategy against 

PLCD complex as it is caused by more than one type of 
begomovirus species (Singh-Pant  2012).et al.,

In this study, several parameters such as 

conservation, sequence diversity and the occurrence of 
recombination events have been studied to assess the 

level of complexity of PLCD. The complexity will decide 

if this disease complex has potential for a broad 

spectrum strategy that could target most of the 

components of PLCD complex. Therefore, this study on 

PLCD complex is necessary for assessing the potential 
for siRNA based targeting (Saxena  2011, 2013; et al.,

Ghosal  2012) of PLCD complex to develop PLCD et al.,

resistant papaya crops.

2. Materials and Methods

2.1. Taxonomic analysis and sequence retrieval of 

PLCD complex 

The taxonomic diversity of the leaf curl disease 

complex in papaya was investigated using Taxonomy 

browser at NCBI (https://www.ncbi.nlm.nih.gov/ 
taxonomy). The virus species were manually screened 

for their presence in India and infection host as Carica 

papaya and associated weeds and crop plants. The 

Fig. 1: Schematic representation of the Papaya leaf curl disease (PLCD) complex. The PLCD complex consists of Begomoviruses, 

incomplete defective satellite DNA molecules and unclassified viruses and satellite DNA molecules. The PLCD complex contains 

diverse strains exhibiting leaf curl and crumpling symptoms in papaya and associated crops and weeds
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Table 1: List of DNA-A sequences of Indian PLCD complex begomoviruses causing leaf curl disease in papaya and 
associated crops and weeds

Accession ID Virus Annot-

ation

Host Size AV2 AV1 AC3 AC2 AC1 AC4 AC5 AC6 AV3

Y15934.1 Papaya leaf curl

virus

PLCD-1 Carica papaya 2746 150-

506

310-

1080

1077-

1481

1222-

1626

1529-

2614

2200-

2457

301-

618

NC_004147.1 Papaya leaf curl

virus

PLCD-2 Carica papaya 2746 150-

506

310-

1080

1077-

1481

1222-

1626

1529-

2614

2200-

2457

301-

618

HM143914.1 Papaya leaf curl

virus segment

DNA A

PLCD-3 Nicotiana

glutinosa

2746 150-

506

310-

1080

1077-

1481

1222-

1626

1529-

2614

2200-

2457

JN135233.1 Papaya leaf curl

virus

PLCD-4 Amaranthus

cruentus L.

2746 150-

506

310-

1083

1077-

1481

1222-

1626

1529-

2614

2200-

2457

JQ954859.1 Papaya leaf curl

virus

PLCD-5 Aster alpinus

L.

2746 150-

506

310-

1080

1077-

1481

1222-

1626

1529-

2614

2200-

2457

KM525657.1 Papaya leaf curl

virus

PLCD-6 Croton

bonplandianus

L.

2746 150-

506

310-

1080

1077-

1481

1222-

1626

1529-

2614

2200-

2457

KU376493.1 Papaya leaf curl

virus isolate CN2

PLCD-7 Solanum

lycopersicum

2746 150-

506

310-

1080

1077-

1481

1222-

1626

1529-

2614

2200-

2457

KX302713.1 Papaya leaf curl

virus isolate

Wellington clone

WB2&5

PLCD-8 Carica papaya 2763 149-

511

315-

1085

1082-

1270

1267-

1623

1535-

2674

2400-

2621

729-

980

1227-

1487

KY800906.1 Papaya leaf curl

virus isolate

India/New

Delhi/ Papaya/

2016

PLCD-9 Carica papaya 2763 147-

503

307-

1077

1074-

1478

1219-

1623

1529-

2611

2161-

2460

KY026597.1 Papaya leaf curl

virus clone

Rad38

PLCD-10 Raphanus

sativus

2745 143-

499

303-

1073

1070-

1474

1215-

1619

1522-

2607

2193-

2450

KY026598.1 Papaya leaf curl

virus clone

Rad07

PLCD-11 Raphanus

sativus

2746 143-

499

303-

1073

1070-

1474

1215-

1619

1522-

2607

2193-

2450

GU136803.1 Chilli leaf curl virus

isolate India:

Amritsar: Papaya:

2009

PLCD-12 Carica papaya 2763 147-

512

307-

1077

1074-

1478

1219-

1623

1526-

2460

2161-

2460

JN558352.1 Cotton leaf curl

Multan virus

isolate

PLCD-13 Carica papaya 2725 117-

482

277-

1047

1050-

1454

1147-

1599

1496-

2581

2128-

2430

DQ629103.1 Papaya leaf curl

virus [India:New

Delhi: tomato:

2005]

PLCD-14 Carica papaya 2765 147-

503

307-

1077

1074-

1478

1219-

1623

1526-

2611

2161-

2450

KX302707.1 Cotton leaf curl

Burewala virus

isolate Guntur

clone LK_2N

PLCD-15 Carica papaya 2758 131-

487

291-

1061

1058-

1462

1294-

1503

1504-

2595

2241-

2681

GQ200446.1 Papaya leaf curl

virus

[India:Pratapgar

h1:2008] clone

SHLD-NIFL-Pra-

01

PLCD-16 Crotalaria

juncea

2738 146-

502

306-

1076

1060-

1464

1205-

1609

1512-

2597

2183-

2500
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Accession ID Virus Annot-

ation

Host Size AV2 AV1 AC3 AC2 AC1 AC4 AC5 AC6 AV3

GQ200447.1 Papaya leaf curl

virus

[India:Pratapgar

h2:2008] clone

SHLD-NIFL-Pra-

02

PLCD-17 Crotalaria

juncea

2738 146-

502

306-

1076

1060-

1464

1205-

1609

1512-

2597

2183-

2500

GQ200448.1 Papaya leaf curl

virus

[India:Pratapgar

h2:2008] clone

SHLD-NIFL-Pra-

03

PLCD-18 Crotalaria

juncea

2738 146-

502

306-

1076

1060-

1464

1205-

1609

1512-

2597

2183-

2500

DQ989325.1 Tomato leaf curl

New Delhi virus-

Papaya

[India:New Delhi:

Papaya: 2005]

PLCD-19 Carica

papaya

2735 127-

465

287-

1057

1199-

1603

1054-

1464

1506-

2597

2264-

2440

317-

802

48-

434

DQ989326.1 Chilli leaf curl

virus-India

[India: Papaya:

2005]

PLCD-20 Carica

papaya

2764 148-

504

308-

1078

1075-

1479

1220-

1624

1527-

2612

2162-

2455

338-

823

HM140364.1 Chilli leaf curl

virus-DU [India:

New Delhi :

Papaya: 2009]

PLCD-21 Carica

papaya

2763 147-

503

307-

1077

1074-

1478

1219-

1623

1526-

2611

2161-

2460

HM140365.1 Chilli leaf curl

virus-HD [India:

New Delhi:

Papaya: 2007]

PLCD-22 Carica

papaya

2763 147-

503

307-

1077

1074-

1478

1219-

1623

1526-

2611

2161-

2460

HM140366.1 Chilli leaf curl

virus-Panipat1

[India: Panipat:

Papaya: 2008]

PLCD-23 Carica

papaya

2761 145-

510

305-

1075

1072-

1476

1217-

1621

1524-

2609

2159-

2458

HM140370.1 Chilli leaf curl

virus-Najafgarh2

[India:New Delhi:

Papaya: 2009]

PLCD-24 Carica

papaya

2763 147-

503

307-

1077

1074-

1478

1219-

1623

1526-

2611

2161-

2460

HM140371.1 Chilli leaf curl

virus-Noida

[India: Uttar

Pradesh: Papaya

:2009]

PLCD-25 Carica

papaya

2762 146-

502

306-

1076

1073-

1477

1218-

1622

1525-

2610

2160-

2459

HM140367.1 Papaya leaf

crumple virus-

Panipat 8 [India:

Panipat: Papaya:

2008]

PLCD-26 Carica

papaya

2736 120-

485

280-

1050

1047-

1451

1192-

1599

1523-

2587

2128-

2430

258-

548

NC_014707.1 Papaya leaf

crumple virus-

Panipat 8 [India:

Panipat: Papaya:

2008]

PLCD-27 Carica

papaya

2736 120-

485

280-

1050

1047-

1451

1192-

1599

1523-

2587

2128-

2430

258-

548

HM140368.1 Papaya leaf

crumple virus-

Nirulas

[India:New Delhi:

Papaya: 2007]

PLCD-28 Carica

papaya

2736 120-

485

280-

1050

1047-

1451

1192-

1599

1523-

2587

2128-

2430

258-

548
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Accession ID Virus Annot-

ation

Host Size AV2 AV1 AC3 AC2 AC1 AC4 AC5 AC6 AV3

HM140369.1 Papaya leaf

crumple virus-

Najafgarh 1

[India:New Delhi:

Papaya: 2008]

PLCD-29 Carica papaya 2736 120-

485

280-

1050

1047-

1451

1192-

1599

1523-

2587

2128-

2430

258-

548

KJ028210.1 Papaya leaf

crumple virus

clone Moh7

PLCD-30 Solanum

nigrum

2736 120-

485

280-

1050

1047-

1451

1192-

1599

1523-

2587

2128-

2430

258-

548

KM359408.1 Papaya leaf

crumple virus

isolate A-87

PLCD-31 Andrographis

paniculata

2737 121-

459

281-

1051

1048-

1452

1193-

1600

1524-

2588

2129-

2431

KR052159.1 Papaya leaf

crumple virus

isolate Mohali

PLCD-32 Carica papaya 2736 120-

458

280-

1050

1047-

1451

1192-

1599

1523-

2587

2128-

430

JN807765.2 Papaya leaf curl

virus-[soybean:

Lucknow]

PLCD-33 Glycine max 2746 150-

506

310-

1080

1077-

1481

1222-

1626

1529-

2614

2200-

2457

KX353622.2 Papaya yellow

leaf curl virus

isolate DP2

PLCD-34 Carica papaya 2759 145-

501

305-

1075

1072-

1476

1217-

1621

1524-

2606

2159-

2452

KP725055.1 Tomato leaf curl

virus isolate C1

PLCD-35 Carica papaya 2757 144-

491

304-

1074

1071-

1475

1216-

1620

1532-

2608

2158-

2451
AV1=Coat protein; AV2=variable function; AC1=replication initiation protein; AC2=transcription activator protein; AC3=replication enhancer 

protein; AC4=host RNA machinery suppressor; AC5, AC6 and AV3=uncharacterized open reading frames of begomoviruses of PLCD complex. 

detai ls  were transformed into a schematic 
representation using the available tree tool. The 

manually screened virus species were used to retrieve 

nucleotide sequence information of complete DNA-A 

genome using Nucleo tide browser at  NCBI 

(https://www.ncbi .nlm.nih.gov/nuccore). All  

sequences were transferred as a FASTA format into a 

text file. The ORF information was retrieved using 
Sequence information tool for every nucleotide 

sequence.

2.2. Phylogenetic analysis of PLCD complex

Phylogenetic analysis was performed using two 

algorithms i.e. Bayesian and Maximum likelihood. 
Bayesian analysis was performed using TOPALi v2.5 

software (www.topali.org/). The input file for bayesian 

phylogenetic analysis was prepared by performing a 

multiple sequence alignment using CLUSTALW software 

(www.ebi.ac .uk/To ols/msa/clusta lw2/).  The  

parameters selection was based upon prediction of 

suitable model by Model Selection tool and final analysis 
was run using MrBayes version 3.1 .1 tool  

(http://mrbayes.sourceforge.net/) available in TOPALi 

v2.5. The maximum likelihood algorithm was used 

using the same input file as used previously. PhyML-

aLRT version 2.4.5 tool (www.atgc-montpellier.fr/ 

phyml/) available in TOPALi v2.5 software was used for 
inferring phylogenetic association of PLCD complex 

viral DNA-A components. The inferred trees were 
prepared for illustration using FigTree v1.4.3 

(http://tree.bio.ed.ac.uk/ software/figtree/). 

2.3. Pairwise similarity and analysis

To construct a similarity matrix based on 

pairwise alignment of DNA-A, the pairwise distance 

estimation of DNA-A sequences of PLCD complex was 
carried out using Sequence demarcation tool (SDT) 

version 1.2 (web.cbio.uct.ac.za/SDT). The aligned viral 

components showing 90-100% sequence similarity 

were grouped together and assumed to be isolates of 

same species.

2.4. Recombination analysis

The CLUSTALW aligned file was used as input file 

for recombination analysis using Recombination 

d et e c t i o n  p ro g ra m  ( R DT )  v 4 . 9 4  s o f t wa re  

(http://web.cbio.uct.ac.za/~darren/rdp.html). The 

recombination events and breakpoint distribution 

analysis was conducted using various tools available in 
Options toolbar of RDT software with default 

parameters as st ated in  RDP manual.  The 

recombination events were screened manually 

according to the procedure listed in RDP manual. The 

recombination events were selected and analyzed 

manually for breakpoint boundary and parental 
contribution to assess recombinant viral component. 
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3. Results and Discussion

3.1. Components of PLCD complex

The PLCD complex consists of 13 begomovirus 

species associated with β satellites (Fig. 1). The 

begomovirus complex components are distributed 

mainly in Central Asia i.e. China, India, Pakistan and 

parts of Bangladesh. PaLCuCNV, PaLCuGnV and Tomato 
leaf curl Hainan virus (ToLCuHaV) are mainly reported 

in China infecting papaya, tomato and euphorbia. The 

Chinese components are associated with Papaya leaf 

curl China betasatellites. There are 18 different virus 

isolates comprising the Chinese PLCD complex 

components. The Pakistan PLCD complex consists of 
Papaya leaf curl Faisalabad virus, an unclassified virus 

that has been excluded from begomovirus. The Indian 

PLCD complex shows the most diverse nature in terms 

of number of species reported to cause leaf curl 

symptom in papaya. Nine begomovirus species i.e. 

ChiLCV, PaLCuV, PeLCuV, PapayaLCV, ToLCV, ToLCNDV, 

PaYLCuV etc. have been observed to infect papaya with 
broad host range. The Indian PLCD complex consists of 

28 isolates belonging to the above mentioned 

begomoviruses. Overall, the PLCD complex consists of 

47 different isolates identified to cause leaf curl disease 

in papaya and associated weeds and crops. 

3.2. High molecular diversity of PLCD complex

The phylogenetic analysis was performed for 

manually screened isolates of Indian PLCD complex. 

Total thirty five isolates were chosen for phylogenetic 

analysis. The CLUSTALW output was used for Bayesian 

inference with MrBayes v.3.1.1 (Huelsenbeck and 
Ronquist, 2001) using General time reversible with 

gamma (GTR-G) substitution model (Larget and Simon, 

1999) with two runs for 2,50,000 generations, sample 

frequency at 10 and burn-in ratio at 42% i.e. first 

1,05,000 generations were excluded from the inference. 

The same set of PLCD complex DNA-A sequences were 

analyzed for maximum likelihood analysis using 
PhyML-aLRT v2.4.5 (Guindon and Gascuel, 2003) and 

HKY-G (Hasegawa, Kishino and Yano, 1985-Gamma) as 

a substitution model (Hasegawa  1985). The above et al.,

phylogenetic analysis produced likelihood values that 

were very similar to each other i.e. 26743.85 and 

26732.18 for MrBayes and PhyML respectively. The 
close lying likelihood scores means that the two trees 

can be interpreted in similar manner without much 

divergence. Therefore, the results and interpretation for 

MrBayes tree will be same as PhyML-aLRT tree in all 

future discussions. 

The complexity of Indian PLCD complex is evident 

from the posterior distribution of model GTR-G 

parameters obtained using Markov Chain Monte Carlo 

(MCMC) methods in MrBayes inference (Larget and 

Simon, 1999; Ronquist and Huelsenbeck, 2003; 

Gamerman and Lopes, 2006) (Fig. 2). The use of GTR-G 

substitution model resulted in convergence of potential 

scale reduction factor (PSRF) to 1.0 for all the 

parameters, therefore, the analysis carried out using 

above mentioned models and default parameters was 

true and the bayesian inference could be accepted for 

the Indian PLCD complex DNA-A dataset. The PSRF 

convergence with range from 1.0 to 1.2 also suggest that 

the cladogram represents a clade credibility tree, whose 

branches lie in the region of 95% or more accumulated 

posterior probability. Therefore, the branch lengths 

represent the measured expected substitution per site 

that signifies the phylogenetic relatedness among all 

clades and sub-clades of the tree. 

The MrBayes and PhyML tree resulted in a mid-

rooted tree (Fig. 2 and 3) which was divided into two 

major clades and an out-group i.e. PLCD19 (Tomato leaf 

curl New Delhi virus). Other out-groups lying in the two 

major clades include PLCD13, PLCD14, PLCD34, 

PLCD35 and PLCD31 representing CLCuMuV, PaLCuV 

[India:New Delhi:tomato:2005], PaYLCuV [DP2], 

ToLCuV [C1], PapayaLCV [A-87] respectively. The first 

major clade consists of Papaya leaf crumple virus 

isolates within branch lengths 0.1 to 0.17 signifying low 

expected substitution rates per site. Despite having 

narrow branch length, notably, this virus species used 

only  as its reservoir host, which is an A. paniculata

annual weed widely found in south India, whereas 

tomato and papaya as a primary host in north India. 

This indicates that this is a new virus that has been 

introduced in northern regions via anthropogenic 

activities. During its course for survival, the Papaya leaf 

crumple virus isolates have adapted tomato and papaya 

as its primary host and undergone parallel evolution 

with Papaya leaf curl virus group in the northern 

regions. Its recombination analysis can provide much 

more details about its origin and propagation pattern.

The second major clade is further subdivided into 

two minor sub-clades i.e. ChiLCV and PaLCuV. The 

ChiLCV clade consists of ChiLCV and CLCuBuV [LK_2N] 

whereas PaLCuV clade clustered the papaya and 

associated crop infecting PaLCuV isolates according to 

their hosts. The ChiLCV clade has a narrow branch 

length range i.e. 0.24 - 0.29 signifying low substitution 

rate per site. Therefore, whole ChiLCV clade shows close 

genetic relatedness and host singularity as evident from 

C. papaya being the only host crop infected by members 

of this clade The pattern suggests that these clade . 

viruses have evolved to infect papaya crops lying nearby 
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chili fields in north Indian region and they are under 

very low mutational pressure to evolve and expand their 

host range. The PaLCuV clade on the other hand, has a 

very broad range of branch length i.e. 0.23-0.39 

signifying high substitution rate per site; showing 

expansive genetic relation and diverse host range. 

Analysis also suggests that they might have evolved 

independently on diverse hosts in the geographically 

different regions. The out-group species are sparingly 

related to the clade species and have acquired the ability 

to infect papaya and associated host crops and weeds.

3.3. Species diversity identification by pairwise 

sequence comparison

The International Council for Taxonomy of Viruses 
(ICTV) has decided to solve the species nomenclature 
issues by using pairwise sequence identity criterion as a 
standard methodology for species demarcation. Earlier 
cutoff i.e., >89% sequence similarity was elevated to 

>91% and use of SDT tool was made mandatory for 
naming of new viral species (Brown  2015). et al.,
Therefore, this tool was employed to study if the 
taxonomic species associated with Indian PLCD complex 

are really as diverse as indicated by the phylogenetic 
analysis. 

The pairwise matrix (Fig. 4) obtained by using SDT 
v1.4 shows a similarity matrix characteristic of a 

complex association as the minimum and maximum 
similarity obtained was >75% and 100%. The species 
with highest similarity group i.e. >90% to 100% were 
grouped together using inbuilt function of the software. 
The PLCD complex thus got distributed into 11 different 

groups (Table 2). The groups labeled as Papaya leaf curl 
virus group, Chili leaf curl virus group, Papaya leaf 
crumple virus group and Papaya leaf curl virus 
(Pratapgarh) consist of 10, 9, 6 and 3 isolates 

respectively. Among all 35 PLCD complex isolates, 28 
belonged to above mentioned groups and rest of the 
DNA-A sequences were phylogenetically isolated as 
individual species associated with Indian PLCD 
complex. Though, this grouping based on pairwise 

similarity is useful in inferring a good correlation with 
phylogenetic analysis done using MrBayes and PhyML-
aLRT algorithms, still, it would be too premature to 
declare them similar or different species due to a 

significant overall similarity score in the range of >70% 

Fig. 2: MrBayes tree analysis. Phylogenetic tree based on the complete DNA-A sequences of the begomoviruses detected in C. 

papaya and additional sequences from associated crops and weeds infecting begomoviruses causing leaf curl disease. The tree 

was constructed by Bayesian inference using the GTR-G nucleotide substitution model available in MrBayes v3.1.1 method in 

TOPALi v2.5. Numbers at the branches indicate estimated clade credibility score inferred from statistical analysis of posterior 
probabilities assessed for the substitution model

Genetic variability of papaya leaf curl disease complex
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to 80%. Therefore, it was important to study the 
recombination pattern of the DNA-A sequences 
involved in the Indian PLCD complex to solve the 
complex nature of PLCD group of begomoviruses. 

Pairwise sequence demarcation was carried out 
using SDT v1.2 program. The groups have been 

distributed according to the >90 to 100% sequence 

similarity with each other.

3.4. Recombination pattern of Indian PLCD complex

Recombination is an important molecular event 
that leads to translocation, transversion, addition, 

deletion or frame-shift mutations in a genome (Lima et 

al., 2017). Due to the rolling circle replication 

mechanism in begomoviruses, these organisms have 

evolved to survive inside their hosts through 

acquisition of useful regions from other viruses or the 

host themselves, so that they can successfully evade 
host mediated RNA interference based immune 

response (van der Walt  2009). In the above et al.,

analysis, it was observed that the Indian PLCD complex 

is well defined with major contribution made by 

PaLCuV, ChiLCV, PapayaLCV and discreet reports of 
other species infecting papaya and associated crops and 

weeds. To study if recombination is responsible for 

occurrence of such complex virus-host interaction; the 

DNA-A sequences of Indian PLCD complex were 

subjected to recombination analysis using RDP v4.95 

(Martin and Rybicki,  2000) using available 

recombination analysis tools (Fig. 5) and default 
parameters as recommended by RDP4 manual (Smith, 

1992; Padidam  1999; Gibbs  2000; Posada et al., et al.,

and Carandall, 2001; Martin  2005; Boni  et al., et al.,

2007). The analysis ended up predicting 66 

recombination events, which further reduced to 12 

events after careful manual screening as per the RDP4 
manual (Martin  2015) (Table 3).et al.,

A c c o rd i n g  t o  t h e  m a n u a l ly  s c re e n e d  

recombination events results, event no. 10 i.e. PLCD9 
and PLCD31 (inferred closest to the unknown minor 

parent) seems to be the major contributor of fragments 

giving a chance for origin of a new recombinant species 

e.g., PLCD8 and thirteen others i.e. PLCD1, PLCD2, 

PLCD3, PLCD4, PLCD5, PLCD6, PLCD7, PLCD10, 

Fig. 3: PhyML tree analysis. A maximum likelihood tree based upon complete DNA-A sequences of the begomoviruses detected in 

C. papaya and additional sequences from associated crops and weeds infecting begomoviruses causing leaf curl disease. The tree 

was constructed by using PhyML-aLRT v2.4.5 tool in TOPALi v2.5 and the HKY-G nucleotide substitution model. Numbers at the 

branches indicate estimated substitution rate per nucleotide position
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Table 2: Pair wise sequence similarity among begomovirus components in PLCD complex

Group

No.

No. of

species

PLCD complex Virus Taxons included in group

1 6 PLCD26; PLCD27; PLCD28; PLCD29;

PLCD30; PLCD32

Papaya leaf crumple virus

2 1 PLCD31 Papaya leaf crumple virus (A-87)

3 1 PLCD34 Papaya yellow leaf curl virus (DP2)

4 9 PLCD9; PLCD12; PLCD21

PLCD22; PLCD23;PLCD24; PLCD25

Papaya leaf curl virus (New Delhi/2016)

Chili leaf curl virus (Amritsar/2009)

5 1 PLCD35 Tomato leaf curl virus (C1)

6 10 PLCD1; PLCD2; PLCD3; PLCD4; PLCD5;

PLCD6; PLCD7; PLCD10; PLCD11; PLCD33

Papaya leaf curl virus

7 1 PLCD8 Papaya leaf curl virus (WB2&5)

8 3 PLCD16; PLCD17; PLCD18 Papaya leaf curl virus (Pratapgarh)

9 1 PLCD13 Cotton leaf curl Multan virus

10 1 PLCD14 Papaya leaf curl virus (New Delhi/2005)

11 1 PLCD19 Tomato leaf curl New Delhi virus

25

Fig. 4: Estimation of pairwise sequence similarity using Sequence Demarcation Tool v1.2. The matrix output indicates the 

diversity of begomoviruses infecting papaya and associated crops and weeds. The color key indicates highest and least similarity 

with brown and blue color respectively
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PLCD16, PLCD17, PLCD18, PLCD23 and PLCD33. Thus, 
a Chili leaf curl virus and Papaya leaf crumple virus 

infecting papaya and contributed A. paniculata 

significantly to the Papaya leaf curl virus sub-clade, 

which partially explains the clades affinity to infect 

weeds and associated crops. The event no. 5, PLCD2 and 

PLCD28 (inferred closest to the unknown minor 
parent) give rise to PLCD33, PLCD6 and PLCD7 (already 

contains fragments from event no. 10) resulting into a G. 

max S. lycopersicum, Croton and  infecting Papaya leaf 

curl virus isolates. Similarly, PLCD5 became a weed 

infecting recombinant after acquiring fragments 

Fig. 5: Recombination analysis showing results of event number 1 using Recombination Detection Program v4.95 (RDP v4.95). 

The pink region indicates the occurrence of the recombination event with intersection points in the case of RDP and overlapping 

peaks in case of MAXCHI on the plot as the recombination starting and ending breakpoints. The grey region at the ends represents 

99% and 95% confidence interval of prediction of breakpoints as mentioned in the key. A. RDP output; B. GENECONV output; C. 
MAXCHI output and D. Recombination breakpoint distribution plot: The light and dark grey regions in the plot represent the 99% 

and 95% confidence limit respectively for a 200nt scanning window. The breakpoint distribution was assessed with PLCD5 DNA-

A sequence as a reference sequence just for qualitative purpose
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Table 3: Recombination analysis of Indian PLCD complex using RDPv4.95 program

Event No. Recombinant Major

parent

Minor Parent Frequency of

recombination

event

Detection Method

R G B M C S T

1 PLCD5 PLCD7 PLCD15 1 + + + + + + +

2 PLCD14 PLCD13 PLCD8 1 + + + + + + +

3 PLCD35 PLCD8* PLCD3 1 + + + + + + +

4 PLCD7 PLCD10* PLCD6 1 + + + + + - +

5 PLCD33 PLCD2 PLCD28* 3 + + + + + + +

6 PLCD13 PLCD2* PLCD28 2 + + + + + + +

7 PLCD19 PLCD29 PLCD8 1 + + + + + + +

8 PLCD26 PLCD2 PLCD7 2 + + - + + - +

9 PLCD3 PLCD4 PLCD28* 1 + + + + + + +

10 PLCD8 PLCD9 PLCD31* 14 + + + + + + +

11 PLCD23 PLCD1 PLCD28 1 + + + + + + +

12 PLCD34 PLCD28 PLCD12 1 + + + + + + -

Total=12 Total frequency = 29

through event no. 1 i.e. Papaya leaf curl virus infecting S. 
lycopersicum and Chili leaf curl virus infecting papaya. 

Overall, the Indian PLCD complex is a repertoire of 

recombinants as evident from the recombination 

analysis and as the level of recombination complexity 

increases, the host range of recombinant virus also 

expands.

4. Conclusion

The PLCD complex (Fig. 1) comprises of 

genetically diverse group of begomoviruses as 

observed from their distinct phylogenetic patterns, 

pairwise sequence similarity and recombination 

analysis in this study. The diverse range of hosts 
mentioned in the study could be well attributed to 

putative recombination events between begomovirus 

species and strains infecting different host crops or 

weeds. Hence, in case of high genetic variability, the 

symptoms should only be used as a parameter for 

estimation of severity index while studying disease 

impact. The overall, >75% sequence similarity among 
begomoviruses of PLCD complex (Fig. 4) in this study 

signifies evidence of some sequence conservation that 

could be used to design siRNA based strategy. 

The high frequency recombination fragments 

have prospects to be targeted for siRNA based strategy 

until and unless the target regions lie within the 

borders of a recombination hotspots i.e. a region most 

amenable to undergo complete transposition under 

normal recombination circumstances. Hence, the 
recombination hotspots despite being genetically 

mobile fragments can be employed as regions 
contributing to present and future siRNA strategies. 

Similar study can be employed to assess disease 

complexes such as Cassava mosaic disease (Pita  et al.,

2001), Cotton leaf curl disease (Farooq ., 2011) and et al

Tomato leaf curl disease (Moriones  2017) et al.,

complex widespread in central and south-east Asia, 

Africa and American continents. Therefore, the 
recombination patterns and sequence conservation 

trends of similar disease complexes need careful 

investigation to develop an efficient and sustainable 

strategy against begomovirus disease complexes in 

future.
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Abstract 

Papaya leaf curl disease complex (PLCD) impose heavy losses to papaya farmers across India. It 

is mainly reported to be caused by Papaya leaf curl virus and associated begomoviruses carrying 

a DNA-A and betasatellite molecules. Both components are required for infliction of severe 

symptoms. The investigation into molecular diversity is necessary to devise intervention 

techniques against these begomoviruses. Based on the outcome of diversity, preferred resistance 

strategy against a disease complex should be generic in nature, which provides an advantage of a 

broad range resistance against a variety of plant virus causing same disease symptoms. For this 

purpose, we studied the molecular diversity through investigation of genetic complexity of the 

betasatellite genome using various computational methods and probed genetic complexity of 

betasatellite component. Multiple sequence alignment and recombination analysis were 

performed to understand the evolutionary relationship of betasatellite components with a DNA-B 

occurring as additional genome in case of bipartite begomoviruses. The overall results indicate 

that the betasatellite molecules have evolved independently of DNA-A component and their 
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association is a result of co-infection and due to inter- and intraspecific interaction with various 

forms of virus infection in plants. The information generated through this study has potential 

application in designing intervention strategies against PLCD, which is widespread in Indian 

sub-continent region that includes countries like India, Pakistan, Nepal and Bangladesh. 

 

Keywords: Begomovirus, Betasatellite, generic resistance, papaya leaf curl disease complex, 

Recombination 

 

1. Introduction 

Papaya, is grown mainly in tropical and sub-tropical regions of Indian sub-continent spanning 

from Pakistan in west to Bangladesh in east and adjoining north east and south east nations such 

as Thailand, Malaysia, Maldives and Indonesian group of islands (Mishra et al., 2007). Farmers 

in these areas grow papaya due to favorable environmental conditions, large scale consumption 

and high net income from total productivity. But, papaya plant is also amenable to tough climate, 

exposing it to abiotic conditions such as cold, drought, flooding and osmotic stress (Jeyakumar et 

al., 2007). Biotic stress upon papaya is one of the major concerns nowadays, especially disease 

caused by viruses have played an important destructive interference in total productivity in 

Indian sub-continent. Papaya is infected by several viruses such as begomoviruses which also 

infect crops such as chili, tomato, papaya, potato, cucurbits, etc. Recently, papaya crops in Brazil 

and Mexico were reported to be infected with, a sticky disease symptom named as Papaya 

Meleira virus, a new type of double stranded (ds)-RNA virus capable of causing complete loss in 

production (Antunes et al., 2016). Papaya leaf curl disease complex has resulted in a complete 

wipe-out of papaya cultivation in northern regions of Indian sub-continent. It is reported to be 

caused by a group of single strand (ss)-DNA viruses, which are monopartite in nature and named 
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as Papaya leaf curl virus (PaLCuV) and other associated viruses as well (Borah and Dasgupta, 

2012; Singh-Pant et al., 2012).  Recently, an in-silico study of papaya leaf curl disease genomic 

components has shown that this disease group is actually a complex, where each member virus 

has mutated and adapted to suit its host plant and geographical region (Verma and Saxena, 

2017). Therefore, this disease is now called ‘Papaya leaf curl disease complex’ (PLCD) to 

accommodate the complexity in member composition and their genetic variability. Apart from 

DNA-A component of a monopartite begomovirus, the members of PLCD complex have been 

shown to be associated with betasatellite, which is a defective component containing partial 

sequence of DNA-A. This component contains 200bp long intergenic region, regions containing 

an open reading frame (ORF) on complementary-sense strand named as c1 ORF (βC1), iterons, 

promoter elements and a Adenine (A) nucleotide rich sequence (Zhou, 2013). This c1 ORF has 

been shown to be a pathogenicity determinant and responsible for physical deformation and 

cellular damage of infected leaves (Tahir and Mansoor, 2011; Bhattacharyya et al., 2015). 

Therefore, due to this reason they are required for efficient infection in case of many monopartite 

begomovirus. PLCD complex has emerged as one such complex where 99% cases of symptoms 

and positive infection has been associated with the presence of these betasatellite molecules.  

Betasatellite molecules genomic size is nearly half of DNA-A i.e. ~1.2-1.5kb. They are 

single stranded DNA particles and encapsidated within geminate particles (similar to other 

geminiviruses). Betasatellite molecules are reported to utilize Rep protein (DNA-A dependent 

synthesis) to initiate replication and transcription of βC1. Apart from being pathogenicity 

determinant, βC1 has also been shown to be helping in viral DNA accumulation, host RNAi 

suppression and helping in viral movement (Yang et al., 2011; Jia et al., 2016; Haxim et al., 

2017). Because of the above reasons, the role of bipartite begomoviruses have been slowly taken 
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over by monopartite begomoviruses populations in old world region. This phenomenon 

accounted for more than 250 betasatellite sequences being deposited in last 5-8 years. Such a 

large number of betasatellite components associated with DNA-A have given rise to several 

disease complexes in old world like Cotton leaf curl disease complex in cotton producing regions 

of Punjab area, spanning both India and Pakistan (Zubair, et al., 2017a,b). Such complexes have 

given rise to many epidemics in past few years leading to large scale economic losses (Pita et al., 

2001; da Silva et al., 2011; Moriones et al., 2017; Sattar et al., 2017). Therefore, this study was 

carried out to understand the genomic complexity of these betasatellites with respect to PLCD 

complex in Indian sub-continent. The genetic complexity arises due to genomic recombination 

and strand exchange phenomenon occurring due to interactions of two or more different types of 

viruses in same plant. This results in genetic exchange resulting in formation of a new viral 

particle capable of causing much more diversely severe symptoms in same or in new hosts 

(Lefeuvre et al., 2009; Martin et al., 2011; Pearson et al., 2016).  

2. Materials and Methods 

2.1. Retrieval of genomic components associated with papaya leaf curl disease in Indian sub-

continent from GenBank 

The viral genome belonging to DNA-A component of PLCD complex were retrieved and 

annotated (Verma and Saxena, 2017). Betasatellite components were retrieved from National 

Centre for Biotechnology (NCBI) website (https://www.ncbi.nlm.nih.gov/) Nucleotide database 

(https://www.ncbi.nlm.nih.gov/ nuccore/). “Betasatellite” term was used to retrieve nucleotide 

sequences of interest. Annotation of the sequences in FASTA format was compiled for further 

analysis (Table 1).  

2.2. Phylogenetic analysis of betasatellite components associated with leaf curl disease  
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MUSCLE algorithm integrated into MEGA 6.0 software package was used to perform sequence 

alignment of annotated betasatellite components associated with PLCD complex (Edgar, 2004). 

The default parameters were selected to obtain alignment with highest accuracy and refined 

position information (Hall, 2013). Phylogenetic analysis for elucidation of evolutionary 

information related to betasatellite sequences was done using Maximum Likelihood (ML) 

algorithm available in MEGA 6.0 software package. ML method based on the Tamura-Nei 

model was used to infer evolutionary history.  

 

2.4. Recombination analysis 

A recombination-based investigation was conducted to get insight into inter-sequence interaction 

of DNA-A and betasatellite components causing leaf curl disease of papaya and associated 

weeds and crops. Recombination Detection Program ver.4 (RDP4) (http://web.cbio.uct.ac.za/ 

~darren/ rdp.html) was employed for such analysis. Various recombination detection modules 

are available in this package which independently analyze aligned set of sequences for 

recombination breakpoints, recombination boundaries and conclude with a p-value for each 

event, which predicts the probability of occurrence of that event (Martin et al., 2015). The 

default parameters were used for analysis of 51 betasatellite sequences aligned against 35 DNA-

A sequences (Verma and Saxena, 2017). Events predicted by more than 4 tools were accepted 

and rest were rejected. All predicted events were manually screened and accepted after careful 

investigation of phylogenetic and recombination data inferred by various tools in RDP4.  

 

3. Results and Discussion 

3.1. Betasatellite components of PLCD complex and other associated crops and weeds 
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The PLCD complex is mainly composed of monopartite begomoviruses, which are associated 

with either betasatellite or alphasatellite or both. Since, this complex is found to be closely 

associated with tomato, chili and weeds infecting monopartite begomoviruses, therefore, a 

comprehensive list of betasatellites associated with DNA-A of the above begomoviruses was 

compiled (Table 1). The betasatellite molecules associated with weeds i.e. Ageratum leaf curl 

virus, tomato i.e. Tomato leaf curl virus, Tomato yellow leaf curl virus and Tomato leaf curl 

Joydebpur virus, chili i.e. Chili leaf curl virus, cotton i.e. Cotton leaf curl Burewala virus, 

papaya i.e. Papaya leaf curl virus were included in the list of 51 betasatellite molecules.  Among 

all the above considered in our study, 39 were from in India, 10 from Pakistan and 2 were 

obtained from a Chinese region. Overall, the group total of betasatellites infecting papaya, 

tomato, capsicum, guar and other crop were 10, 11, 9, 5 and 12 respectively, out of 51 mentioned 

in the list (Table 1). The betasatellite molecules associated with crops and weeds other than 

papaya were considered in this study to evaluate their diversity and recombination potential. This 

helps in minimizing interference with resistance strategy to be employed in future.  

 

3.2. Genetic variability of betasatellite in PLCD complex 

All 51 betasatellite molecules DNA sequences were retrieved from NCBI in FASTA format and 

annotated as TBS1-TBS51 according to their taxonomic placements. Total genome alignment 

was performed with MUSCLE algorithm in MEGA6 software suite. The aligned DNA sequences 

of betasatellite molecules were subjected to phylogenetic analysis and a Maximum Likelihood 

tree was obtained (Fig 1). The tree was clearly demarcated into two types of clusters viz. 

genetically related CLUSTER-1 (blue colored group) and genetically distant CLUSTER-2 (Red 

to magenta colored groups). Chinese taxon is illustrated separately in light blue color and 
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outgroups in black colored labels. CLUSTER-1 was further grouped into Group1-1 to Group1-5. 

The CLUSTER-2 was not sub-divided into sub-clades, thus, analyzed separately.  

CLUSTER 1-1 comprises of betasatellite components infecting papaya in New Delhi and 

Panipat regions (India) and Punjab (Pakistan). CLUSTER 1-1 was found to be genetically very 

close i.e. phylogenetic likelihood predicted in 80-100% bootstrap steps. TBS7, 39, 40, 41, 42, 43, 

44 and 45 were papaya-infecting betasatellites associated with Chili leaf curl and Tomato leaf 

curl disease causing DNA-A component. CLUSTER 1-2 consists of  Chili leaf curl associated 

betasatellites infecting capsicum and tuber plants in Punjab (Pakistan), Palampur (India), 

Rajasthan (India) and Punjab (India) regions. CLUSTER 1-3 consists of tomato and guar plants 

in New Delhi, Haldwani in India and Bhakkar in Pakistan. These betasatellites were found to be 

associated with primarily Guar and Tomato leaf curl disease. CLUSTER 1-4 is a group of weed 

infecting betasatellite infecting weeds with Ageratum leaf curl disease reported mainly in Central 

parts of Uttar Pradesh and Rajasthan, India. CLUSTER 1-5 was found to be linked to Papaya leaf 

curl disease causing DNA-A components infecting guar and capsicum plants in western 

provinces of India and adjoining areas in Pakistan. TBS 13 is an outlier in this group belonging 

to betasatellite associated with Cotton leaf curl Burewala disease from Punjab (India) region.  

CLUSTER 2 was observed to have complex clade pattern consisting of papaya leaf curl 

associated betasatellite components reported from various parts of India. The betasatellite 

components in this group were cladistically distant relatives as evident from low bootstrap 

predictions. These betasatellite components infect various crops such as papaya, tomato, 

cucurbits, weeds and other herbaceous plants growing in tropical regions of India and Pakistan. 

The papaya-infecting group consist of TBS15 and 16 while tomato was found to be infected by 

TBS24, 25, 32 and 36. A unique group of TBS21, 22 and 23 isolates reported from Coimbatore 
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and Pudukottai districts (Tamil Nadu, India), infect various gram (Cereal) varieties in that region. 

TBS18, 19, 20 and 28 were found to be infecting cucurbits and tuber varieties. The weed 

infecting group comprises of TBS27 and 29 infecting Parthenium specifically.  

From above phylogeny of betasatellite molecules, it is clear that these components have 

evolved in a mixed environment, interacting with more than one type viral components. Due to 

this reason, these defective partial viral components i.e. betasatellites, have evolved to infect a 

variety of host plants. This is evident from the above cladistic analysis that hosts from different 

families have played vital part in evolution related to different betasatellite molecules, expanding 

their host range and helping in their persistent presence in the region throughout year and across 

seasons. The reason for their omnipresent nature needs deeper investigation using recombination 

analysis with DNA-A components. 

 

3.4. Recombination pattern in betasatellite component of Asian PLCD complex 

A recombination analysis was carried out to investigate the genomic breakpoints in begomoviral 

sequences, which provide an evidence of recombination pattern prevalent between the DNA-A 

and betasatellite components of PLCD and other leaf curl causing complex. DNA-A dataset of 

PLCD complex used to investigate recombination pattern within DNA-A components was 

aligned with betasatellite dataset to prepare input for RDP4 software based recombination 

analysis. The output from various algorithm was analyzed for authenticity of analysis for 

breakpoint distribution and recombinants using RDP, GENCONV, MAXCHI, CHIMAERA and 

analysis of breakpoint boundary distribution with reference to TBS1 genome sequence (Fig. 2).  

The recombination analysis of betasatellite component did not predict any recombination 

boundary, which includes genomic fragments from DNA-A components of PLCD. However, 
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eleven recombination events were detected with statistical relevance and qualifying the criteria 

set initially (Table 2). In total, 50 recombination signals were predicted under 11 separate events. 

Event no. 4 was detected in 14 different recombinants namely, TBS29, 15, 16, 19, 20, 21, 22, 23, 

24, 27, 28, 32, 36 and partially evident in TBS25. Similarly, event no. 10 was detected in 11 

different recombinants namely, TBS 27, 15, 16, 19, 20, 24, 26, 28, 29, 36 and partially evident in 

TBS 25 and 32 (Table 2). Such a prominent recombination event prediction signifies that the 

major and minor parents Papaya leaf curl virus betasatellite isolate [In:Var:Pum:08:1] and 

Tomato leaf curl betasatellite isolate Cluster bean, clone NGS-D1 respectively, were responsible 

for evolution of 15 putative recombinant betasatellite components reported to be associated with 

Papaya leaf curl virus DNA-A isolated from Indian tropical regions. Another pair of major and 

minor parents i.e. Papaya leaf curl virus betasatellite clone BG-CBE and Cotton leaf curl 

Burewala betasatellite, clone L2-RCA-b1-F respectively, have significant contribution in 

evolution of betasatellite components of above mentioned components of PLCD complex. Apart 

from PLCD complex, the above-mentioned parental pair has contributed in evolution of tomato 

leaf curl disease associated betasatellite components. Other predicted recombination events i.e. 

event no. 11 and 57 also gave rise to recombinants associated with tomato leaf curl disease 

complex (TLCD) (Moriones et al., 2017).  

Recombination events have been reported in many cases where more than one type of 

betasatellite was isolated and were found to cause mixed type of symptoms in sunn hemp 

(Kumar et al., 2010) and tomato (Kumar et al., 2013). Another case was reported where a 

bipartite begomovirus i.e. Tomato leaf curl Gujarat virus was found to be associated with 

betasatellite rather than DNA-B component in Xanthium strumarium (a weed), which acts as a 

reservoir for interspecific mixing of DNA-A and associated genomic components (Mubin et al., 
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2012). These natural recombinants are proof of natural selection of factors that increase fitness of 

newer recombinant progenies as in betasatellite genomes. Experimental investigations have 

provided valuable insights into the selection of recombinant viruses which exhibit recovery of 

wild-type portions with enhanced fitness when compared with synthetic chimaeras, in case of 

mixed infections (van der Walt et al., 2009). Recent studies have indicated that mutations have 

played a pivotal role in evolution of viruses, but recombination has important role in enhancing 

synergistic interactions in case of mixed infections (Pita et al., 2001; Lima et al., 2017). Such 

synergistic adaptations often are transferred in more than one progeny, which further propagates 

into several other recombinant betasatellite genomes, thus, giving rise to recombination ‘hot-

spots’ (Lefeuvre et al., 2007; Paul et al., 2016).    

4. Conclusion 

In this study, a significant finding that the betasatellite components associated with leaf curl 

disease complex of papaya and tomato have actually evolved through recombination 

phenomenon sheds light on the much more complex interaction among its members. This 

recombination has enabled these betasatellite components to evolve and infect different crops in 

varied tropical regions of Indian sub-continent. The broad host spectrum of PLCD and TLCD 

could be attributed to this phenomenon, therefore, the resistance strategies against these diseases 

have failed in past and are potentially prone to failure in near future. This study also explains the 

occurrence of interspecies infections i.e. association of Papaya betasatellite with TLCD and 

Tomato betasatellite with PLCD. The two disease complex make up for the large proportion of 

leaf curl disease in Indian sub-continent, caused by a monopartite ss-DNA viruses. Therefore, 

betasatellite recombination hot-spots should be identified and future siRNA based strategies 
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should be based upon these regions along-with the DNA-A component associated with 

respective monopartite begomoviruses. 
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Table 2 Recombination analysis of Betasatellite genomes reported in Indian sub-continent using 

RDPv4.95 program.  

 

* Unknown parent detected in recombination analysis but the specified parent was the closest inferred sequence in this analysis 

The analysis was performed against Betasatellite and DNA-A sequences of 51 begomoviruses 

using default parameters and following algorithms: R=RDP; G=GENCONV; B=BOOTSCAN; 

M=MAXCHI; C=CHIMAERA; S=SISCAN; T=3SEQ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Event 

No. 

Recombinant Major parent Minor 

Parent 

Frequency of 

recombination 

event 

Detection Method 

R G B M C S T 

1 TBS32 TBS3 TBS18 2 + + + + + + + 

2 TBS8 TBS10 TBS11 1 + + + + + + + 

3 TBS4 TBS1 TBS34 1 + + + + + + + 

4 TBS29 TBS18 TBS47 15 + + + + + + + 

5 TBS27 TBS32 TBS15* 1 + + + + - + + 

10 TBS27 TBS21 TBS14 13 + + - + - + + 

11 TBS38 TBS39* TBS6 5 + + - + + + + 

12 TBS3 TBS2 TBS1 1 - + + + + + + 

13 TBS35 TBS2 TBS1 4 + + + + + + - 

15           TBS16 TBS26 TBS27* 2 + + + + + - - 

57 TBS36 TBS27 TBS26 5 + + + + + + + 

Total 

= 11             

 Total frequency = 50  
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Fig. 1: Phylogenetic analysis of betasatellite component of PLCD complex and associated 

leaf curl disease group. The tree was divided into two clusters i.e. Cluster-1 and Cluster 2 on 

the basis of likelihood predicted by bootstrap step estimation. The Cluster-1 was further 

subdivided into five sub-clusters on the basis of host, virus and region. Cluster-2 is sparsely 

related, therefore, all genomic components in this group were analyzed separately. The 

evolutionary history was inferred by using the Maximum Likelihood method based on the 

Tamura-Nei model. The tree with the highest log likelihood (-13451.7843) is shown. The 

percentage of trees in which the associated taxa clustered together is shown next to the branches. 

A discrete Gamma distribution was used to model evolutionary rate differences among sites (5 

categories (+G, parameter = 1.5473)). The rate variation model allowed for some sites to be 

evolutionarily invariable ([+I], 9.4207% sites). The analysis involved 51 nucleotide sequences. 

All positions containing gaps and missing data were eliminated. There were a total of 878 

positions in the final dataset. Evolutionary analyses were conducted in MEGA6. 
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Fig. 2: Recombination analysis showing results of event number 1 using Recombination 

Detection Program v4.95 (RDP v4.95). The pink region indicates the occurrence of the 

recombination event with intersection points in the case of RDP and overlapping peaks in case of 

MAXCHI on the plot as the recombination starting and ending breakpoints. The grey region at 

the ends represents 99% and 95% confidence interval of prediction of breakpoints as mentioned 

in the key. A. RDP output; B. GENECONV output; C. MAXCHI output; D. CHIMAERA 

output; E. Recombination breakpoint distribution plot: The light and dark grey regions in the plot 

represent the 99% and 95% confidence limit respectively for a 200nt scanning window. The 

breakpoint distribution was assessed with TBS1 sequence as a reference sequence just for 

qualitative purpose. 
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