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Leaf curl disease in a chili plant is caused mainly by Chili leaf curl virus (ChiLCV) (Family: Geminiviridae, Genus: Begomovirus). ChiLCV shows a widespread occurrence in most of the chili (Capsicum spp.) growing regions. ChiLCV has a limited host range and infects tomatoes (Solanum lycopersicum), potatoes (S. tuberosum), and amaranth (Amaranthus tricolor). The virus genome is a monopartite circular single-stranded DNA molecule of 2.7 kb and associated with α and β-satellites of 1.3 and 1.4 kb, respectively. The virus genome is encapsulated in distinct twinned icosahedral particles of around 18–30 nm in size and transmitted by Bemisia tabaci (Family: Aleyrodidae, Order: Hemiptera). Recently, bipartite begomovirus has been found to be associated with leaf curl disease. The leaf curl disease has a widespread distribution in the major equatorial regions viz., Australia, Asia, Africa, Europe, and America. Besides the PCR, qPCR, and LAMP-based detection systems, recently, localized surface-plasmon-resonance (LPSR) based optical platform is used for ChiLCV detection in a 20–40 μl of sample volume using aluminum nanoparticles. Management of ChiLCV is more challenging due to the vector-borne nature of the virus, therefore integrated disease management strategies need to be followed to contain the spread and heavy crop loss. CRISPR/Cas-mediated virus resistance has gained importance in disease management of DNA and RNA viruses due to certain advantages over the conventional approaches. Therefore, CRISPR/Cas system-mediated resistance needs to be explored in chili against ChiLCV.
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INTRODUCTION

Chili (Capsicum annuum L.) is one of the major spice crops belonging to the Solanaceae family. Chili is a native of South America. Portuguese, during the fifteenth century, introduced chili to India, and since then, India is recognized as a secondary center for Capsicum species diversity. C. annuum is the most cultivated species; whereas C. baccatum, C. chinense, and C. frutescens are restricted to homestead gardening in India (Dhaliwal et al., 2014). The global production of green and red chilies for the year 2018-2019 has been recorded at 38.02 and 4.25 million tons, respectively. Globally, India is one of the main contributors to red chili production and its export. India shares around 42.81% of the total world area of chili cultivation (FAO, 2021; http://www.fao.org/faostat/). In India, during 2019–2020, the production of red chilies was around 1.7 million tons from a cultivated area of around 0.68 million hectares as per the second advance estimate (NHB, 2020).

Viruses are the major constraints in chili production worldwide because, at present, nearly 75 viruses are known to infect chili, of which 37 are the International Committee on Taxonomy of Viruses (ICTV) recognized species and six are tentative species (Kenyon et al., 2014; Thomas et al., 2021). In the recent past, chili leaf curl disease (ChiLCD) has emerged as a serious constraint to chili production in the Indian subcontinent (Kumar et al., 2011; Roy et al., 2019). Moreover, the re-emergence of new begomovirus strains due to recombination and mutations has endangered sustainable chili production globally (Juarez et al., 2019). ChiLCD is the most severe disease and is known to cause 100% losses to the marketable fruits (Kumar et al., 2011; Senanayake et al., 2012; Thakur et al., 2018). The severity of ChiLCD increases when it occurs in mixed infection with thrips or mites (Menike and De Costa, 2017; Thakur et al., 2018). In India, the first report of the occurrence of Tomato leaf curl New Delhi virus (ToLCNDV) was demonstrated by Khan et al. (2006). Recently, natural mixed infections of ChiLCV, Cotton leaf curl Multan virus (CLCuMuV) and Tomato leaf curl Gujrat virus (ToLCGV) were also reported to occur in chili in India (Mishra et al., 2020b).

ChiLCV belongs to the genus Begomovirus and the family Geminiviridae. The Geminiviridae family includes around 520 virus species, which are further divided into the 14 genera on the basis of genome organization, nucleotide sequence similarity, host range, and transmission (Thomas et al., 2021). The 14 genera are composed of various species viz, Becurtovirus (three species), Begomovirus (445 species), Capulavirus (four species), Citlodavirus (four species), Curtovirus (three species), Eragrovirus (one species), Grablovirus (three species), Maldovirus (three species), Mastrevirus (45 species), Mulcrilevirus (two species), Opunvirus (one species), Topilevirus (two species), Topocuvirus (one species), and Turncurtovirus (three species) as per the recent updates on recognized virus species by ICTV (Thomas et al., 2021). Among them, Begomovirus is one of the largest and most important genera which include several important species like ChiLCV. The genome of begomoviruses is composed of circular single-stranded DNA (ssDNA). The genome is encapsulated in a distinctive twinned-icosahedral particle of ~18–30 nm in size and is exclusively transmitted through whitefly (Bemisia tabaci; Order: Hemiptera, Family: Aleyrodidae (De Barro et al., 2011; Thakur et al., 2018).

Based on the genomic constitution, the begomoviruses are classified into three main types: (i) mono-partite begomoviruses having a single DNA genome that is analogous to the DNA-A genome of bipartite begomoviruses, (ii) monopartite begomoviruses with satellite ssDNA designated as β-satellite, and (iii) bipartite begomoviruses with two similar sizes of ssDNA segments designated as DNA-A and DNA-B (Seal et al., 2006; Ito et al., 2009; Roy et al., 2019). Begomoviruses are associated with various satellite molecules but the majority of ChiLCD has been reported to be caused by monopartite DNA-A viruses with β-satellite molecules (Hussain et al., 2004; George et al., 2014) whereas, limited bipartite type ChiLCV were also reported to cause ChiLCD (Kushwaha et al., 2015).

The symptoms of ChiLCV infection include upward curling in the leaves, crinkling appearance, puckering, leaf area reduction, blistering at interveinal areas, vein banding, shortening of petioles, and internodes, bunchy leaves, and severe stunting in plants (Figure 1; Kumar et al., 2014). If the disease persists till the late growth stages of the plants, flower buds show abscission and sterile anthers may set without or abnormal pollen grains, which ultimately produces poor fruit and low fruit setting, distorted or underdeveloped fruits (Kumar et al., 2015).
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FIGURE 1. Symptoms of chili leaf curl disease (ChiLCD) in chili plants. (A) Healthy plant, (B) upward leaf curling, (C) vein banding, (D) upward leaf curling with yellow leaf margin, (E) bunching of leaves along with stunting of plants, (F) puckering and reduction in leaf, (G) shortening of internodes along with petioles, and (H) crinkling.




DISTRIBUTION OF THE VIRUSES ASSOCIATED WITH CHILCD

ChiLCD is reported and almost distributed in the equatorial regions of Australia, Asia, Africa, Europe, and America (Supplementary Figure 1, Table 1). ChiLCD was observed for the first time in India during the 1940's (Vasudeva, 1957). Subsequently, numerous other isolates of the ChiLCV have been identified throughout the world. There are several reports on other Begomovirus species causing ChiLCD in the Indian subcontinent and elsewhere (Thakur et al., 2018; Supplementary Table 1). At present 14 begomovirus species are reported to be associated with ChiLCD (Table 1). Among these, Tomato leaf curl New Delhi virus (ToLCNDV), Chili leaf curl Palampur virus (ChiLCPaV), ChiLCV, Chili leaf curl Vellanad virus (ChiLCVeV), Chili leaf curl Salem virus (ChiLCSV), Chili leaf curl Gonda virus (ChiLCGV), Chili leaf curl Ahmedabad virus (ChiLCAV), Papaya leaf curl virus (PaLCuV), Chili leaf curl Bijnour virus (ChiLCBV) from India, CLCuMuV and Tomato leaf curl Joydebpur virus (ToLCJoV) from Pakistan, Pepper yellow leaf curl Indonesia virus (PepLCIV) from Indonesia, and Cabbage leaf curl virus (CaLCuV) from Cuba, Pepper leaf curl Bangladesh virus (PepLCVBV) from Bangladesh have been reported (Shih et al., 2003; Hussain et al., 2004; Tsai et al., 2006; Kumar et al., 2011, 2014, 2015; George et al., 2014). The emergence of new biotypes of B. tabaci and the growing trend of the international market led to the spread of ChiLCD in different countries (Ramos et al., 2019). Moreover, expanding virus distribution by the introduction of novel crops in existing or new agricultural areas could resemble emergence of new begomovirus species or isolates driven by recombination and mutation (Varma and Malathi, 2003; Perefarres et al., 2012; Juarez et al., 2019).


Table 1. Distribution of begomoviruses associated with ChiLCD in Indian subcontinent.
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Around 39 species of whiteflies are known to transmit ChiLCD to the plants (Alemandri et al., 2015). B. tabaci infests around 600 plant species worldwide, and transmission of ChiLCV is caused by the viruliferous whiteflies by creating a feeding site in the phloem tissues of the host plant (Czosnek et al., 2017). Several viral isolates were found effective for transmission by whiteflies and all of which can produce typical symptoms of leaf curl disease in chili (Senanayake et al., 2012). The begomoviruses present in the vectors are transmitted in a circulative and persistent manner and infect dicotyledonous plant species (Thakur et al., 2018).

Surveys across some of the major chili-growing regions in India have been found that begomoviruses are complex in nature, with a diverse β satellite resulting in intra-specific recombination associated with ChiLCD (Kumar et al., 2015). Harmonious interface amongst chili infecting begomoviruses leads to the outbreak of the disease in resistant chili plants (Singh et al., 2016). The geographical distribution of ChiLCD is reported in parallel with the existence of whitefly in the world and found in equatorial regions of Australia, Asia, Africa, Europe, and America (Supplementary Figure 1). In India, ChiLCV associated with ChiLCD is distributed in different states viz., West Bengal, Bihar, Haryana, Delhi, Rajasthan, Uttar Pradesh, Himachal Pradesh, Goa, Gujarat, and Maharashtra (Kumar et al., 2015). Looking toward the devastating and widespread nature of the virus, it must be restricted to the infected regions only and should not spread to other parts of the globe. Worldwide efforts are being made toward understanding of nature of the virus and its economic importance and the development of resistant sources by means of conventional and non-conventional approaches.



DIAGNOSTICS

Detection of the etiological agents is the foremost important aspect to devise efficient management strategies for any disease. Hence, an efficient, stable, robust, rapid, and reliable diagnostic procedure is a prerequisite step that facilitates the specific detection of plant pathogens. Earlier, plant disease recognition relied mainly on visual scouting of plant symptoms and their characteristics. However, this symptom-based observation was useful in some instances but it is ineffectual as a plethora of viruses show similar kinds of symptoms. With the recent advancements in many diagnostic techniques, sensitivity and effectiveness to detect the causal pathogen have been prioritized. Moreover, the serological and nucleic acid-based assays have gained momentum in diagnostics due to their rapidity, reliability, robustness, and accuracy.

The serological or immuno-assays such as enzyme-linked immunosorbent assay (ELISA), western blots, immunostrip assays, and dot-immuno-binding assays (DIBA) follow the principle of antigen-antibody interaction. Amidst all, an ELISA is the most prominent immunodiagnostic technique for the identification of viruses owing to its high throughput potential. Various formats of ELISA viz., triple antibody sandwich ELISA (TAS-ELISA), Direct antigen coated ELISA (DAC-ELISA), and double antibody sandwich ELISA (DAS-ELISA) have been routinely used with enhanced sensitivity. Likewise, radioactive probe-based dot-blot hybridization was used to determine the existence or identification of begomovirus in the chili samples (Senanayake et al., 2012). During the last two to three decades, tremendous developments in nucleic acid-based assays have happened, and therefore, virus diagnostics are being performed by these assays. Nevertheless, immuno-assays are proved to be the robust and reliable approach for routine virus indexing procedures in the laboratories engaged in plant-virus diagnostics and production of disease-free planting materials.

Polymerase chain reaction (PCR) is a more efficient method than ELISA and hence provides a rapid, specific, and accurate detection of known viruses (Figure 2). ChiLCV has DNA genome thus, its detection is mainly confirmed through PCR using specific primers against coat protein (CP), intergenic regions (IR), and β-satellite regions (Briddon et al., 2003; Senanayake et al., 2012; Kumar et al., 2014). Further, in the recent past, there were numerous advancements in PCR assays for example quantitative real-time PCR (qPCR), multiplex PCR, and isothermal amplification have been practiced.
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FIGURE 2. Various molecular techniques used for detection and identification of Chili leaf curl virus (ChiLCV) infecting chili.


Isothermal amplification methods such as rolling circle amplification (RCA), recombinase polymerase amplification (RPA), and loop-mediated isothermal amplification (LAMP) have been introduced as an alternative to cost-deprived PCR assays. RCA using φ29 DNA polymerase mediated amplification was carried out in infected genomic DNA samples (Al-Shihi et al., 2014; Ranjan et al., 2016). In RCA, unidirectional DNA replication occurs which quickly synthesizes multiple copies of circular DNA molecules. These assays more importantly provide robust, rapid, and affordable detection. It is one of the cheaper, efficient, and simple methods which detect circular DNA viral genome when sequence information is unknown. Kumar et al. (2015) amplified components of the ChiLCV genome using RCA to decode the nature of begomovirus and β-satellite populations associated with ChiLCD across India. Besides, several researchers used RCA for the detection and characterization of ChiLCV (Venkataravanappa et al., 2016; Khan and Khan, 2017).

Similarly, qPCR has the ability to provide high sensitivity and specificity in the detection of viral diseases. The qPCR is widely used to detect viral DNA accumulation and study host-virus interaction genes, and viral expression (Kushwaha et al., 2015; Mangal et al., 2020). Multiplex PCR is another format of PCR, which allows the simultaneous detection of two or more virus species in a single reaction. Multiplex PCR assays have been optimized to amplify target DNAs at the same annealing temperature (Ranjan et al., 2016). However, multiplex PCR has not been yet utilized for the detection of ChiLCV. Advanced high throughput sequencing platforms become popular for the detection of viral loads. One such study reported the use of a Localized Surface-Plasmon-Resonance (LPSR) based optical platform for the detection of ChiLCV with a small volume (20–40 μL) of the sample. The LSPR absorbance signal could be monitored to detect the viral load and the sensitivity of LSPR assays by using aluminum nanoparticles for immobilization (Das et al., 2021).



GENOME ORGANIZATION

Among the 14 genera of the Geminiviridae family, Begomovirus is the largest plant virus genus comprising around 520 virus species. According to the recent ICTV classification, the genus recognition is based upon genome arrangement, trans-replication of the genetic constituent, and features of CP, vector, and host ranges (Thomas et al., 2021). Begomovirus genome consists of single-stranded circular DNA encompassing, the monopartite with a single component resembling DNA-A, or bipartite with two DNA components, DNA-A and DNA-B. Begomoviruses further distributed themselves in a “New World” as bipartite and predominantly as a monopartite in “Old World” viruses. Both the mono and bipartite genomes, each of around 2.75 kb in size, are independently enveloped in two incomplete icosahedral capsids geminate particles of about 20–30 nm (Hesketh et al., 2018). DNA-A encloses a gene required for encapsidation, replication, transmission, and gene suppression, whereas DNA-B harbors a movement protein that governs the export of viral DNA. DNA-B is not present in monopartite viruses, so the viral movement is mainly controlled by a CP and pre-CP of DNA-A (Poornima Priyadarshini et al., 2011). In association with the monopartite genome, a satellite molecule, and satellite-like components, namely α and β-satellite are often seen complementing DNA-A (Figure 3). An association with novel δ-satellite has also been reported in a few begomoviruses (Fiallo-Olive et al., 2016).
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FIGURE 3. Genome organization of Chili leaf curl virus (ChiLCV) (A) and associated β and α satellites (B,C). IR, intergenic region; Rep, replication initiator protein.


ChiLCV has a monopartite genome and the sequence analyses showed seven overlapping open reading frames (ORFs; Figure 3A). Out of seven ORFs, two are placed in the virion sense viz., V1 and V2; and five genes, AC1, AC2, AC3, AC4, and AC5, are located in the complementary sense strand (Figure 3A; Kumar et al., 2014). The genes V1 and V2 code for coat and pre-CP respectively, whilst AC1, AC2, and AC3 function as replication initiation protein (Rep), transcription activator protein (TrAP), and replication enhancer protein (REn) respectively, participating in gene expression and replication of viral genome in chili (Table 2). AC4 protein helps to determine symptom production whereas, the function of AC5 protein is still unclear. The transcriptional units of both the sense strand are separated by an intergenic region (Senanayake et al., 2013; Zerbini et al., 2017). Being of small genome size and obligate parasite most of the viral proteins are found to play multiple roles. The functions of ChiLCV proteins, the molecular weight of proteins, and the position of ORFs are listed in Table 2.


Table 2. The genome of chili leaf curl virus consisting of various open reading frames codes for different proteins having different functions in virus accumulation, movement, replication and post transcriptional gene silencing.
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Intergenic Region

The IR region is the most prominent and highly conserved region of all the genera of Geminiviridae which is also designated as a common region (CR). In the ChiLCV genome, the IR consists of 279 nucleotides (nts) origin of replication with a 33-nts long potential stem-loop structure containing non-coding non-nucleotide sequence (TAATATTAC), which is required for cleavage and joining of the viral DNA during replication.

The replication-associated protein is encoded by the AC1 ORF which serves as the origin of replication and is expressed under the control of a bidirectional promoter (Bhatt et al., 2016). This Rep protein commences replication via the rolling-circle (RCR) mode of replication by introducing a nick at the phosphodiester bond of the seventh and eighth residues of non-nucleotide sequence. The cleaved 5' phosphate end of the sequence remains bound to Rep protein while the newly generated 3'-hydroxyl end starts the rolling-circle mode of replication (Ruhel and Chakraborty, 2019).



α and β-Satellites

The β-satellite (~1.3 kb), is smaller in size than DNA-A and encodes a single conserved region of ~13–14 kDa protein known as βC1 in complementary orientation (Figure 3B). Apart from ORF, it also possesses a satellite conserved region (SCR) which is the adenine-rich region of ~150 nt (Briddon et al., 2003; Zhou, 2013). As a pathogenicity-determinant molecule, β-satellite via βC1 serves as a suppressor of RNA interference and also helps in determining the symptomatic phenotype through shifting the host defense system (Briddon et al., 2008; Patil and Fauquet, 2010). β-satellite mainly depends on the replication-associated protein of the helper viruses for replication and encapsidation. Another satellite, α-satellite, is about 1.4 kb codes for a Rep protein and is capable of self-replication that was earlier known to have an important role in the epidemiology of begomoviruses (Xie et al., 2010; Figure 3C). Unlike helper viruses, β-satellite do not own any conserved introns nor share sequence similarity with them or with α-satellites, except for the presence of stem-loop structure. Besides chili, variants of ChiLCV and associated satellite molecules tend to infect various new hosts such as Amaranthus species, potato (Solanum tuberosum), and tomato (Solanum lycopersicum; George et al., 2014; Venkataravanappa et al., 2016). Begomoviruses encode various proteins which are responsible for transcription activation, initiation of replication, encapsidation of genome, movement from cell to cell, and long-distance viral movement (Fondong, 2013).



Genetic Diversity and Recombination

The complete genome sequences of 84 isolates of begomoviruses associated with ChiLCD were retrieved from the NCBI GenBank and subjected to phylogenetic dendrogram construction. The phylogenetic tree revealed the 14 distinct clades (Figure 4A). The sequence identity matrix revealed the ChiLCAV shared 93–94% with ChiLCMuV therefore these two virus species are closely associated and reflected in one clade. ChiLCAV shared 93–100% sequence identity among them. ChiLCV shared 93% sequence identity with the ChiLCSV whereas, 91–94% with the PepLCV and 96–100% among themselves. Therefore, the close clustering of the PepLCV and ChiLCV was observed (Figure 4A). ToLCJoV shared 93% identity with the ChiLCV-Chhapra isolate. Whereas, PepLCV shared 90–93% of its identity with the other isolates of ChiLCV. PepLCV shared 91–93% with the ChiLCV and therefore clustered closely in the phylogenetic tree (Figure 4A). Similarly, the sequences of β-satellites were retrieved from the NCBI GenBank and constructed phylogenetic analyses and revealed the distinct 12 clades (Figure 4B).
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FIGURE 4. Phylogenetic dendrogram of begomoviruses (A) and betasatellites (B) associated with chili leaf curl disease (ChiLCD) in chili based on Neighbor-Joining method. The reference genome sequences were retrieved from NCBI GenBank for comparisons. Initially, the nucleotide sequences were aligned using Clustal W multiple alignment with bootstrap values of 1,000 replicates which are mentioned at the nodes. Major clades indicated in the specific color that belongs to the same or related species indicated at the right side of the each clade. The scale bar represents the rate of nucleotide substitutions per site.


Recently, Pandey et al. (2022) ascertained the genetic diversity of ChiLCD based on 121 reference genome sequences of DNA-A, DNA-B, and α and β-satellites. Moreover, transitional and transversional bias was recorded highest in C4 and REn genes. The 49 recombination breakpoints were estimated in C1, C2, C4, and V1 regions while a maximum of 22 breakpoints for Rep (AC1) and nine for βC1 were determined. A total of 2,505,419,807 and 1,288 mutations were detected for DNA-A and DNA-B, and α and β-satellites. A total of 987 mutations were also detected in the Rep gene which was the maximum among all ORFs. Based genetic mutations and recombination events evidenced that the ChiLCD rapidly adapted to new environments and led its evolution along with the satellite molecules that help in expanding the virus-host range and diversity in Indian subcontinents (Kumar et al., 2015; Pandey et al., 2022). Natural mixed infections of a bipartite and monopartite might have facilitated their emergence in new hosts, severity, and recombination.




EPIDEMIOLOGY

In India, the first occurrence of ChiLCV in chili was reported in 2007 (Senanayake et al., 2007). Since then, several epidemics of ChiLCD in Central and Southern India the recent past has witnessed (Senanayake et al., 2007; Kumar et al., 2016; Chaubey and Mishra, 2017; Oraon and Tarafdar, 2018). ChiLCV infection is distributed in both the tropical and sub-tropical regions around the globe where different hosts are available (Senanayake et al., 2007; Supplementary Figure 1). The climatic conditions like a sudden rise in temperature, rainfall and relative humidity, intensification of cropping systems, and presence of alternate hosts enhance the whitefly population which leads to the rapid spread of begomoviruses and disease incidence (Kenyon et al., 2014). Warm weather conditions favor whitefly multiplication on host plants and there is a rapid increase in whitefly population even in the presence of natural enemies. Initially, under field conditions about 15–25% of chili plants have been observed with typical leaf curl symptoms and whitefly transmitted ChiLCV rapidly to reach about 50–100% infection in the field (Senanayake et al., 2007). The ChiLCD incidence is directly correlated with the abundance of the whitefly population. B. tabaci is polyphagous in nature, and it shows a high frequency of reproduction and quicker dispersal ability thus, facilitating its existence in large groups of populations with different agro-ecological zones. Even single whitefly has the ability to transmit the virus, whereas the presence of eight or more whiteflies on a plant may result in 100% chances of transmission (Senanayake et al., 2012). In an epidemic spread, several isolates of ChiLCV can be effectually transmitted by whiteflies, all of which can produce mild to severe characteristic symptoms in chili (Senanayake et al., 2012).

B. tabaci can complete around 12–15 overlapping generations in a year. The young and adult flies suck the sap and colonize on the ventral surface of the leaves. If activities like quick acquisition, fast transmission into the host, and faster lifecycles are maximized at a single geographical location then it may lead to the abrupt development of a new Begomovirus strain. B. tabaci transmits begomoviruses in a persistent manner which enables the spread of the virus through the juvenile, pupal, or adult stages of the whitefly. Adults of B. tabaci could not fly efficiently however, can be transported for quite a long distance by the wind. Begomoviruses have the ability to manipulate the behavior of their vectors this may improve their rate of transmission, consequently, these viruses affect the longevity and fertility of whitefly. However, the feeding habits and behavior of whiteflies can affect the population's genetics, behavior, and virus evolution (Holkar et al., 2017; Sangeeta and Tiwari, 2017). Recently, the various transmission parameters of ChiLCV were estimated for the development of the simulation of ChiLCD dynamics for devising management strategies. Subsequently, Roy et al. (2021) developed spatio-temporal distribution of whitefly population abundance in Indian conditions. The transmission deciding traits in tripartite interaction were estimated to simulate the ChiLCD dynamics by the population dynamics model framework. It has been evidenced that the ChiLCD epidemic is borne by a rigorous transformation frequency of a healthy host population into an infectious one (basic reproduction rate of whitefly: R0 = 13.54). Moreover, the least immigration frequency of vector was found to be essential in deciding the frequency of infectious host and viruliferous vector. In addition to this, migration of viruliferous vectors, virus acquisition, and transmission frequency were the important traits in deciding the epidemic of ChiLCD. Therefore, by keeping in view the effect of temperature (15–35°C) and transmission phenomenon in the build-up of virus-vector population, spatial and temporal pattern of disease risk has been predicted with ChiLCD distribution in India. This assessment of chili leaf curl disease dynamics would certainly be helpful to the growers in devising effective crop and disease management approaches (Roy et al., 2021).



TRANSMISSION

For transmission of begomoviruses in tomatoes, whitefly requires a minimum of 90 min of acquisition and 120 min of inoculation feeding periods (Czosnek et al., 2002). B. tabaci are the lonely mediator to transmit begomoviruses through a circulative-persistent manner. Upon entry of the virus by ingestion it gets translocated via the digestive system to hemolymph, the salivary glands, and then expelled in the phloem of the plant. For the transmission of begomoviruses, the vector possesses many proteins which facilitate efficient viral transmission. During the infection process, the insect vector delivers viral particles presumably in the uncoated form to the plant and the viral genome is transported into the host cell nucleus. The viral genome encodes only a few proteins therefore, for their DNA replication they rely largely on the cellular DNA replication proteins. Begomovirus particles of 22 × 38 nm in size have two (geminate) incomplete T = 1 icosahedral capsid particles containing viral CP and each CP is bound by seven bases of viral ssDNA (Hesketh et al., 2018). As CP is the only structural protein in the geminiviral capsid, it is necessary for viral capsid assembly. In addition, CP also plays a crucial role in viral DNA transportation by interacting with cellular transporters as exemplified by mono-partite begomoviruses (Sharma and Ikegami, 2009). The CP of several monopartite begomoviruses possess a nuclear localization signal and a leucine-rich nuclear export signal and are thus localized to the nucleus (especially nucleolus), cytoplasm, and cell periphery (Unseld et al., 2001). A rich variety of interactions has evolved between viral proteins and host factors to develop the virus replicative cycle. In the first stage, once the viral genome is released from the virus capsid, it enters in to the cytoplasm of the host cell and subsequently enters the nucleus, where it undergoes rolling-circle and recombination-dependent replication process (Gutierrez, 1999). These newly replicated viral ssDNAs can be (1) converted into dsDNA which can act as a template for another round of replication or transcription, (2) wrapped by viral movement proteins for transportation from the infected cell to adjacent cells through plasmodesmata, or (3) encapsidated into infectious virions for long-distance virus movement (Gutierrez, 1999; Hanley-Bowdoin et al., 2013). The complex of viral DNA movement in begomoviruses has the ability to bind ssDNA or dsDNA and can transport the viral DNA to neighboring cells. Furthermore, begomoviruses possess a limited coding potential and thus rely heavily on host proteins to complete their infection cycle. Begomoviruses depend on host enzymes for their replication and transcription processes, coordinate with several cellular mechanisms to modulate cell division, cell cycle, and manipulate host components at different cellular levels (Hanley-Bowdoin et al., 2013). Transmission of a monopartite genome alone can lead to infection, but the presence of DNA A or DNA B helper genomes plays an important role in symptom development. Begomovirus proteins have a significant impact on a variety of host cell pathways which include changes in plasmodesmata structure and function, host cell defense mechanisms, and changes in gene expression in the infected cell (Peele et al., 2001).



INTEGRATED DISEASE MANAGEMENT APPROACHES

Viral diseases are controlled by various means like reduction in the rate of infection, rate of spreading of infection, and severity of infection which can be achieved through several cultural and mechanical practices (Figure 4). As pesticide residues are of great concern in bell pepper and chili, non-chemical pest control techniques such as cultural and mechanical activities are essential to prevent pests and ChiLCV (Ou et al., 2019).

Being large genera of the Geminiviridae family, begomoviruses alone, are accountable for the enormous devastation of many economically important field crops. The epidemiology caused by these viruses is a global concern, and its management is a prime necessity. Recently, Roy et al. (2021) estimated the tripartite interaction of transmission of ChiLCV in a population dynamics model framework to develop suitable management strategies. The sudden emergence of the whitefly as a virus vector is more complicated and perturb for researchers worldwide because of its prevalent nature, and unpredicted occurrence in the specific region on diverse hosts. Thus, these capabilities of B. tabaci render their management and control quite challenging. Management of ChiLCV is based on control of vector transmission, limiting the virus epidemic, and minimizing the severe impact of the disease on crop yield.


Cultural Practices

The management of the whitefly-transmitted viruses must be initiated during seedling production stages and need to continue throughout the cropping cycle. Eventually, these can be achieved by implementing cultural practices as it covers a wide range of activities. The use of physical barriers is an extremely adopted practice, these include the use of insect-proof mesh housing, shielding the crop from colonization of whitefly and associated virus. Another approach is the use of UV absorbing sheets/polyethylene films which are generally used for the protection of greenhouse crops (Mutwiwa et al., 2005). Soil mulching is one of the well-practiced cultural practices, which involves the use of yellow mulch (polythene covering the soil) and reflective mulch (silver /aluminum coated plastics). Both these mulches generally cover the developing plant canopy and as a result, this impedes the ability of whiteflies to realize the crop and delay the onset of virus infestation. Mass trapping of adult whiteflies is one of the extensively used measures which involve the use of yellow sticky traps. Practicing intercropping system and trapping crops that attract whiteflies more than the host crop is also an important strategy to control whiteflies. The use intercropping system and trap crops will be beneficial for some of the selected crops and may fail for other crops due to the emergence of the new virus species and their spread in the main crops (Lapidot et al., 2014). Therefore, it is difficult to disseminate and adopt the intercropping system, which further needs proper extension and precise knowledge from the growers. The primary cultural practices are inefficient in reducing the virus spread, however, the infection and damage caused by the viruses can be delayed as it prevents the vector-host interaction. These tactics are not self-sufficient to manage the vector-virus transmission but still are helpful in the integrated control system (Kenyon et al., 2014).



Chemical Control Methods

Control measures for the high infestation of B. tabaci mostly rely on the application of a wide variety of insecticides. This technique is highly reliable because of its efficiency and convenience (Horowitz et al., 2011). Conventionally practiced insecticides were belonging to the class of organochlorines, organophosphates, carbamates, and pyrethroids. Diafenthiuron aromatic ether is one of the most widely used insecticides (Thakur et al., 2018). However, the profuse and intensive application of insecticides (with similar repeated chemical compounds) leads to the development of a resistance mechanism in whiteflies against particular insecticide classes. Thus, this has exacerbated the chemical control measure tactics. Subsequently, these insecticides have been replaced with a novel group of insecticides that were more specific to target and effective at low concentrations. Neonicotinoids (imidacloprid and thiamethoxam), the Ketoenols (spiromesifen and spirotetramat), Diamides (flubendiamide, chlorantraniliprole, cyclaniliprole, tetraniliprole, and cyantraniliprole), and insect growth regulators such as buprofezin, pyriproxyfen were among the novel classes of insecticides. Moreover, some researchers have reported the resistance development in B. tabaci against these new classes of insecticides too (Horowitz et al., 2020). Alone and continuous usage of toxic and harmful pesticides has adversely disturbed the environment and mankind. The usage of these toxic pesticides can be reduced and the efficiency can be elevated by implementing the alternative integrated control strategies which involve the use of a combination of pesticides and other management tactics (Naranjo and Ellsworth, 2009). The efficiency can also be enhanced by the use of a mixture of insecticides however, these insecticides must be used in label recommendations. Besides these synthetic insecticides, the use of natural plant product extracts or biopesticides has been mentioned in some contexts. The biopesticides, neem seed kernel extract, and neem oil are effective in the reduction of disease incidence. Sapindus trifoliatus, and Solanum trilobatum seed extracts, the leaf extract of Clerodendrum aculeatum and bark extract of Terminalia arjuna have been found effective biocontrol agents (Pandey et al., 2010; Chaubey et al., 2017).



Biological Control of Virus-Vectors

As aforesaid, the profuse and uncontrolled use of chemicals has resulted in insecticide resistance in the population of whitefly and also impacted the environment. Thereby, alternative practice such as biological means of control management has been put into practice to combat unwanted effects of insecticides/pesticides on crops, the environment, abiding pest resistance, and resurgence. The potential biological control agents constitute the use of natural enemies against B. tabaci, which primarily include predators, parasitoids, and entomopathogenic fungi. Some of the effective predators include Amblyseius swirskii, Neoseiulus cucumeris, Amblyseius tamatavensis, Coccinella septempunctata, Chrysoperla carnea, Clitostethus arcuatus, Oriusspp, Chrysopa sp., Sinea confuse, etc. (Soleymani et al., 2016; Cavalcante et al., 2017). The ladybird beetle, Serangium japonicum is also considered as an important predator of whiteflies (Tian et al., 2017). Parasitoids of Encarisa sp. and Eretmocerus sp. have been reported as efficient biocontrol agents in whitefly management. The biological control practice of using solitary natural enemies might be difficult in suppressing the whitefly population. But, the effectiveness of biological control agents can be elevated by using a combination of any two types of natural enemies. Ou et al. (2019) reported the use of insect parasitoids Eretmocerus hayati in combination with entomopathogenic fungi Cordyceps javanica which resulted in highly efficient against B. tabaci. In integrated pest management approaches, the efficiency of the biological agents might get reduced by the application of insecticides. However, a proper assessment of the lethal effect of the use of insecticides on the biocontrol agents must be optimized to increase its efficiency.




CONVENTIONAL METHODS

Conventionally, ChiLCV management has mainly relied on the application of insecticides to control the vector whitefly. The use of pesticides is less effective, expensive for farmers, and causes hazards to the environment, consumers as well as farmers (Borah and Dasgupta, 2012). Furthermore, the presence of pesticide residues limits the export of chili. Besides, the uses of insecticides to control the vector whitefly are mostly unproductive as they are usually applied after the appearance of symptoms wherein the virus might have already been transmitted (Kenyon et al., 2014). In spite of the fact that there are several challenges in ChiLCV resistance breeding in chili, efforts on identification and introgression of resistant traits through resistance breeding is a very important option for reducing the input cost, to get the good returns to the chili growers worldwide and that would help to avoid virus-vector epidemics in future.


Identification of Resistant Source

Resistance breeding is considered the most important approach for the development of ChiLCD resistance in chili genotypes. Resistance breeding is based on the recognition of robust resistant sources which are free from disease symptoms by screening under native field conditions followed by confirmation of resistance through artificial inoculation. Recently, in India, there are reports on the identification of some ChiLCV resistant genotypes/accessions from C. annuum that includes BS-35, EC-497636, DLS-Sel-10, GKC-29, PBC-142, PBC-143, PBC-144, PBC-149, PBC 495, VI012005, WBC-Sel-5, and Kalyanpur Chanchal (Kumar et al., 2006; Kenyon et al., 2014; Singh et al., 2016; Srivastava et al., 2017). Dhaliwal et al. (2015) from Punjab, India, reported a hybrid CH-27 resistant to ChiLCD. Further ChiLCV resistant C. chinense accessions BG-3821 and “Bhut Jolokia” were reported in Mexico and India, respectively (Anaya-Lopez et al., 2003; Adluri et al., 2017). Garcia-Neria and Rivera-Bustamante (2011) characterized a novel resistance trait in BG3821 (C. chinense) governed by two major genes for two begomoviruses. Further, functional characterization of the genes showed that germin-like proteins gene CchGLP is a vital factor for begomovirus resistance in BG-3821 accession from C. chinense (Mejia-Teniente et al., 2015). This area of resistance breeding is quickly enhancing the existing research information on chili and will undoubtedly be an important component in the progress of ChiLCD resistance development programs.

In one such experiment, Kumar et al. (2006) screened 307 genotypes under field and glasshouse conditions from five Capsicum sp. against ChiLCD and identified three genotypes viz., BS-35, EC-497636, and GKC-29 without symptoms. Same symptomless genotypes were further checked by grafting and alternate grafting with Pusa Jwala and the results confirmed the resistant reactions. Thus, these three genotypes showed characteristics of possible ChiLCD resistance donors. The GKC-29 and BS-35 are C. frutescens landraces from the North-East region of India, while EC-497636 was from Hungary. In another study, Rai et al. (2014) standardized an artificial microcage inoculation technique and elucidated the monogenic recessive nature of ChiLCD resistance. Adluri et al. (2017) also used Bhut Jolokia germplasm from North East India for screening of ChiLCV resistance. Bhutia et al. (2015) studied genetic control of ChiLCD severity traits in chili and found a cross of BCCHSel-4 × AC-575 promising for the level of field tolerance against ChiLCD. Srivastava et al. (2017) screened 65 different chili lines for resistance against begomoviruses causing ChiLCD under field conditions and found that DLS-Sel-10, PBC-142, and WBC-Sel-5 lines showed virus resistance. Recently, Jindal et al. (2018) evaluated the inheritance of ChiLCD resistance in chili where they identified S-343 line which may be used as a potential resistant donor for developing ChiLCD resistance cultivars. In DLS selection (DLSSel10/PhuleMukta/DLS-Sel.10) population, a single recessive gene was governing ChiLCD resistance in chili (Maurya et al., 2019). Further, resistance governed by a single dominant gene in S-343 has been documented by Thakur et al. (2019). It was evidenced that the genetics of resistance by crossing MS 341 (susceptible parent) with S-343 (resistant parent) wherein, after screening in F2 generation, it segregated into 3:1 plants whereas, susceptible parent backcross followed typical 1:1 test cross ratio suggesting the resistance is controlled by a single dominant gene. The reported ChiLCD resistant sources in chili are summarized in Supplementary Table 1.

The reported resistant sources failed to withstand the field conditions with an outbreak of disease due to a breakdown of defense barriers (Singh et al., 2016). They documented begomovirus-mediated reduced expression of host defense genes and outbreak of the disease in resistant chili plants. Recently, Thakur et al. (2020) mapped ChiLCV resistance gene using SSR markers. The study revealed that the two markers CA 516044 (6.8 cM) and PAU-LC-343-1 (8.9 cM) were associated with the ChiLCD resistant gene (located on chromosome number 6). Despite several reports, there are very less promising resistant donors that have been characterized in India. Characterization of such valuable resistant donors and associated markers will be highly desirable for resistance breeding against ChiLCD and its further introgression into other elite chili varieties. In spite of the number of identified resistance sources, breeding for resistance to ChiLCV has been limited due to the recessive nature of the resistance genes and the highly plastic genome of the begomoviruses. Furthermore, the reason for the inaccessibility of prominent resistant lines is the lack of a robust screening method for the identification of resistant lines and the evaluation of inheritance patterns. The present-day screening methods used are biolistic, grafting inoculation method, and whitefly inoculation techniques (Hernandez-Verdugo et al., 2001).




ADVANCED METHODS

For management of ChiLCD in chili through non-conventional methods, there are two major approaches either direct or indirect strategies through control of virus-vector (Figure 5). The direct control approach includes pathogen-derived resistance (PDR), RNA interference (RNAi), and genome editing methods whereas the development of whitefly resistance in plants comes under the indirect approach (Figure 5).


[image: Figure 5]
FIGURE 5. Conventional and non-conventional strategies for management of chili leaf curl disease (ChiLCD) in chili. (A) Strategies for Chili leaf curl virus (ChiLCV) management, (B) strategies for management of ChiLCD through virus-vector control, and (C) strategies for improvement of ChiLCD resistance in chili.



Pathogen Derived Resistance (PDR)

Classical methods of controlling virus infection have been proved to be unsuccessful against ChiLCD. The breeding approaches provided alternative methods to produce resistance sources however, it has its limitations lack resistant germplasm to Begomoviruses in chili. PDR is a more effective and fast approach for developing resistance against plant viruses in various crops (Powell et al., 1990). PDR strategy relies upon the post-transcriptional gene silencing (PTGS) mechanism for the successful utilization of virus-derived genes to get rid of viruses (Patil et al., 2011). Amongst PTGS, RNAi is one of the efficient technologies to induce resistance against viral pathogens. RNAi is a native defense antiviral system mediated through double-stranded RNA (dsRNA) which involves the degradation of sequence-specific viral RNA. Dicer-like proteins process the dsRNA into small 21–24 nts RNAs which interferes the viral RNA (Sharma et al., 2015).

In a study by Sharma et al. (2015), a demonstration of the ability of RNA silencing approaches to limit ChiLCV infection was attempted. Effectiveness was found through over-expression of AC1/AC2/βC1 specific dsRNA targeting various ChiLCV species. The PTGS strategy of RNAi through dsRNA results in the biogenesis of target-specific 21-24 nt small RNAs which governs begomovirus resistance in transgenic chili plants. Mishra et al. (2020a) identified chili miRNAs specific to essential genes of the ChiLCV through computational methods. They have predicted chili-encoded miRNAs targeting CP (V1) and Rep (C1) genes that could be used for silencing against ChiLCV infection. RNAi method will have to overcome some limitations like the ability to withstand natural field conditions and heavy loads of viruses, rapidly evolving ChiLCV variants that escaped sequence-specific recognition in RNAi mechanism, and also uncertainties about the release of genetically modified (GM) crops. Recently, Singh et al. (2022) a novel strategy of application of a cocktail of dsRNAs in Nicotiana benthamiana was attempted to prevent ChiLCV infection through RNAi. In this study, under in vivo conditions separate three dsRNA molecules were prepared using E. coli strain HT115 with the three suppressor genes, C2, V2, and C4 of ChiLCV. Further, an equal concentration of three dsRNAs (dsC2, dsV2, and dsC4) with 0.1% celite was used to prepare a cocktail of dsRNAs. A single spray of the cocktail of dsRNAs reduced ChiLCD incidence up to 66.7% in N. benthamiana plants for 2 weeks.



Transgenic Approach

Biopesticides are potent microbial pesticides and biochemicals obtained from microbes and other natural resources. Advancement in plant genetic transformation technology has made it easy to overexpress the potent biomolecules into crop plants thereby conferring resistance against insect pests. Successful application of biopesticides depends on exact information of feeding habits and life cycle of the insect and the mechanism of action of the potent biopesticides. This facilitates determining the precise time and stage of biopesticide application for efficient results. To date, δ-endotoxin from Bacillus thuringiensis (Bt) is the most commonly used commercial biopesticide. The advantages of Bt biopesticides are they highly specific to target insects (Lepidoptera, Coleoptera, and Diptera). Nevertheless, the sap-sucking homopteran whiteflies remain insensitive to Bt toxin. Shukla et al. (2016) reported the Tma12 gene from an edible fern (Tectaria macrodonta) has insecticidal activity against whitefly. Tma12 overexpressing cotton transgenic lines were resistant to whitefly infestation and cotton leaf curl viral disease, with no detectable yield penalty. There is scope to identify such insecticidal proteins that are lethal to whiteflies. These biopesticide molecules need to be expressed in chili to overcome the whitefly-borne ChiLCV.



CRISPR/Cas System

In the last decade, the CRISPR/Cas (clustered regularly interspaced short palindromic repeats and CRISPR-associated proteins) system has successfully emerged as one of the promising and precise genome-editing methods (Kale et al., 2021). The CRISPR/Cas system was reported for the first time in plants in the year 2013. Recently, gene-editing by using the CRISPR/Cas system has rapidly introduced genetic manipulations to achieve resistance against plant viral diseases (Ali et al., 2016; Tashkandi et al., 2018; Yin et al., 2019). Generally, two different mechanisms present in the CRISPR-Cas system governing antiviral activities viz., to recognize, interfere, and cleave the virus genome so that inhibition of multiplication of invasive viruses and to manage host susceptibility factors essential for virus replication and ultimately improve plant immunity and block the viral attack.

Severely affecting members of the family of Geminiviridae consist of around 485 ssDNA species. Multiple strategies have been initiated to destroy and get rid of the genomic DNA of begomoviruses through gene editing methods. Amongst the gene-editing methods, CRISPR/Cas system is more convenient for its simplicity in construction and design over the use of transcription activator-like effector nucleases (TALENs) and Zinc finger nucleases (ZFN). Therefore, this method has become more dominant and found promising for developing antiviral engineering in plants. In the transgenic model plant system, N. benthamiana CRISPR/Cas9 single guide RNA (sgRNAs) constructs specific to viral Rep, or IR region, showed effective DNA intrusion which thereby conferred resistance against CLCuMuV (Yin et al., 2019). One more study reported CP or Rep specific sgRNA mediated effective interference of tomato yellow leaf curl virus (TYLCV) genome in both the transgenic tomato and N. benthamiana lines (Tashkandi et al., 2018). Interestingly, Ali et al. (2016) reported that the stem-loop specific sgRNAs exhibited more efficient interference of various begomoviruses (Cotton leaf curl Kokhran virus, Merremia mosaic virus, and TYLCV) than the sgRNAs targeting CP and Rep regions of the viral genome (Ali et al., 2016).

CRISPR/Cas-mediated virus resistance in plants can also be established by targeting host factors. For plant virus protein translation, the recruitment of host-specific translation factors to facilitate their infection processes is required. Such host-specific translational factors are recognized and targeted as pro-viral factors. Further, in the recent past, numerous other pro-viral host factors, such as movement, replication, and metabolism-associated regions were characterized and used to limit plant virus diseases. eIF4E, eIF4G, and their isoforms are effective host translation initiation factors, which are exploited to achieve defense against various sub-species of viruses. Chandrasekaran et al. (2016) reported the eukaryotic initiation factor, eIF4E-knockout in cucumber through CRISPR/Cas9, which exhibited complete resistance to viruses involved in papaya ringspot, zucchini yellow mosaic, and cucumber vein yellowing diseases. Recent advancements in CRISPR/Cas9 technologies resulted in increasing reports of efficient plant DNA virus resistance. As an example, this CRISPR/Cas9 method targeting MP or CP region established resistance to TYLCV (Tashkandi et al., 2018). Roy et al. (2019) designed multiplexed sgRNA targeting ChiLCV genome and their approach was effective in removing the ChiLCV genome. Thus, CRISPR/Cas system becomes a potent tool for plant defenses against viruses and offers new avenues for genetic modification of chili against devastating ChiLCD. Although these advanced methods like RNAi and CRISPR/Cas systems holds the promise of achieving robust resistance, care has to be taken on various potential drawbacks associated with these methods.

Like host and virus, vectors can also be tapped for this novel technique, since, Bemisia tabaci is the only vector of begomoviruses and a serious pest of agricultural and horticultural crop plants. Recently, Heu et al. (2020) developed a CRISPR-Cas9 gene editing technique for silver leaf whitefly based on the vitellogenic adult females instead of embryos. The ovary-targeting peptide ligands were attached to Cas9 and inserted into adult females of B. tabaci. The offsprings were found to have a heritable edited genome. Thus, the development of a gene editing procedure for B. tabaci will helpful for the researchers to use the application of reverse genetics and will lead to the management of this serious insect vector.




CONCLUSION

In recent years, there is a substantial increase in understanding of ChiLCD however, certain questions remain unanswered. The devastating and widespread nature of the ChiLCV highlights the urgency to recognize effective control measures for it. Whiteflies serve as a vector for numerous plant viruses and attempts to prevent whitefly population growth will be very beneficial in the field. The geographical distribution of ChiLCD is correlated with the incidence of whitefly in the world. Deciphering the effective environment-friendly biological control agents holds a promising key to control of the whitefly population. Further, whitefly-specific insecticidal proteins such as Tma12 can be expressed in plants to restrict spread of vectors and ultimately the ChiLCV infection too. For resistance breeding, the reason for the inaccessibility of prominent resistant lines is the lack of a robust screening method for the identification of resistant lines and the evaluation of inheritance patterns. Advance molecular breeding holds the key to the identification of robust resistance sources and further introgression to elite lines. The advanced research needs to be concentrated on the identification of resistance sources using genomics-assisted breeding and developing robust resistance using breeding tools. Besides, RNAi against several transcripts of ChiLCV held the promise of being a fast and effective approach for achieving resistance against various plant viruses. Furthermore, genome editing based on the CRISPR-Cas system has offered a new capable technique for developing resistance against ChiLCV through alteration in host susceptibility factors. For achieving broad-range resistance against plant viruses through the CRISPR-Cas system various non-essential host susceptibility factors may prove to be more potent targets. Transgenic approaches looked to be very promising against ChiLCV, but the major hurdle for the release of transgenic varieties is uncertainties over government norms and public acceptance in India. In the detailed understanding of ChiLCV host–pathogen proteins integration, promotion, and the invention of novel technologies is the responsibility of the scientific community to get rid of ChiLCV.
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Virus species Country Host References

Chillleaf curl Multan virus (ChiLCMV) Pakistan C. annuum Kumar et al., 2016

Chillleaf curl Joydebpur virus (ChILGJV) India C. annuum Shih et al,, 2007

Chillleaf curl Palampur virus (ChiLCPaV) India C. frutescens Kumar et al., 2011

Chillleaf curl Vellanad virus (ChiLGVeV) India C. annuum Kumar et al,, 2012

Chillleaf curl Sri Lanka virus (ChLCSLY) Sii Lanka C. annuum Fondong, 2013

Chili feaf curl Salem virus (CHLCSV) India Capsicum spp. Kumar et al., 2015

Chillleaf curl Bjnour virus India Capsicum spp. Garcia-Neria and
Rivera-Bustamante, 2011

Chili leaf curl Ahmedabad virus (ChiLCAV) India C. annuum Ruhel and Chakraborty,
2019

Chillleaf curl Gonda virus (CHLCGV) India Capsicum spp. Khan and Khan, 2017

Chil leaf curl virus (ChiLCV) India Amaranthus spp. Osteospermum fruticosum George et al., 2014; Shukla
etal, 2016

Tomato leaf curl New Delh virus (ToLCNDV) India C. annuum Hussain et al., 2004

Tomato leaf curl Joydebpur virus (ToLCJoV) India C. annuum Krishnan et al., 2019

Pepper leaf curl Lahore (PepLCLY) Pakistan C. annuum Tahi et al,, 2010
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Protein ORF bases Molecular Function References
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Capsid protein (V1) 303-1,073 207 Cell-to-cell movement. Nuclear DNA Shuttiing Fondong, 2013; Wang et al.,
2018
Pre-coat protein (V2) 197-490 1.7 Assist CP in callular trafficking. Involved in TGS suppression.  Fondong, 2013; Kushwaha
etal, 2017
Rep (C1) 1,516-2,640 421 Replication of ChiLCV genome. Modulate epigenetic Fondong, 2013; Mei etal., 2018
modifications of viral DNA, Stimulate viral transcription
TAP (C2) 1,215-1,619 15.2 Transcriptional activator, suppressor of host RNAI silencing. Fondong, 2013; Li etal., 2018;
Interfere biquitination pathway, and, inhibit plant JA Wang et al,, 2018
defense.
REn (C3) 1,070-1,474 16.7 Enhances viral DNA accumulation/replication Fondong, 2013; Wang et al.,
2018
C4 2,160-2,450 107 Nucleocytoplasmic shuttle protein, aids nuclear export. Fondong, 2013; Li et al., 2018
Induce plant developmental abnormalities impairs plant
triggered immunity/early defense response. Suppress gene
silencing.
pct 200-565 139 Enhance virus virulence. Inhibit TGS and PTGS of host Fondong, 2013; Bhatt et al,

defense. Repress JA responsive gene.
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