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MOLECULAR CHARACTERIZATION OF CHILLI LEAF CURL
VIRUS INFECTING CHILLI AND PREDICTION OF ITS COAT
PROTEIN STRUCTURE

PREETHI, C.
THESIS ABSTRACT

Chilli (Capsicum annum L..) suffers from a plethora of biotic stresses including many viral
diseases. Among viral diseases, chilli leaf curl virus (ChiLCV) is one of the most widespread and
destructive disease. An attempt was made to study the biological transmission of ChiLCV to chilli
and Nicotiana spp, genome sequencing of ChiLCV and in-silico analysis of ChiLCV coat protein
(CP) in the current study. ChiLCV was transmitted to chilli (Arka Lohith), Nicotiana glutinosa, N.
benthamiana and N. tabacum using whiteflies and they produced characteristic leaf curl symptoms.
Molecular detection of ChiLCV was done using begomovirus specific primers, which produced an
expected amplicon of 1400 bp. The sample gave negative amplification to DNA B, indicating that,
the virus isolate is monopartite. Complete genome sequencing of DNA A homologue and its
analysis revealed that it is closely related to ChiLCV and Pepper leaf curl virus with the sequence
similarity of 97.5 t0 99.2 per cent and 85.4 — 92.2 per cent, respectively. This was further supported
by phylogenetic analysis. The recombination events detected using RDP4 revealed that the virus
under the current study is a recombinant. Computation of physico-chemical properties revealed that
ChiLCV CP was negatively charged with 29.66 kDa molecular weight, instability index of 49.20
and it was also found to be thermostable and hydrophilic. The secondary structure of ChiLCV CP
revealed its good quality with no disordered residue and binding sites which was also well
supported by the PSIPRED cartoon. The tertiary structure of the protein was created using
homology-based modelling and this can be further utilized in studies such as protein- protein

interaction and protein ligand interactions.
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Biological and Molecular Characterization of Chilli Leaf Curl
Virus Infecting Chilli |

C. PREETHI, PALB6303
Department of Plant Pathology, College of Agriculture, UAS, GKVK, Bengaluru-560 065

INTRODUCTION RESULTS
v Chilli (Capsicum annuum L.) belongs to family » Transmission of ChiLCV isolate from chilli leaf
Solanaceae (2n=24) and is an important vegetable samples  showing symptoms similar to
and spice crop grown throughout the tropical and begomovirus infection to Arka Lohith chilli
subtropical world. Major production of chilli scedlings using virulifcrous whiteflics resulted in \ ) L .
comes from India. the development of characteristic leaf curl | Plate 1: Symptoms of ChiLCV isolate on
¥ Chilli is affected by many diseases, among them symptoms after 25 days of post inoculation |A.Chilli B.vicori bacum C.N.glutinosaD.N.benth
viral discase are the major constraints. (plate. 1-A). A

v’ Leaf curl disease caused by Chilli leaf curl virus
(ChiLCV) emerged as major constraint for the [ 5 pyrther Transmission of ChiLCV isolate by

production of chilli in India : o viruliferous  whiteflies to  Nicotiana  spp.
v' ChiLCV belongs to the family Gemmtv:zrzdae, seedlings resulted in the development of L CuBay DNAA
EChl Begonzqwr o a.nc-I has SSDN‘_A‘ (Harrison et characteristic leaf curl symptoms after 20 days Ly
al., 1977). 1t is transmitted by whitefly (Bemisia of post inoculation (plate.1-B, C, and D). .
tabaci) (Varma, 1962) in persistent mode. Plate 2: Ladder-1kb marker Sl ‘“,‘
¥ Recombination and ?seudo-recombmatmn a'?d e » The PCR detection and full length genome |LI- water control, L2- et
assortment of genomic components are resulting in amplification of ChiLCV isolatc donc by using |healthy control , L3-L5 —  Platc 3: Genome
sincreence of new species and strains of DNA-A/DNA-A homologue specific primers |ChiLCV infected chilli organization of begomovirus
begomoviruses at a very faster rate. (Forward and reverse) as mentioned in material |samples
v In the present study, attempt has been made to and methods such as MK , OY , GEM resulted in
characterize ChiLCV isolate infecting chilli amplified products of 1400 , 1200 and 1300bp,
OBJECTIVES respectively (plate .2). -
1.Collection, maintainance and confirmation of e sl s conie ameifomien (G

virus isolate infecting chilli
2.Biological and molecular characterization of
ChiLCV isolate

primers specific to B satellite and alpha satellite

1

MATERIAL AND METHODS » Sequence analysis of DNA-A homologue using
. . . SDT revealed , the current isolate is having 97.5 to
v' The ChiLCV infected chilli plants were collected from 99.2%, 85.4 — 92.2% and 87.9 — 90.8 % identity

farmers field, Guntur district of Andhra Pradesh . The with ChiLCV, Pepper leaf curl virus and Tomato
virus isolate was maintained on chilli variety Arka leaf curl Joydebpur virus, respectively. This results
Lohith, by inoculating the virus through viruliferous il G e emeon eibe e Gy
whiteflies ( Senanayake ef al., 2007). (plate.4).

v Non viruliferous whiteflies were used for acquisition
of virus particles from chilli leaf curl infected leaf] 5
sample for a period of 24 hr, further these viruliferous
whiteflies were released on healthy chilli and
Nicotiana spp.

¥ The extraction of total genomic DNA from the healthy| 3 The virus isolate in the current study is Chilli leaf
and ChiLCV infected plants was done by CTAB curl virus transmitted by B. tabaci and gave
method. The PCR  detection and molecular positive amplification to sub-genomic components
characterization of ChiLCV was done by using below| B- satellite and alpha satellite of begomoviruses. e
mentioned primers

i

it L fyii

The phylogenetic analysis also revealed close [Plate 4:- Identity matrix generated for ChiLCV isolate
clustering of the present isolate with ChiLCV .
isolates infecting chilli (Plate .5) . !

v

Primers Amplicon . ,DISCUSSION ) ) e
length(bp) » The begomoviruses emerged as a single major |-
constraint in the production of many crops s [ i %

1 MKBEGF4 1400 across the world (Varma & Malathi., 2003). ’ v AR T "

MKBEGRS y / ; \ \ S
2 OY2395F 1200 » Fr()m the past few years c'hilli'wzj\s @vastatcd. in Plate 5: Phylogenetic tree of ChiLCV

OY680R India due to the begomovirus infection resulting SUMMARY

3 GEMF1223 1300 iz lossip o LU0 RecoenatE simatier o1 2012) » ChiLCV isolate was transmitted to chilli, N.

GEMR2542 tabacum, N. benthamiana and N. glutinosa

» In the current study, begomovirus isolate infection

using  whiteflies and they produced
characteristic leaf curl symptoms

chilli from Guntur was characterized. The tools
used for the characterization of the virus was

v/ PCR product obtained from ChiLCV sample was o : . > sciil: AcreTioati STis Solateh
o aral:ed L ar?)se . similar with the previous works (Senanayake ef »  Molecular chamuuruauoq of virus moldlc‘m
Fngment vs;th §i7espcorresp0ndin.g tO“ thi expecgteci al, 2013). Biological characterization using LE e B enn e

o : e o demarcation tool and phylogenetic analysis
amplified scquence was excised from the gel and whitefly transmission and host range, genome ’ s i biyoe y ¥
p Gey| g 8 Atblhcation it et e aialae revealed it as Chilli leaf curl virus.
luted using the gel purification kit. P quencing, scqu YSIS i IVivas 5% hesaeiated. d e
< ing SDT a8oh ] : e h » The wvirus is associated with sub-genomic

v The sequence of virus isolate under this study was using QR NI BUERER LR ] ]

q y ith e S et al. 2 components (- satellite and alpha satellite
compared with the other sequences of selected il current‘yex1stmgcr'1ter1a(Kumar (.t.a, 013)
Begomoviruses obtained from the GenBank database for the species dgmarcatnpn of begomoviruses .1135 Advisory committee
by using Clustal W algorithm, MEGA-7 version and shown, thfn. the isolate in the present study is a | chairperson . Dr. C. N. Lakshminarayana Reddy
Species Demarcation Tool (SDT). Chilli leaf curl virus. Co — Chairperson : Dr. M. Saifulla

Members : Dr. N. Nataraja Karaba
: DrT. L Mohan Kumar
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I INTRODUCTION

Chilli (Capsicum annuum L..) is an important spice crop grown for its fruits, which
are used in green as well as ripe dried form for its pungency. Chilli belongs to the genus
Capsicum and family Solanaceae. There are mainly four cultivated Capsicum species
which are originated from South America. Commercial cultivation of chilli is mostly
confined to the tropical regions of the world, since it requires long and warm season for its
growth and development. Chilli is known from prehistoric period in Peru and was widely
cultivated in Central and South America in early times. It was first introduced to India by
Portuguese towards the end of 15" century.

The chilli fruits are rich in capsaicinoids and carotenoids. Pungency is a common
feature of chilli and contains unique group of alkaloids called as Capsaicinoids (Hoffman
et al., 1983). Capsaicin and dihydrocapsaicin are responsible for 90 per cent of pungency
of spices (Kawada et al., 1984). Capsaicinoids are unique to the Capsicum genus, which
are produced in glands on the placenta of the fruit and they are odourless, colourless,
flavourless, non-nutrient compounds. Capsaicin is a major alkaloid among capsaicinoids
(Andrews, 1995), which has wide applications in the food, medicine and pharmaceutical
industries (Min et al., 2004). The carotenoids act as dietary precursors for vitamin A, which
plays an important role in the regulation of vision, growth and reproduction (Ong and
Choo, 1997). In many industries carotenoids from pepper are used as natural colorants.
Chilli is a rich source of vitamin A, C and E. Recently, Russian scientists have identified
vitamin “P” in green chillies which is considered to be important as it protects from
secondary radiation injury (Verghese, 1999). It contains small quantities of protein, fats,
carbohydrates and minerals like phosphorus, iron and calcium. Whereas, the ripe and dry
chilli contains per 100 g: protein 15.9 g, fat 6.2 g, carbohydrates 31.6 g, fibre 30.6 g,
mineral matter 6.1 g, calcium 0.16 g, phosphorus 0.37 g, iron 0.0023 mg, Vitamin C 50 mg
and vitamin A 576 mg.

Chilli is cultivated in different parts of the world including India, China, Pakistan
Nigeria, Mexico, Indonesia and the Korean Republic. India is the world’s largest producer

and exporter of chilli and it contributes 25 per cent of world’s total chilli production. In
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India, green chilli grown in an area of 2.87 lakh hectare with a production of 34.06 lakh
tones and dry chilli is grown in an area of 8.31 lakh hectares with a production of 18.72
lakh tones (Anon, 2017). Major green chilli producing states in India are Karnataka, Bihar,
Chhattisgarh, Madhya Pradesh and Maharashtra, while dry chilli grown in Andhra Pradesh,
Telangana, Karnataka, Madhya Pradesh, West Bengal and Orissa. Karnataka is the second
largest producer contributing 12 per cent to the total production. Though India has
substantial share in the world with respect to area under chilli, productivity was very low
as compared to the other chilli growing countries like Korea and Indonesia (2-3 t/ha) (Arun
Kumar, 2006); China (6.82 t/ha), Pakistan (2.31t/ha) and Thailand (2.23 t/ha) during 2013
(Geetha and Selvarani, 2017).

In Karnataka, Dharwad, Belgaum, Shimoga, Belgaum, Haveri, Raichur, Gadag,
Ballary Kolar, Hassan and Mysore are the major chilli producing Districts. Though the area
under chilli cultivation in Karnataka is more, its production was low as compared to the
other states because, many biotic and abiotic stresses like viruses, fungi, drought etc. are
causing huge yield losses depending on the stage of crop they are affecting.

Chilli leaf curl disease (ChiLCD) causes severe crop loss in the tropical and
subtropical regions of the Indian subcontinent and emerged as a major factor limiting chilli
cultivation (Chattopadhyay et al., 2008; Mishra et al., 1963; Senanayake et al., 2007, 2013;
Varma and Malathi, 2003). The symptoms of ChiLCD-infected plants are leaf curling, leaf
rolling, puckering and reduced leaf size; in severe cases, the infected plants remain stunted
and fail to bear any fruit, resulting in complete crop loss. Although the first incidence of
ChiLCD was reported in the 1960s, its association with begomoviruses was confirmed only
recently (Chattopadhyay et al., 2008; Khan et al., 2006; Kumar et al., 2012; Senanayake
et al., 2007). During the past few years, monopartite begomoviruses and betasatellites
associated with ChiLCD have spread to major chilli-growing regions of the Indian
subcontinent. Nearly sixty-five (65) plant viruses are so far reported to infect chili
worldwide (Devi and Devi, 2020). To date, in India more than 16 different mono and
bipartite begomviruses are reported to be associated with ChiLCD, which includes Chilli
leaf curl virus (ChiLCV), Chilli leaf curl India virus (ChiLCINV), Chilli leaf curl Vellanad
virus (ChiLCVV), Cotton leaf curl virus (CLCuV), Tomato leaf curl Karnataka virus
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(ToLCKYV), Chilli leaf curl Gonda virus (ChiLCGV), Chilli leaf curl Kanpur virus
(ChiLCKaV), Chilli leaf curl Nagpur virus (ChiLCNV), Chilli leaf curl Lahore virus
(ChiLCLV), Pepper leaf curl Bangladesh virus (PepLCBdV), Pepper leaf curl Lahore
virus (PepLCLaV), Chilli leaf curl Ahmedabad virus (ChLCuAV), Chilli leaf curl
Bhavanisagar virus (ChiLCBV), Chilli leaf curl Bijnour virus (ChLCBIiV), Tomato leaf
curl Joydebpur virus and Tomato leaf curl New Delhi virus (ToLCNDV) transmitted by
morphologically indistinguishable cryptic species of whitefly (Bemisia tabaci) in a
persistent circulative manner under natural condition (Khan et al., 2006; Senanayake et al.,
2007; Shih et al., 2007, Chattopadhyay et al., 2008; Kumar et al., 2011; Kumar et al., 2012;
Kumar et al., 2015). In India, diverse agro-climatic conditions and mixed cropping pattern
supporting the year-round survival of the whitefly vector responsible for widening and
overlapping the host range of begomoviruses reported earlier (Malathi et al., 2017).

Viruses belongs to the genus begomovirus (family Geminiviridae) causes
economically important diseases on many crops throughout tropical and subtropical
regions. Begomoviruses are circular single-stranded (ss) DNA viruses comprising either
one or two genomic components (DNA-A and DNA-B) of approximately 2.7 kb each and
are encapsidated within twined icosahedral virions of 18 x 30 nm in size. Based on genome
organization, host range and vector specificity, they are divided into 14 genera,
Begomovirus, Capulavirus, Citlodavirus, Curtovirus, Eragrovirus, Grablovirus,
Maldovirus, Mastrevirus, Mulcrilevirus, Opunvirus, Topilevirus, Topocuvirus and
Turncurtovirus, and includes more than 525 species
(https:/ftalk.ictvonline.org/ictvreports/ictv_online_report/ssdnaviruses/w/geminiviridae).
Of these genus begomovirus is the most economically significant and threatening
cultivation many crops in world. Based on the presence of one or two genomic components,
it has been further divided into either bipartite (DNA-A and DNA-B) or monopartite
(genome is homologue of the DNA-A molecule of bipartite begomoviruses). The DNA-A
virion-sense strand encodes two open reading frames (ORFs) (AV1 and AV2) and
complementary-sense strand encodes four ORFs (AC1, AC2, AC3 and AC4). The DNA-
B encodes two ORFs, one at virion-sense strand (BV1) and another BC1l at

complementary-sense strand. Both the genomic components (DNA-A and DNA-B) share
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~200 nt in a common region (CR), which is present within the intergenic region that

includes the replication origin.

Additionally, the monopartite begomoviruses are associated with sub genomic
ssSDNA molecules known as alpha (DNA 1), beta (Mansoor et al., 1999, Nawaz-ul-Rehman
and Fauquet, 2009) and deltasatellites (Fiallo-Olivé et al., 2010). Betasatellites implicated
in symptoms modulation are true satellites, which have approximately half the size
(approximately 1.3 kb) of their helper virus and depend on their helper virus for
encapsidation and transmission (Briddon et al., 2002). The structure of betasatellites is
highly conserved comprising of a sequence rich in adenine (A-rich), a sequence conserved
between all betasatellites, known as the satellite conserved region (SCR), that contains a
predicted hairpin structure with the Nano nucleotide sequence TAATATTAC forming a
part of the loop, and a single conserved (between all betasatellites) gene with a capacity to
encode an >118 amino acid product known as s BC1 (Briddon et al., 2003). A class of
autonomously replicating satellite-like molecules identified as alpha satellites
(approximately 1.3 kb) with circular ssDNA molecules. These are not true satellite they are
depending on the virus for transmission, movement, and encapsulation and play role in
symptoms attenuation and reduction in accumulation of betasatellite in the affected host
plants (Briddon and Stanley, 2006; Nawaz-ul-Rehman and Fauquet, 2009).

Delta satellites are true satellites, approximately half the size of betasatellites (~700
nt) completely dependent on the helper viruses for its replication and movement (Fiallo-
Olive et al., 2010). However, recently it has been recorded the association of satellite
molecules with the bipartite viruses infecting different crops in Indian subcontinents
(Venkataravanappa et al., 2019).

In silico prediction of physico-chemical properties, structure and function of viral
proteins has gained its importance in the recent years (Esfandiari and Sefidbakht, 2018).
The predicted three-dimensional structure of viral protein has been utilized for interaction

studies which provide an insight in to the pathways involved in the process of pathogenesis.
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The ChiLCV affects all the growth stages of chilli plants and causes up to 100 per
cent yield loss in marketable fruits and sometimes resulting in abandoning the fields prior
to harvest. The affected leaves exhibit varied kind of symptoms such as curling, puckering
and distortion with blistering of inter-veinal areas and shortening of internodes (Arun
Kumar, 2006). The leaf curl complex is one of the most important diseases of chilli in India
and causes substantial losses every year from several decades. The disease also threatens
the commercial cultivation of chilli particularly during kharif. Because of intensive
cultivation, use of same varieties and occurrence of different insects, the management of
the disease has become a major challenge not only for the farmers, but also for the scientific

community.
With this backdrop information, the current study was designed.

Objectives:

1. Biological transmission of Chilli leaf curl virus isolate using whitefly, Bemisia

tabaci to select host plants.

2. Complete genome amplification, sequencing and phylogenetic analysis of Chilli

leaf curl virus infecting chilli.
3. Detection of recombination events in Chilli leaf curl virus.

4. Insilico analysis of coat protein of Chilli leaf curl virus.
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Il REVIEW OF LITERATURE

2.1 Importance of Chilli leaf curl disease and its causal agent ChiLCV:

Chilli leaf curl disease is important component of chilli murda, complex viral
diseases and insect pests on chilli in India. Early reports suggest that mites
(Polyphagotarsonemus latus (Banks) and thrips (Scirtothrips dorsalis Hood) are
responsible for causing curling in chilli plants. Again, Johnpulle (1939) considered it to be
caused by both mites and thrips. Further, Amin (1979) concluded that leaf curl in chilli was
due to feeding of thrips and mites and not by an infectious agent. Puttarudraiah (1959)
reported the involvement of thrips and mites in murda complex in Karnataka. The natural
occurrence of tobacco leaf curl was observed on chilli in India by Pal and Tandon (1937)
and Seth and Dhanraj (1972).

Chilli is known to be affected by 42 viruses. Twenty-two of them reported to occur
naturally and twenty viruses can infect on artificial inoculation. Among the twenty-four
viruses reported to occur naturally on chilli, eleven viruses have been reported from India,
viz., Cucumber mosaic virus (CMV) (Anjaneyulu and Appa Rao, 1967), Tobacco leaf curl
virus (TLCV) (Jagdale and Ghosh, 2019), Indian chilli mosaic virus (Jha and
Rayachaudhuri, 1956), Potato virus Y (PVY) (Joshi and Bhargava, 1962) Potato virus X
(PVX), Tobacco ring spot virus (TRSV), Pepper veinal mottle virus (PVMV), Pepper vein
banding virus (PVBV) and Chilli leaf curl virus (ChiLCV)(Senanayake et al., 2007) and
Tomato leaf curl New Delhi virus (TOLCNDV) (Khan et al., 2006 and llyas and
Khan,1996).

Leaf curl disease of chilli has emerged as a serious problem in the Jodhpur District,
the major chilli growing area of Rajasthan state. During December 2004, very high disease
incidence (up to 100% of plants) was observed in farmers’ fields in Narwa and Tinwari
villages. The characteristic field symptoms were upward curling, puckering and reduced
size of leaves. Severely affected plants were stunted and produced no fruit. The virus from
field samples from Narwa village was transmitted by whitefly (Bemisia tabaci) to 50-100
per cent of chilli test plants, which produced vein clearing, curling and stunting symptoms.

Electron microscopic examination of field samples revealed few, typical geminate
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particles. The presence of a begomovirus was confirmed by PCR using the degenerate
primers  AVF28  5-GCCCACATYGTC  TTYCCNGT-3’and AV29R  5'-
GGCTTYCTRTACATRGG-3', which gave 1.0 kb product. Cloning and sequencing of the
PCR product yielded a 995 bp sequence (Acc. No. DQ445255). A BLAST search of
GenBank revealed close similarity of the sequence with the intergenic region and part of
the replication initiator protein, AV1 and AV2 genes of ChiLCuV-[Pk:Mul]; AF336806)
reported from Pakistan (Shih et al., 2007). In India, TOLCNDV was recently shown to be
associated with chilli leaf curl disease occurring in Lucknow (Khan et al., 2006). Two more
Begomovirus species, Cotton leaf curl Multan virus (CLCuMV) (Akhtar et al., 2004) and
Pepper yellow leaf curl Indonesia virus (PepYLCIDV), have been reported to be associated

with chilli leaf curl in Pakistan and Indonesia, respectively.

Sequence analysis showed that the virus isolated from Jodhpur was distantly related
(59.1-67.9 % identity) to CLCuMV, PepYLCIDV and TOLCNDV. However, it shared 96.5
per cent identity with ChiLCuV-[Pak:Mul]. Given the close sequence identity with
ChLCuV-[Pk: Mul], the virus isolated from Jodhpur is considered to be ChiLCuV. This
was the first report of ChiLCuV affecting chilli in India and the recent report of Khan et
al. (2006) show that chilli leaf curl in India is caused by more than one begomovirus. Chilli

leaf curl locally known as murda is a most destructive disease of chilli in India.

2.2 Symptomatology of the Chilli leaf curl disease:

Leaf crinkle or leaf curl complex was observed on chillies by Hussan (1932). The
vein clearing and leaf malformation was reported. Curling of leaf margin, reduction in leaf
size, vein clearing was observed in India, Sri Lanka and USA (Puttarudraih, 1959). Abaxial
curling of the leaves accompanied by puckering, thickening and swelling of the veins were
observed by Mishra and Lamba (1929) and Muniyappa and Veeresh (1984). Appearance
of most prominent symptoms such as vein clearing followed by veinal distortion, swelling

of veins and veinlets on dorsal side were reported.

Appearance of most prominent symptoms such as vein clearing followed by veinal

distortion, swelling of veins and veinlets on dorsal side were reported.
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2.3 Whitefly, Bemisia tabaci (Gennadius):

Whitefly, B. tabaci (Hemiptera; Aleyrodidae) have been recorded from all the
tropical, subtropical and temperate regions of the world (Gonsebatt et al., 2012). Amongst
the known whitefly species, B. tabaci is considered as economically most important insect
attacking over 600 plant species. B. tabaci is multivoltine and polyphagous and a vector of
economically important plant viruses. In the year 1989, it was first collected and described
as Aleyrodes tabaci (Gennadius) from tobacco (Nicotiana spp.) at Greece. It was

subsequently renamed as B. tabaci (Rusell, 1975).

In India, B. tabaci was first recorded in 1905 (Mishra and Lamba, 1929) and its
centre of origin was suggested to be the Indian subcontinent because of the presence of a
large number of natural enemies against it were from the subcontinent (Fishpool and
Burban, 1994).

Firdaus et al. (2013) suggests that sequencing a 657 bp portion of mtCOI helped to
identify new species of B. tabaci and established the new term “cryptic species complex”.
On the basis of 3.5 per cent pairwise divergence in mtCOIl sequences within
B. tabaci species, 42 distinct species have been reported; Africa, Asia I, Asia I-India, Asia
I11-12, Asia lll, Asia IV, Asia V, Australia, Australia/Indonesia, China 1-5, Indian Ocean,
Middle East Asia Minor I-11 (MEAM), Mediterranean (MED), MEAM K, New World 1-
2, Japan 1-2, Uganda, Italy 1, and Sub Saharan Africa 1-5.

In India recently, phylogenetic analysis using mtCOI gene subunit and Bayesian
methods revealed the existence of three cryptic species namely Asia I, Asia Il 1, and Asia
[1 7. Out of these three cryptic species, Asia Il 1 was found to be predominant with wide
spread distribution across the surveyed regions from cool temperate zones to hot and humid
tropical plains. On the contrary, cryptic species Asia Il 7 showed localized distribution.
There was a significantly high genetic differentiation among these three cryptic species
(Prasanna et al., 2015). The cryptic species identified from India so far are Asia I, Asia I-
India, Asia-1, Asia - 5, Asia- 7, Asia-11, Asia -13, MEAM K, China 3, MEAML1 (Ellango
et al., 2015).

Molecular Characterization of Chilli Leaf Curl Virus Infecting Chilli and Prediction of its CP Structure 8



Asian subcontinent is known for the diversity of B. tabaci. The similar kind of
diversity analysis of B. tabaci from China, which shares major border with India (Lee et
al., 2013). This revealed the taxonomic status and the number of species comprising the B.
tabaci complex based on 1059 nts length mtCOI sequences of B. tabaci. The genetic
divergence within B. tabaci was conspicuously higher (on average, 11.1%), and the results
indicates that B. tabaci is composed of multiple species that may belong to different genera
or subfamilies. A phylogenetic tree reveals that the B. tabaci complex is composed of a
total of 31 putative species, including a new species. However, genetic divergence within
six species (Asia Il 1, Asia Il 7, Australia, Mediterranean, New World, and Sub Saharan
Africa 1) was higher than 3.5 per cent (having less than 96.50 per cent similarity), which
has been used as a threshold for species demarcation within the B. tabaci complex
(Dinsdale et al., 2010, De Barro et al., 2011).

Pakistan, which also shares major border with India, begomoviruses transmitted by
B. tabaci are major problem in several crops (Varma and Malathi, 2003) and often
witnessed spread of whitefly vectored viral diseases across the border. The diversity and
geographic distribution of B. tabaci cryptic species in Pakistan using mtCOI determined
for 285 adult whiteflies found to represent six cryptic species. The most numerous being
Asia 11-1 and Middle East Asia Minor 1 (MEAM-1), the latter also referred to as the B-
biotype, which was confined to Sindh and Punjab province. The endemic Asia | was
restricted to Sindh province, while an individual in the Asia 11-8 was identified in Pakistan
for the first time (Masood et al., 2017).

2.4 Transmission of Chilli leaf curl virus (ChiLCuV) by Bemisia tabaci

The largest and most economically significant groups of plant viruses transmitted
by B. tabaci are the begomoviruses. The ability of biotype of B. tabaci to transmit

Geminiviruses has impact on agricultural production (Jyothsna et al., 2013).

Hussan (1932) reported that the leaf curl or leaf crinkle occurring on chilli was
caused by B. tabaci. Mishra et al. (1963), Muniyappa and Veeresh (1984) reported the
transmission of chilli leaf curl by means of whitefly (Bemisia tabaci). Inoculated chilli

plants showed typical leaf curl symptoms after two-six weeks.
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2.5 Crop loss / Importance of chilli leaf curl disease:

Chilli is one of the most valuable cash crops of India. It is a common and widely
cultivated spices crop almost all over the world. Chilli is a richest source of vitamin C and
A (Howard et al., 2000). Andhra Pradesh is the largest producing state of chilly. Indian
chillies are mostly exported to Sri Lanka, USA, Nepal, Mexico, Malaysia and Bangladesh.
Chilli suffers from a large number of viral, fungal, bacterial, nematode and phytoplasma
diseases. Viruses is known to cause different symptoms like mosaic, ring spot, curling,
yellowing etc. on chilly and these symptoms result heavy economic losses of about
15billion US Dollar per annum worldwide.

Begomoviruses (family Geminiviridae) are the most destructive plant viruses that
cause diseases like leaf curl, mosaic, yellow mosaic and yellow vein mosaic in numerous
crop plants in the tropical and subtropical world. Leaf curl disease in chili is known to
cause by several begomoviruses of which Chili leaf curl virus (ChiLCV) is the most
predominant in India (Mishra et al., 1963). ChiLCV is efficiently spread by whitefly
(B. tabaci) which is abundant year-round in tropical and subtropical climates where wide
variety of hosts serves as reservoir (Senanayake et al., 2007). Leaf curl in chili (ChiLCD) is
a common disease but recent frequent epidemic outbreaks witnessed repeatedly in the chili
growing areas of Central and Southern India is now a growing concern. ChiLCD is the
most damaging in terms of yield loss across the cropping regions (Nigam et al., 2015). In
severe cases, even up to 100 per cent losses of marketable fruit have been reported (Thakur
et al., 2018). In absence of epidemiological information so far no definite management

strategy has been evolved.

Sastry and Singh (1973) reported that (TLCV) infected plants produced very few
fruits when infected within 20 days after planting and resulted in up to 92.3 per cent yield
loss. Plants infected 35 and 50 days after transplanting resulted in 74 and 22.9 per cent

yield loss, respectively.
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2.6 Detection and identification of ChiLCV using molecular techniques — PCR
method

Polymerase chain reaction (PCR), cloning and sequencing are considered to be the
three basic tools of modern molecular biology. Among these, PCR is versatile in practice
and the oldest in theory which was proposed by H. Ghobind Khorana and his colleagues in
1970s (Kleppe et al., 1971). At that time genes were neither sequenced nor thermostable
polymerases were identified and synthesis of oligonucleotide primers was not
contemplated. Hence, the ideas of Khorana could not become practicable. After a lapse of
15 years the idea was conceived by Kary Mullis and his colleagues of Cetus corporation,
Ushyho described in vitro amplification of single — copy beta — globin mammalian gene
using the Klenow fragment of Escherichia coli Polymerase 1 (Saikia and Muniyappa,
1989). However, the use of the thermostable polymerase from Thermus aquaticus (Saikia
and Muniyappa, 1989) increased the efficiency of PCR and lead to the automation of the
method. Now cloning is not the only way to isolate genes and DNA sequencing has become
a routine after the arrival of automated sequencers for which asymmetric PCR is the pre-
requisite. PCR has become a cornerstone in molecular analysis including the detection of

plant pathogens/viruses.

Degenerate oligonucleotide primers for the detection of whitefly transmitted
Geminiviruses were designed by Deng et al. (1994). These were designed for amplification
of an approximately 500 bp fragment of DNA-A of five well characterized whitefly
transmitted Geminiviruses in polymerase chain reaction. Thirteen Geminiviruses from the
leaf samples and six viruses in single viruliferous whiteflies were detected. Viruses were
also distinguished by the pattern of DNA fragments obtained with restriction

endonucleases on the PCR products.

Capsicum frutescens (chilli) plants exhibiting leaf curl symptoms, collected from
Palampur, Himachal Pradesh region of India, were found associated with a begomovirus
and a betasatellite-like molecule. Viral DNA was amplified, cloned and sequenced. The
begomoviral genome and the betasatellite consisted of 2775 and 1376 nucleotides

respectively. The virus appeared to be monopartite. The genome sequence had <87.9 per
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cent identity with all other begomovirus sequences, below the threshold for species
demarcation, suggesting that the isolate represents a distinct species for which the name
Chilli leaf curl Palampur virus (ChiLCPaV) was proposed. Infectious clones consisting of
partial tandem repeats of the viral genome (1.9-mer) and the betasatellite (1.7-mer) were
constructed in the binary vector pCAMBIA-1300 and agroinoculated to chilli
and Nicotiana benthamiana. The viral clone did not produce leaf curl symptoms when
inoculated alone but the plants were stunted compared to controls. Typical leaf curling and
stunting symptoms were observed when the viral clone was inoculated with the
betasatellite. In a phylogenetic analysis with other closely related begomoviruses, the new
sequence grouped with an isolate of Papaya leaf curl virus-[Pakistan:2008]
from Rhynchosia capitata and Tomato leaf curl New Delhi virus-[India:2006] from
tomato. The betasatellite showed most identity (94%) with an isolate of Chilli leaf curl
betasatellite from Pakistan. Using the RDP3 recombination detection program, a
recombination event involving Croton yellow vein mosaic virus-[India:2007] as a major
parent and Tomato leaf curl Karnataka virus-[India:2007] as a minor parent was detected
in the ChiLCPaV sequence. No significant recombination event was detected in the

betasatellite sequence (Kumar et al., 2011).

Among the 14 ToLCV infected samples, comparisons of partial DNA-A sequences
amplified with degenerate primers confirmed the existence of several types of
begomoviruses. The complete DNA-A sequences of four isolates (Y25, Y41, Y72, Y161)
corresponding to the four groups, were determined. Sequence comparisons and
phylogenetic analysis revealed that they corresponded to four previously identified
begomoviruses. Groups I, Il and IV are most closely related to Tomato yellow leaf curl
China virus (TYLCCNV), Tobacco curly shoot virus (TbCSV) and Tobacco leaf curl
Yunnan virus (TbLCYNV), respectively, while Group I11 showed close relationships with
Tomato yellow leaf curl Thailand virus (TYLCTHYV). Sequence analysis showed that
Y728, Y77Band Y79p seemed to be different from other characterized DNA betasatellite,

sharing the maximum nucleotide sequence identity with DNA betasatellite of TbCSV.

Srivastava et al. (1995) isolated the double stranded total DNA from infected
tomato plants and amplified using virus specific primer. The amplified product was cloned
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and sequenced and they reported that either DNA-A (2.75 kb) or DNA-B (2.55 kb) are
present. Sequences of cloned DNA-A and DNA-B when used as probes could detect DNA-
A/DNA-B in the nucleic acid obtained from fresh diseased tissue. Both DNA-A and DNA-
B are needed for infection and they have a common region of 166 bases with about 94 per
cent nucleotide sequence homology, a characteristic of all bipartite Geminiviruses.
Comparison of the amino acid sequence of the putative coat protein product of (TLCV)
with some other mono- and bipartite begomoviruses revealed a maximum of 86 per cent

homology with Indian cassava mosaic virus (ICMV).

DNA extracts of tomato plants infected with TYLCV in field conditions and
whitefly DNA lysates were amplified with specific primers using PCR. Amplification was
highly reproducible and confirmed the presence of TYLCV.

Ramos et al. (1996) carried out the PCR amplification using DNA extracts of
tomato plants infected with TYLCV. Full nucleotide sequence of the virus was determined.
Comparison of sequence data with other isolates revealed that sequence similarity ranged
between 85.7 and 97.3 per cent. The ToLCV-Pan has a bipartite genome (DNAs A and B)
and computer analysis showed that genome resembles that of other bipartite whitefly-
transmitted begomoviruses. DNA-A (2584 nt) and B (2542 nt) have little sequence
homology other than within the common region. Homology analysis of DNA-A and B
showed that ToLCV-Pan is closely related to Potato yellow mosaic virus (PYMV) from

Venezuela.

Chakraborty et al. (2003) reported that in November 2001, leaf curl disease of
tomato manifested by yellowing of leaf lamina, upward leaf curling, leaf distortion,
shrinking of leaf surface, and stunted plant growth was observed in tomato- growing areas
in the VVaranasi and Mirzapur districts of Eastern Uttar Pradesh, India. Based on the viral
DNA sequences, the new begomoviruses isolate was identified as Tomato leaf curl Gujarat

virus.

Ribeiro et al. (2003) reported a large-scale genetic diversity of tomato-infecting

begomoviruses. Viruses were detected by polymerase chain reaction (PCR) using universal
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virus specific primers for the genus, Begomovirus. PCR-amplified fragments were cloned
and sequenced. Based on sequence comparisons and phylogenetic analyses, at least seven
previously undescribed species of begomoviruses were found. Four of the new viruses were
found exclusively in the Southern states, two exclusively in the Northern states, and one
was found in both regions. Sequence comparisons reveal strong evidence of recombination

among the Brazilian begomoviruses.

(Ong and choo, 1997) amplified, cloned and sequenced replicase protein gene of
three isolates of whitefly transmitted begomovirus causing leaf curl disease of tomato in
India. Nucleotide sequence and the derived amino acid sequence for the replicase gene of
these isolates was determined and analyzed with the published sequences. Phylogenetic
relationship clearly indicates two subsets, one belonging to Tomato leaf curl virus

(ToLCV) having bipartite genome and the other having the monopartite genome.

The complete nucleotide sequence of the DNA-A and DNA-B components for the
first time for Tomato leaf curl Sinaloa virus (ToLCSinV) was done (Rojas et al., 2005). In
addition, the complete nucleotide sequence was determined for the DNA-A component of
two isolates of Tomato severe leaf curl virus (ToOSLCV). The genome organization of
ToLCSinV and ToSLCV was identical to the bipartite genomes of other begomoviruses
described from the America. Phylogenetic analysis of the DNA-A and DNA-B components
and their open reading frames indicated that TOLCSinV and ToSLCV belong to different
clades: ToLCSinV to the Abutilon mosaic virus clade and ToSLCV to the Squash leaf curl
virus clade. The two Nicaraguan isolates of ToSLCV showed a close relationship with
ToSLCV from Guatemala (ToSLCV-[GT96-1] and Tomato chino La Paz virus
(ToChLPV) but different significantly in the AV1 and AC1 regions. Computer based
predictions indicated that recombination with another begomovirus had taken place within
AV1 of ToSLCV dividing this species into two strains. A high probability was also found
that ToChLPV might have involved in the evolution of ToSLCV.

2.7 Phylogenetic and sequence analysis of Chilli leaf curl virus:

All characterized whitefly-transmitted begomoviruses with origins in the New
World (NW) have bipartite genomes composed of a DNA-A and DNA-B component.
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Recently, an NW begomovirus lacking a DNA-B component associated with tomato leaf
curl disease (ToLCD) in Peru, Tomato leaf deformation virus (ToLDeV) was reported
(Melgarejo et al., 2013). Isolates of ToLDeV associated with ToLCD in Ecuador and Peru
have a single, genetically diverse genomic DNA that is most closely related to DNA-A
components of NW bipartite begomoviruses. Agroinoculation of multimeric clones of the
genomic DNA of three ToLDeV genotypes (two variants and a strain) resulted in the
development of tomato leaf curl symptoms indistinguishable from those of ToLCD in
Ecuador and Peru. Biological properties of these ToLDeV genotypes were similar to those
of Old World (OW) monopartite tomato-infecting begomoviruses, including lack of sap
transmissibility, phloem limitation, a resistance phenotype in tomato germplasm with the

Ty-1 gene, and functional properties of the V1 (capsid protein) and C4 genes.

Together, these results establish that ToLDeV is an emergent NW monopartite
begomovirus that is causing ToLCD in Ecuador and Peru (Melgarejo et al., 2013). Tomato
is widely grown vegetable crop in India and viral diseases are major constraint for its
production in the country. The Chilli leaf curl virus (ChiLCV) infecting chilli reported
from the Indian subcontinent is found to be associated with tomato enation leaf curl disease
in tomato growing areas of India. The leaf samples showing enation leaf curl symptoms
were collected from tomato fields located in Sonipet (ten infected and one healthy sample)
of Haryana State and Varanasi (five infected and one healthy sample) of Uttar Pradesh
State, India. Full length genome of begomovirus and associated betasatellite were
amplified, cloned and sequenced. The Viral sequences represented in the begomovirus
clones showed 89-100 per cent nucleotide sequence identity, suggesting that they represent
a single species. Comparisons to sequences available in the databases showed nucleotide
sequence identities of 87.3-91.8 per cent for TC-Vns and 87.8-98.4 per cent for TC287
and TC290, with Indian isolates of ChiLCV. The betasatellite sequences obtained had
83.1-94.1 per cent identity with tomato leaf curl Bangladesh betasatellite (TOLCBDB). An
analysis for recombinant origin of genome and betasatellite showed major part of their
genome was likely to be originated by recombination of begomoviruses infecting different

host species resulting in evolution of new recombinant virus. The ChiLCV-tom reported in
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the current study is another distinct strain of ChiLCV identified in tomato causing enation

leaf curl disease in India (Venkataravanappa et al., 2017).

Begomoviruses are dicot-infecting, whitefly-transmitted viruses with a genome
comprised of one or two molecules of circular, single-stranded DNA. In Brazil, tomato-
infecting begomoviruses have emerged as serious pathogens since the introduction of a
new biotype of the insect vector in the mid-1990’s. Tomato rugose mosaic virus (TORMV)
and Tomato severe rugose virus (ToSRV) are often found in tomato fields. The complete
sequence of the DNA-B components of ToSRV and ToORMV shown an identity of 98.2 per
cent. Additionally, the high nucleotide identity (96.2%) between their common regions
indicates that these two viruses may share the same DNA-B (Silva et al., 2014).

2.8 In silico analysis of chilli leaf curl virus:

The word in silico is derived from Latin referring to silicon in computer chips. The
in-silico experiments comprise of computer simulations that create model for natural or
laboratory processes. Efforts have been made by many scientists to establish computer
models of cellular behaviour. Various in silico analysis have been carried with respect to
plant viruses in the recent past (Kumar et al., 2013; Esfandiari and Sefidbakht, 2018).

Sarwar et al. (2019) calculated the physico-chemical properties of BC1 protein
encoded by Cotton leaf curl Multan betasatellite (CLCMulB). The features based on the
properties of amino acid is essential and reasonable to compare proteins and study their

function.

Protein structure prediction is the inference of the three-dimensional structure of a
protein from its amino acid sequence, that is, the prediction of its secondary and tertiary
structure from primary structure. The secondary and tertiary structure of Potato virus X
(PVX) was predicted using I-TASSER and further it was used for molecular dynamic
simulation (Esfandiari and Sefidbakht, 2018). Sarwar et al. (2019) built the three
dimensional structure of BC1 protein encoded by CLCMulB using homology modelling
with the aid of SWISS-MODEL web server.
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Knowledge of protein three-dimensional structure or tertiary structure (3D) is a
basic prerequisite for understanding the function of a protein. The predicted proteins can
be further utilized for protein-ligand docking, protein-protein interaction and molecular
dynamic studies.
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111 MATERIAL AND METHODS

Understanding the host — virus-vector interactions are very essential to contain the
viral diseases. This study was conducted to understand the biological transmission of the
virus and its molecular characteristics. Sequence and phylogenetic analysis was also
determined. All the experiments were conducted at the Department of Plant Pathology,
College of Agriculture, UAS, GKVK, Bengaluru (13.0777° North, 77.5805° East).

3.1 Collection and maintenance of vector culture and virus isolate
3.1.1 Raising and maintenance of Host plants:

Chilli (variety: Arka Lohith) and tobacco species (Nicotiana tabacum, N. glutinosa
and N. benthamiana) plantlets were raised in pro-trays filled with sterilized coir pith. After
the seedlings attained two-three leaf stage, they were transplanted in to plastic pots
containing soil and compost mixture in the ratio of two:one and maintained under

greenhouse conditions.

3.1.2 Maintenance of Bemisia tabaci whitefly culture:

The culture of non-viruliferous whitefly B. tabaci maintained on the cotton
(Gossypium hirsutum L. cv. Laxmi) plants in the glasshouse at Department of Plant
Pathology, UAS, GKVK, Bengaluru was used for all studies. The old host plants were
replaced periodically with healthy young plants for the proper maintenance of the whitefly
culture periodically (Plate 1).

3.1.3 Collection, maintenance and biological transmission of Chilli leaf curl virus

Leaf sample from chilli plants showing symptoms typical to begomovirus infection
such as vein clearing, yellowing, leaf curling and leaf puckering was collected from the
farmer field at Guntur, Andhra Pradesh. The transmission of virus by B. tabaci was carried
out as described by (Venkataravanappa et al., 2017). Whiteflies were given acquisition on
the infected sample of chilli collected from the field (Acquisition Access Period: 24 h) and
were allowed on to feed (Inoculation Access Period: 24 h) on healthy chilli (variety Arka

Lohith) and tobacco plants raised and maintained in the glasshouse.
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Initially, inoculation cages were prepared from transparent plastic cylindrical tubes
with 8 cm in height and 7 cm in diameter by closing with muslin cloth to provide aeration
for vectors and avoid the accumulation of excess moisture inside during transmission of
virus by B. tabaci. A small hole of about 0.5 cm was made at the middle portion of the
tubes to aid in release of whiteflies. The non-viruliferous whiteflies maintained in the
glasshouse were given 24 h acquisition on Chilli leaf curl virus (ChiLCV) infected sample
collected from glasshouse-maintained virus culture to make them viruliferous. The
prepared inoculation cage was placed over the test seedlings at two-three leaf stage and 10
viruliferous whiteflies were released on to each test plants covered with inoculation cage
through the small hole made on the cages. After 24 h of inoculation access period,
inoculation cages were removed, the plants were sprayed with the systemic insecticide
(Movento (Spirotetramat 11.01% + Imidacloprid 11.01%) @ 0.3 mL per L) and kept for

symptom development and maintenance of virus culture for further experiments.

Similarly, the ChiLCV isolate collected from the Guntur was transmitted to the N.
glutinosa, N. benthamiana, and N. tabacum plants raised in the glasshouse and maintained
for conducting the further experiments in the study. The observations on days taken for
symptom expression, type of symptoms were recorded. Further, their infection the virus

was confirmed by PCR detection using begomovirus specific primers.
3.2 PCR detection of Chilli leaf curl virus

3.2.1 DNA extraction from Chilli leaf curl virus infected plant leaf sample

The total DNA was extracted from both symptomatic and asymptomatic leaf
samples of chilli, N. glutinosa, N. benthamiana, and N. tabacum plants using cetyl
trimethyl ammonium bromide (CTAB) method described by Lodhi et al. (1994). The
detailed procedure followed was,
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Plate 1: Rearing and maintenance of Bemisia tabaci whitefly culture on a) Brinjal
(Solanum melongena L.) b) Cotton (Gossypium hirsutum L. cv. Laxmi).

Plate 2: Leaf curl symptoms on chilli plants (variety Arka Lohith). The chilli plants
were inoculated with the Chilli leaf curl virus Guntur isolate through
whitefly (Bemisia tabaci) transmission.



3.2.1.1 Reagents used

a. Preparation of reagent stock solutions

Reagents For 100 mL volume of distilled water
5M Sodium chloride (NaCl) 29.22 g
0.5M EDTA- Et_hyler_1e diamino tetra 18.61 g
acetic acid (pH 8.0)
1M Tris HCI 15.78 ¢

70% (v/v) Ethanol

70 mL ethanol in 30 ml sterile distilled water

b. CTAB buffer preparation

Stock solution

For 100ml of buffer preparation

Distilled Water

57.8 mL

1M Tris HCI (pH-8.0)

10 mL stock solution in 100 mL preparation
yields required 100 mM Tris HCI concentration

0.5M EDTA (Ethylene diamino
tetra acetic acid, pH-8.0)

4 mL stock solution in 100 mL preparation yields
required 20 mM concentration

28 mL stock solution in 100 mL preparation

5M NaCl yields required 1.4 M concentration
CTAB 29
- Mercaptaethanol 200pL

3.2.1.2 Protocol for DNA Extraction

1. Approximately 100 mg of virus infected leaf tissue was ground with 1 mL of pre-
warmed (65 °C) DNA extraction buffer (2% CTAB (w/v); 1.4 M NaCl; 20 mM EDTA
of pH 8.0; 100 mM Tris-HCI of pH 8.0; 2% polyvinyl pyrrolidone (PVP) and 0.2% f3-

mercaptaethanol) added in situ just before DNA extraction using sterilized mortar and

pestle. The whole crude sap was transferred into a fresh 1.5-mL Eppendorf tube and

then placed in a water bath for 30 min with occasional stirring.
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The supernatant (750 pL) was transferred into a new 1.5 mL Eppendorf tube and add
equal volume (750 pL) of chloroform: isoamyl alcohol (24:1), vortexed and then

centrifuged at 13000 rpm for 10 min using micro centrifuge.
The upper aqueous layer was transferred in to a fresh 1.5 mL Eppendorf tube.

The DNA was precipitated by mixing with 300 pL of chilled isopropanol and incubated
at -20 °C for at least 1 h.

The samples were centrifuged at 13000 rpm for 10 min and the supernatant was
discarded.

The resulted pellet was washed with 70 per cent (v/v) ethanol (500 pL) by vortexing

and dried in a vacuum drier for 10 min.

The dried pellet was suspended in 100 puL of TE buffer (10 mM Tris-HCI of pH 8.0
and 1 mM EDTA) of pH 8.0 and stored at -20 °C.

3.2.1.3 Quantification and quality assessment

Extracted DNA samples were qualitatively monitored by subjecting to one per cent

agarose gel electrophoresis. The concentration was spectrophotometrically determined

based on optical density value at 260 nm and 280 nm. A value of OD 260 = one
corresponded to 50 pg/ul. DNA solution. The OD260/0D280 ratio for good quality of

DNA extracted should be ranging from 1.8-2.0.

3.3 PCR amplification of complete genome of Chilli leaf curl virus (ChiLCV)

To confirm the status of begomovirus associated leaf curl disease of chilli and

different tobacco plants, PCR amplifications were carried out using total genomic DNA

isolated from chilli and different tobacco as template and primers specific to begomovirus
(Venkataravanappa et al., 2012) and DNA satellites (Briddon et al., 2002; Kumar et al.,

2010). The details of the primers used for this purpose are given below:
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Sl. No. | Genome component Primer pairs used Expected amplicon size
MKBEGF4/ MKBEGR5 1.2 kb
1 DNA-A OY2395F/ OY680R 1.2kb
GEMF1223/ GEMR2542 1.3kb
2 Alpha satellite ALPHAF/ ALPHAR 1.4kb
3 Beta satellite BETAOLF/BETAOIR 1.4kb

3.3.1 Protocol

1. 0.2 mL PCR tubes were selected, labelled and kept on ice.

2. Reactions included template DNA extracted from healthy and ChiLCV infected plants

and water control

3. The 25 puL PCR mixture was prepared by adding the following ingredients into the
Eppendorf tube.

Reagents used are listed below,

Reagents Volume (uL)
Template DNA 2.0
Primer-F (20pmol/uL) 0.5
Primer-R (20pmol/uL) 0.5
10 x PCR buffer 2.5
25 mM MgCl, 15
2.5 mM dNTP mixture 1.5
Taq polymerase 0.3
Sterile distilled water 16.2
Total 25 pLL
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The DNA template was added at last and tubes were spun briefly. The PCR was

performed in a thermocycler (Eppendorf) with the following amplification conditions.

Thermocyclic conditions for amplification of DNA-A and betasatellite of ChiLCV

Steps Temperature

Stepl: Initial denaturation | 94 °C for 5 min

Step 2: Denaturation 94 °C for 1 min
Step 3: Annealing 55 °C for 1min
Step 4: Extension 72 °C for 1.30 min

Step 5: Final extension 72 °C for 10 min

Step 6: Cooling 4 °C for

Number of cycles 35

After the completion of the reaction, the products were kept at 4 °C prior until gel

analysis.

3.3.2 Analysis of PCR products by agarose gel electrophoresis

Analysis was performed according to the procedure outlined by Sambrook and
Russel (2001).

Procedure

The gel casting tray was cleaned by washing and subsequent wiping with 70 per
cent ethanol. Required volume of 0.8 per cent agarose was prepared by melting agarose in
0.5X Tris borate EDTA (TBE) buffer (0.8 g agarose in 100 mL 0.5X TBE buffer) in a
microwave oven. Once agarose solution was cooled up to 45 °C, Ethidium bromide was
added at the rate of 0.5 pg/mL of agarose. UV-transparent plastic (UVTP) Gel tray with
the desired number of wells was placed in casting tray for closing the ends. After comb
was placed in the boat, molten agarose was poured in to the boat without forming air
bubbles and allowed 25-30 min for proper solidification (polymerization). The 25 pL of
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each PCR product was separately mixed with 4.2 uL of loading dye on a clean polythene
strip. After removing the gel tray from the casting tray, gel tray was placed in the
electrophoresis tank filled with 0.5X TBE buffer maintaining the buffer level 2 mm above
the gel slab. The comb was removed carefully. Samples of PCR products were loaded into
wells of the gel along with 1 kb DNA ladder and run at 85 V for 1 h until the dye front
reached the other end of the gel. Gel was removed from the casting tray and visualized

under UV and photographed in a gel documentation unit.

Following electrophoresis, the DNA bands of desired length was excised by using
sterile blade under UV-trans illuminators and collected in 1.5 mL tubes and further purified
the samples by using gel purification kit (Qiagen gel elution kit; Cat No./ID: 28706) and

sent for sequencing.

3.3.4 Sequence comparison and phylogenetic analysis

Sequence similarity searches were done by comparing sequences obtained in the
present study to all sequences available in GenBank using Basic Local Alignment Search
Tool (BLASTN). Sequences showing the highest identity scores with the chilli isolate were
retrieved. Sequence identity matrices for begomovirus isolates were generated using the
Bioedit Sequence Alignment Editor (Version 5.0.9; Hall, 1999). Full length genome of
chilli begomovirus isolates and other selected genome of begomovirus species were
aligned using Clustal W.

DNA Plotter can be used to generate a circular and linear DNA map which displays
the regions and features of interest. It is a Java based application in Artemis library and
provides information regarding the distribution of guanine (G) and cytosine (C) in the
genome. The DNA-A nucleotide sequence in the FASTA format was uploaded to Artemis
DNA plotter analysis tool v18.1.0. (http://www. sange r.ac.uk/Softw are/Artemis) (Carver
et al., 2009). The circular genome with GC-plot was generated with the following
parameters; window size- 100, step size-1, graph height-0.7 and track size-0.2.

In order to know the taxonomic position of the current isolate the Sequence
Demarcation Tool (SDT) analysis was carried with other selected begomoviruses. A
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phylogenetic tree was constructed using the neighbour-joining method with 1,000
bootstrap replicates by MEGA X tool (Kumar et al., 2018). In order to know the possible
recombination events in DNA-A components of begomovirus isolate, split - decomposition
tree was constructed with 1000 bootstrap replicates in Split Tree version 4.11.3 with default
settings. Further, recombination breakpoints analysis was carried out using Recombination
Detection Program (RDP), GENECOV, Max Chi, Chimara, Si Scan, 3Seq integrated in
RDP 4. Default RDP settings with 0.05 P-value cut off with standard Bonferroni correction
for multiple testing was used throughout the study (Martin, 1987).

3.4 In silico analysis of ChiLCV coat protein
3.4.1 Physico-chemical characterization of coat protein (CP) of ChiLCV

The DNA-A nucleotide sequence of ChiLCV was subjected to NCBI ORF finder
(https://www.ncbi.nlm.nih.gov/orffinder/) and amino acid sequences CP of ChiLCV was
obtained and uploaded to the Expasy-ProtParam tool (https://web.expasy.org/protparam/)
(Gasteiger et al., 2003). In ProtParam tool, physico-chemical properties of a protein such
as number of amino acid, molecular weight, theoretical isoelectric point, total number of
positively charged residues, the instability index, aliphatic index (Al) and grand average of
hydropathicity (GRAVY) were calculated.

3.4.2 Prediction of secondary, tertiary structure and active amino acid residues of
ChiLCV-CP

The secondary structure prediction is the base to infer structural properties of an
unknown protein, it also helps in predicting the 3D structure. The secondary structure of
CP of ChiLCV  Guntur isolate was predicted wusing PSIPRED
(http://bioinf.cs.ucl.ac.uk/index.php?id=779) online tool. It incorporates two feed-forward
neural networks which perform an analysis on output obtained from PSI-BLAST (Position
Specific Iterated - BLAST). Hence, the predicted secondary structure is accurate and
reliable. Further, the amino acid sequence of CP was subjected to BLAST analysis against
protein data bank (PDB) to find the availability of templates for homology modelling. After
confirming the availability of template, the amino acid sequence of ChiLCV Guntur isolate
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CP was uploaded to SWISS-MODEL workspace (https://swissmodel.expasy.org/)
(Waterhouse et al., 2018).

SWISS-MODEL is an automated protein structure homology modelling online
tool, accessible via EXPASy web server. The models with the best Z- score value, Global
Model Quality Estimation (GMQE) and QMEANDisCo Global statistical parameter were
selected. The missing atoms and side chain refinement was carried using ModRefiner
online tool (https://zhanglab. dcmb.med.umich.edu/ModRefiner/) (Adiyaman and
McGuffin, 2019). To calculate the root mean square deviation between the 3D model
obtained from SWISS-MODEL and refined model obtained from ModRefiner the 3D
structures were over superimposed in Chimera software (Pettersen et al., 2004) using
matchmaker tool. Further, to validate the stereo chemical quality of the 3D models in each
step of refinement, they were uploaded to SAVES online tool
(https://servicesn.mbi.ucla.edu/SAVES/) (Daréczi, 2013) to obtain the Ramachandran plot
in PROCHECK. The models with the good quality were visualized in Biovia Discovery
Studio 2020 (BIOVIA, 2020) and PyMOL (DeLano, 2009).
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IV RESULTS AND DISCUSSION

4.1 Virus transmission assay

The virus from the infected leaf sample from farmer’s filed at Guntur, Andhra
Pradesh was successfully transmitted to seedlings of chilli (cv Arka Lohith) and tobacco
(Nicotiana tabacum, N. glutinosa and N, benthamiana) using whitefly, Bemisia tabaci. The
percentage of transmission by whitefly was recorded to bel00 per cent in chilli. The
inoculated chilli plants showed typical leaf curl symptoms same as natural infection after
8 - 10 days of inoculation. The initial symptoms appeared as curling of leaves followed by

reduction in leaf size (Plate :2 and 3).

4.2 PCR amplification of begomovirus associated with leaf curl disease of chilli

The total DNA was extracted from five chilli samples showing the leaf curl disease
symptoms using CTAB method. The DNA concentration was measured using spectrometer
before amplification. The average yield of DNA obtained was 1500ng/uL in the final
suspension used for PCR confirmation. Initially to know the status of begomovirus
associated with leaf curl disease of chilli, the total DNA isolated from of five chilli samples
was subjected to PCR amplification using three sets of overlapping degenerative primers
OY2395F/OY680R, MKBEGF4/ MKBEGR5, GEMAI1215F/ GEMA2542R which
resulted in PCR amplicons of 1.2, 1.2 and 1.5 kb in size, respectively in all five samples
(Plate 3).

There was no such amplification observed in healthy chilli samples. The amplified
products were purified and cloned in to cloning vector (pTZ57R/T) (Thermo Fisher
Scientific Inc., PA). The insert in the clones were confirmed by restriction digestion. The

recombinant clones were sequenced in both orientations was used for analysis.

4.3.1 Genome organization of chilli leaf curl virus (ChiLCV) Guntur isolate

The nucleotide sequences of DNA-A of chilli Guntur isolate were analyzed for
prediction of translation products and to know the data on coding regions, predicted protein

products, probable function attributed to each product in analogy with other
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begomoviruses. The complete genome of begomovirus amplified from chilli Guntur isolate
was determined to be 2761 nt in length and showed genome typical to the Old World (OW)
monopartite begomovirus, with five ORFs such as AV2 (147-503/118/12.98), AV1 (307-
1077/256/28.16) in sense and AC3 (1074-1478/134/14.74), AC2 (1219-1623/134/14.74),
AC1 (1526-2611/361/39.71) and AC4 (C4 protein, 2161-2460/99/10.89) in antisense sense
strand of DNA-A component.

Using the ORF information, circular DNA map of ChiLCV was generated with the
aid of Artemis DNA Plotter (Fig. 1). Guanine-cytosine (GC) content refers to the
proportion of guanine (G) and cytosine (C) in a given stretch fragment of the genome. The
GC plot graph represents the distribution of GC content throughput the genome. Varied
GC content was observed in the whole genome. However, the region encoding AC2 protein

showed high GC content.

4.3.2 DNA-A genome homologies to begomoviruses

The complete genome (DNA-A component) of chilli Guntur isolate collected from
farmer field was compared with sequences of other whitefly transmitted begomoviruses
infecting chilli and other crops using Sequence Demarcation Tool (SDT) to calculate the

pair wise identity of chilli isolate and other begomoviruses available in the NCBI database.

The SDT analysis showed that Guntur isolate isolated from chilli, shared maximum
nucleotide identity of 99.1 to 99.3 % with Chilli leaf curl virus (MK161454, KF515609,
JN663846). However, the isolate also showed less than 98 per cent nucleotide similarity
with other chilli infecting viruses from the different parts of the Indian subcontinents. This
result was also supported by a two-dimensional color-coded matrix of pairwise identity
scores (Fig.2) generated by Sequence Demarcation Tool (SDT). These identities are above
the threshold for defining distinct begomovirus species as per the presently applicable
species demarcation criteria for begomoviruses 91 per cent, and within the range for strains
(<94%) and variants (>94%) of a species. Thus chilli Guntur isolate showed nucleotide (nt)
identity above 94 per cent nt similarity with Chilli leaf curl virus. Therefore, Guntur isolate

in the current study was considered as a variant of Chilli leaf curl virus.
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Figure 1: The GC content analysis of the genome of Chilli leaf curl virus. The
outermost circle represents the nucleotide position in the circular genome.
The arrows with different colour code represent the ORFs encoded by the
genome, which was deduced with the help of NCBI ORF Finder. The
innermost circle represents the GC content above and below average with
different colour codes.
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Figure 2: Graphical representation of percentage pairwise genome scores and
nucleotide identity plot of full genomes of chilli infecting begomvirus
prepared using SDTv2.0 (Species Demarcation Tool)
(http://web.cbio.uct.ac.za/SDT)


http://web.cbio.uct.ac.za/SDT

Plate 3: Leaf curl symptoms on Nicotiana spp. a) N. tabacum b) N. glutinosa
¢) N. banthamiana. The tobacco plants were inoculated with the Chilli leaf
curl virus Guntur isolate through whitefly (Bemisia tabaci) transmission.
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Plate 4: The DNA isolated from the chilli sample subjected to the PCR using
begomovirus specific primers. Agarose gel showing PCR amplified
begomovirus specific genome segments.



4.3.3 Phylogenetic analysis of DNA-A component

The phylogenetic tree was constructed based on nucleotide sequence data of
begomovirus isolated from chilli Guntur isolate and other selected begamovirus retrieved
from NCBI database. A phylogenetic tree was established through Neighbor-Joining
method by taking the 45 representative viral genome sequences such as chilli leaf curl
India virus (ChiLCV-IN) (11 sequences), ageratum enation virus (AEV) (1), chilli leaf
curl Vellanad virus (ChiLCVV) (1), tomato leaf curl Karnataka virus (TOLCKYV) (1), chilli
leaf curl Gonda virus (ChiLCGV) (1), chilli leaf curl Kanpur virus (ChiLCKaV) (1), chilli
leaf curl Nagpur virus (ChiLCNV) (2), chilli leaf curl Lahore virus (ChiLCLV), pepper
leaf curl Bangladesh virus (PepLCBDV) (2), chilli leaf curl Ahmedabad virus (ChLCAV)
(3), chilli leaf curl Bhavanisagar virus (ChiLCBV) (2), chilli leaf curl Bijnour virus
(ChLCBIV), tomato leaf curl Joydebpur virus, Chilli leaf curl Kanpur virus (ChiLCKaV),
tomato leaf curl Liwa virus (ToLCLwV), pepper leaf curl Pakistan virus (PepLCPKYV) (2),
chilli leaf curl Sri Lanka virus (ChiLCSLV), chilli leaf curl Oman virus (ChiLCOMV),
chilli leaf curl virus from Oman (ChiLCV-OM) (3), tomato leaf curl New Delhi virus
(ToLCNDV) (2) by using MEGA X program (Kumar et al., 2018) with 1000 bootstrap
replicates using mungbean yellow mosaic India virus (MYMV)(Acc.No. DQ389153) as
out group. The phylogenetic analysis showed the chilli Guntur isolate was closely clustered
with already reported ChiLCV isolates (KF515609, MK161454, MK882926, JN663846)
in India infecting tomato and chilli with high bootstrap values (Fig 3) and designated it as
ChiLCV Guntur isolate.

When individually encoded protein of ChiLCV Guntur isolate was compared with
different begomoviruses infecting chilli was retrieved from NCBI database, the pre-coat
(AV2), coat protein (CP) and rep (C1) gene, TrAP (C2), REn (C3) and C4 regions showed
highest amino acid sequence similarities with ChiLCV-IN (MK882926, MK161454,
KF515609, HM007116, JN663852, IN663846) (Table 1). Similarly, the phylogenetic tree
was generated by MEGA X programme based on amino acid sequence of begomovirus
isolated from chilli and other selected begomovirus retrieved from the NCBI database. The
analysis showed that the pre-coat (AV2), coat protein (CP) and rep (C1) gene, TrAP (C2),
REnN (C3) and C4 region of CHL1 isolate was closely cluster with already reported ChiLCV
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Table 1. Pairwise percent nucleotide sequence identities comparisons between the

complete genome sequence (DNA-A) and intergenic regions (IR) of the Chilli

leaf curl virus Guntur isolate from chilli in the current study with other

selected begomoviruses available in the databases

Begomovirus

Accession

Gene (percentage amino acid
sequence identity)

species® No Host | Location | Genome | IR U | C° | Rep [Teae [REn] ,
(AV1) | (AC1)| (C2) | (C3)

ChiLCV-IN | MK882926 | Chilli |India 96.1 |97.9/100| 99.2 | 87.2 | 835 | 917|858
ChiLCV-IN | MK161454 | Chilli | India 99.3 {99.3|100| 99.6 | 98.0 | 99.2 | 100 | 97.9
ChiLCV-IN | KF515609 |Chilli | India 99.1 |989|100| 99.6 | 98.0 | 985 |99.2|939
ChiLCV-IN | HM007116 | Chilli | India 98.1 |99.3/100| 100 | 98.0 | 94.7 | 985|969
ChiLCV-IN | JN663852 |Chilli |India 912 |859|89.8| %.4 | 955 | 96.2 | 932|919
ChiLCV-IN | JN663846 | Chilli |India 99.2 1986|100 | 100 | 986 | 99.2 | 99.2|96.9
ChiLCV-IN | HM007109 | Chilli | India 87.9 |740|915] 9.0 | 90.5 | 88.8 | 895|828
ChiLCV-IN | HM007102 | Chilli | India 884 |805/88.9| 95.7 | 90.8 | 932 | 925|828
ChiLCV-IN | FJ345401 |Chilli |India 87.3 |740/851| 96.0 | 90.3 | 932 | 88.0|80.8
ChiLCV-IN | EF194765 |Chilli |India 86.7 [63.1|87.6] 95.3 | 89.4 | 97.7 | 88.8|78.7
ChiLCV-IN | HM007098 | Chilli | India 875 |716/88.9| 949 | 825 | 925 | 88.0|505
ToLCKV-IN | HM007094 | Chilli | India 845 |61.0|8.5] 976 | 850 | 85.0 | 776|737
AEV FJ177031 | Chilli | India 80.2 |57.3|847| 9.4 | 79.7 | 805 | 723|414
ChiLCGV KJ957157 | Chilli | India 813 |54.1|727] 90.2 | 719 | 90.2 | 82.8 | 40.7
ChiLCKaV | HM007106 | Chilli | India 83.5 [53.7]90.6| 9.7 | 77.8 | 91.0 | 895|313
ChiLCNV | JN663864 | Chilli |India 843 |54.4/898| 972 | 775 | 940 | 865|333
ChiLCNV | HM007096 | Chilli | India 83.6 [53.8(88.4| 99.2 | 76.4 | 940 | 873|303
ToLCLwV | HF912280 |Chilli {Oman 79.6 |59.8|855( 824 | 737 | 94.0 | 852|282
PepLCBDV | HMO007111 | Chilli |Bangladesh | 82.0 |57.088.9| 95.3 | 77.2 | 89.5 | 86.5|313
ChLCAV KM880103 | Chilli | India 85.2 |64.7|737| 89.8 | 89.1 | 947 | 90.2|78.7
ChiLCAV | MH355641 | Chilli | India 843 |64.7/694| 879 | 853 | 947 | 90.2| 787
ChiLCAV IN663865 | Chilli | India 88.0 |616(88.4| 984 | 89.1 | 932 | 865|777
PepLCPKV | DQ116878 | Chilli | Pakistan 85.6 |73.1/864| 953 | 905 | 925 | 828|818
PepLCPKV | HG932561 | Chilli | Pakistan 917 |71.8(89.2]| 99.2 | 89.1 | 94.7 | 88.0|80.8
ToLC)V HMO07117 |Chilli | India 87.7 |720/90.6| 96.4 | 905 | 90.2 | 88.8 | 818
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Gene (percenta%e amino acid

Begomovirus i ) sequence identit

gpecies# ACC[(\EE;SIOH Host | Location | Genome | IR | o qRep TrAPy) e .,

(AV1) | (ACY) | (C2) | (C3)

ChiLCBV | HM007119 | Chilli |India 750 [442(70.3| 90.6 | 70.7 | 67.9 | 71.6 [ 30.3
ChiLCBV JN555600 |Chilli |India 75.7 138.0(57.6| 910 | 70.7 | 67.1 | 77.6 |34.3
ChiLCSLV ~ |IN555601 |Chilli |Sri Lanka |75.6 275 |56.7 |91.0 [69.7 |68.6 |77.6 |32.3
ChiLCVWV HMO007121 | Chilli | India 76.1 435 (8551953 (713 |686 (64.1 313
ChiLCPKV  |DQ114477 |Chilli |Pakistan ~ |79.8 54.1184.7 (953 |76.1 (850 |76.8 |30.3
ChiLCPKV  |DQ116879 |Chilli |Pakistan 79.9 554 (855 (957 (740 |84.3 |[76.8 (313
PaLCuV JN663850 | Chilli |India 71.9 51.7 1847 (812 |76.1 828 |79.1 |27.2
ChiLCINV  |KT948070 |[Chilli |India 79.1 50.9 (85.9 [94.9 (745 |770 |(76.1 (21.1
ChiLCINV  |FM877858 | Chilli |India 78.2 52.2 |74.6 (96.0 |722 |77.7 |76.8 |3L3
ToLCNDV  |DQ116880 |Chilli |India 73.1 36.7 166.1 (933 |770 |514 |625 |383
ToLCNDV  |HMO007113 | Chilli |India 72.9 36.4 (65.2 (925 |77.2 528 |654 (404
ChLCBiV  |KC465466 |Chilli |India 73.2 46.8 183.0 (921 |70.3 |52.8 |58.8 |32.3
ChiLCOMV  |HG941644 [Chilli |Oman 88.2 70.0 (859 [96.8 [89.1 |94.0 [85.8 (80.8
ChiLCOMV  |IN604491 |Chilli |Oman 87.7 68.0 [86.7 |95.7 {90.0 |[94.7 [85.0 {80.8
ChiLCV-OM |JN604493 |Chilli |Oman 88.2 69.7 889 1968 (89.4 [94.0 [86.5 |79.7
ChiLCV-OM |JN604495 [Chilli |Oman 88.2 70.0 (86.7 [96.8 [89.4 |932 [85.8 (80.8
ChiLCV-OM |JN604496 |Chilli |Oman 88.0 69.3 867 |96.8 [89.1 [94.0 [86.5 |79.7
MYMIV DQ389153 ;:eo:v India 62.4 245386 747 (698 |42.6 [41.7 |56.5

IR- Intergenic region

#The species are indicated as, Chilli leaf curl virus (ChiLCV), Chilli leaf curl India virus (ChiLCINV),
Ageratum enation virus (AEV), Chilli leaf curl Vellanad virus (ChiLCVV), Tomato leaf curl Karnataka virus
(ToLCKYV), Chilli leaf curl Gonda virus (ChiLCGV), Chilli leaf curl Kanpur virus (ChiLCKaV), Chilli leaf
curl Nagpur virus (ChiLCNV), Chilli leaf curl Lahore virus (ChiLCLV), Pepper leaf curl Bangladesh virus
(PepLCBDV), Chilli leaf curl Ahmedabad virus (ChLCAV), Chilli leaf curl Bhavanisagar virus
(ChiLCBV), Chilli leaf curl Bijnour virus (ChLCBiV), Tomato leaf curl Joydebpur virus, Chilli leaf curl
Kanpur virus (ChiLCKaV), Tomato leaf curl Liwa virus (ToLCLwV), Pepper leaf curl Pakistan virus
(PepLCPKYV), Chilli leaf curl Sri Lanka virus (ChiLCSLV), Chilli leaf curl Oman virus (ChiLCOMV), Chilli
leaf curl virus from Oman (ChiLCV-OM), Tomato leaf curl New Delhi virus (TOLCNDV) and Mungbean

yellow mosaic Indian virus (MYMIV).
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isolates (KF515609, MK161454, HM007116, KF515609, MK®882926, JN663846) from
the India (Fig 4).

The IR region of ChiLCV Guntur isolate had more homology (more than 98%
nucleotide sequence identity) with IRs of ChiLCV-IN isolates (MK161454, HM007116)
(Table 1), the length of intergenic region (IR) was found to be 298 nts and is similar to
those of other monopartite begomoviruses reported so for. The IR encompasses an
absolutely conserved hairpin  structure containing nonanucleotide sequence
(TAATATTAC) that marks the origin of virion-strand DNA replication and two repeated
sequences known as “iterons” (GGCC) were detected adjacent to the TATA box in
ChiLCV Guntur isolate that are recognition sequences for binding of the rep promoter and
share significant homology with iterons identified in DNA-A so far (Fig 5 — Fig 11).

4.3.4 Neighbor-net and Recombination analysis of DNA-A sequence

The neighbor-net analysis of complete genome of ChiLCV Guntur isolate along
with other selected begomviruses infecting chilli using split tree program indicates that the
sequences are arranged in a pattern like network lines and squares structure of phylogenetic
incongruence in the begomoviruses suggesting that most parts of the genome of ChiLCV
Guntur isolate characterized under this study may have arisen from diverse origins due to
recombination (Fig 11). The above data is strongly supported by PHI test as the probability
value for the presence of recombination in the genome of the begomovirus isolate is most
significant (P < 0.001). Further to identify the potential recombination sites present in
DNA-A component of ChiLCV Guntur isolate was analyzed using recombination detection
program (RDP4), which is integrated with seven different recombination detection
methods with a default RDP setting with 0.05 P- value cutoffs throughout and standard
Bonferroni correction except that the option ‘Reference sequence selection’ was set at
‘internal references only. RDP analyses showed that the ChiLCV Guntur isolate had the
evidence of both intra and inter specific recombination in DNA-A component of ChiLCV
Guntur isolate with other selected monopartite begomoviruses. A recombination fragment
of 1506 nucleotides was detected in DNA-A of isolate Guntur isolate with major and minor
parents resembling Chilli leaf curl virus from Oman (ChiLCV-OM, JN604493) and Chilli
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JN604493|ChiLCV-[OM:Taq2:Tom:10]
1 JN604495|ChiLCV-[OM:Taq4:Tom:10]
JN604496|ChiLCV-[OM:Thm1:Tom:10]

HG941644|ChiLCOV- [OM:TB-23:11]
JN604491|ChiLCV-[OM:Sh1:11]

KM880103|ChLCuAV-[IN:Ahm:Chi:14

10 MH355641|ChiLCAV-[IN:CD1:0steospermum:18]
—— JN663865|ChiLCAV-[IN:Nag:09]
HG932561|PepLCPKV-[IN: Pal:Tom:14]
DQ116878|PepLCPKV-[PK:Kha:04]
HM007116|ChiLCV-[IN:Chi:Pat:07]
® ChiLCV-Gunturisolate
KF515609|ChiLCV-[IN:An:Tom:12]
MK161454|ChiLCV-[IN:Rai:Chi:18]
MK882926|ChiLCV-[IN:Mah:Chi:19]
JN663846|ChiLCV-[IN:Ahm:09]

JN663852|ChiLCV-[IN:Chh:10]
9'4 — HM007098|ChiLCV-[IN:Gha:Chi:07]

od HMO007102|ChiLCV-[IN:Jau:Chi:07]
9q o EF194765|ChiLCV-[IN:Kal:06]
FJ345401|ChiLCV-[IN:Ama:Hib:07]
HMO007117|ToLCJV-[IN:Pat:Chi:08]
9 HMO007109|ChiLCV-[IN:Kol:Chi2:07]
KJ957157|ChiLCGV-[IN:Gon:Chi:13]
HM007106|ChiLCKV-[IN:Kan:08]
1 Qq: DQ114477|ChiLCPKV-[PK:Sho:04]
DQ116879|ChiLCPKV-[PK:Kha:04]
HMO007111|PepLCBV-[IN:Mog:07]
JN663864|ChiLCNV-[IN:Nag:09]
HM007096|ChiLCNV-[IN:C0i:08]
HF912280|ToLCLWV-[OM:Liw:LW1:12]
JN663850|PaLCuV-[IN:Bhu:Chi:09]
_1nq:kT948070]ChiLC[NV-[PK:Duranta: 58SA:14]
FM877858|ChiLCINV-[IN:08]
HM007121|ChiLCVV-[IN:Vel:08]
JN555601|ChiLCSLV-[SL:Noc:CL14:09]
100 HMO007119|ChiLCBV-[IN:Sal:08]
10 JN555600|ChiLCBV-[SL:Noc:CL15:09]
_:HMOO7094|ToLCKV-[IN:Ban:Chi:08]
95 FJ177031|AEV-[IN:Gom:Cle:08]
KC465466|ChLCBiV-[IN:Bij:Chi:12] DNA A
loﬂ_j: DQ116880|ToLCNDV-[PK:Kha:Chi:04]
10 HM007113|ToLCNDV-[IN:ND:chi:09]
DQ389153|MYMIV-[IN:ND:Cp:05]
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To0s'

Figure 3: Phylogenetic trees constructed from aligned complete nucleotide sequence
of ChiLCV Guntur isolate DNA A genome with other begomoviruses using
Neighbor-joining algorithm. Horizontal distances are proportional to
sequence distances; vertical distances are arbitrary. The trees are
unrooted. A bootstrap analysis with 1000 replicates was performed and the
bootstrap percent values more than 50 are numbered along branches.



HMO007098| Chil. CV-[IN:Gha: Chi:07]

HAMO00T102| ChiLCV-[IN:Jau: Chi:07]

63 HMO007106|ChiLCKaV-[IN:Kan:03]

CJO5T1ET|ChiLCGV-[IN:Gon: Chi:13]

2 HMO07111|PepLCBV-[IN:Mog:07]

[ FJ345401 | ChiLCV-[IN: Ama: Hib: (7]
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HGY941644|ChiLCOMV- [OM:TB-23:11
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JNE55601|ChiLCSLV-[SL:Noc:CL14:09]
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JN555600|ChiLCBYV-[SL:Noc: CL15:09]

DQ116830| ToLCNDV-[PK:Kha: Chi:04] A\TZ

L007113| ToLCNDV-[IN:ND:chi:09]
DQ3F9133 MYMIV-[IN:ND: Cp:05]
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Figure 4: Phylogenetic trees constructed from aligned amino acid sequence of pre -
coat protein region (AV2) of DNA A component of ChiLCV Guntur isolate
with other begomoviruses using Neighbor-joining algorithm. Horizontal
distances are proportional to sequence distances; vertical distances are
arbitrary. The trees are unrooted. A bootstrap analysis with 1000
replicates was performed and the bootstrap percent values more than 50
are numbered along branches.



MES882926/ChiL.CV-[IN:Mah:Chi:19]
KF515609|ChiLCV-[IN:An:Tom:12]
IN663846/ChiLCV-_[IN: Ahm:09]
HMO007116/ChiLCV-[IN: Chi:Pat:07]
ME161454|ChiLCV-[IN:Rai:Chi:18]
® ChiLCV-Guntur isolate
1 | - HG932561 PepLCPEYV-[IN: Pal:Tom:14]
HM007096|ChiLCNV-[IN: Cai:08]
JN663864|ChiLCNV-[IN:Nag:09]
TN663865/ChiLCAV_[IN:Nag:09]
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70 - DQ116878[PepLCPEV-[PK:Kha:04]
# F DQ114477|ChiLCPKV-[PK: Sho:04]
DQ116879|ChiLCPKV-[PK:Kha:04]
KT948070|ChiLCINV-[PK:Duranta: 585A:14]
FM377858|ChiLCINV-[IN:08]
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HM007117|ToLCJV-[IN:Pat: Chi:08]
JN663852|ChiLCV-[IN:Chh:10]
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— FI345401|ChiLCV-[IN: Ama:Hib:07]
81 _I—I-.'.JSFSTISHChiLCG".'-l]'_\':Gun:Chi:l,!]
99 | HM007106/ChiLCKV-[IN:Kan:08]
- HMO007102|ChiLCV-[IN: Jau:Chi:07]
— HM007111[PepLCBV-[IN:Mog:07]
— HM007098|ChiLCV-[IN:Gha:Chi:07]
HM007121|ChiLCVV-[IN: Vel:08]
KC465466/ChLCBiV-[IN:Bij:Chi:12]
o8 DQ116880/ ToLCNDV-[PK:Kha: Chi:04]
98 — HM007113[ToLCNDV-[IN:ND:chi:09]
JN663850[PaLCuV-[IN:Bhu:Chi:09]
HF912280| ToLCLwV-[OM:Liw:LW1:12]
DQ389153 [MYMIV-[IN:ND: Cp:05]

0.05 AV1

Figure 5: Phylogenetic trees constructed from aligned amino acid sequence of coat
protein region (AV1) of DNA A component of ChiLCV Guntur isolate with
other begomoviruses using Neighbor-joining algorithm. Horizontal
distances are proportional to sequence distances; vertical distances are
arbitrary. The trees are unrooted. A bootstrap analysis with 1000
replicates was performed and the bootstrap percent values more than 50
are numbered along branches.
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Figure 6: Phylogenetic trees constructed from aligned amino acid sequence of Rep
protein (AC1) of DNA A component of ChiLCV Guntur isolate with other
begomoviruses using Neighbor-joining algorithm. Horizontal distances are
proportional to sequence distances, vertical distances are arbitrary. The
trees are unrooted. A bootstrap analysis with 1000 replicates was
performed and the bootstrap percent values more than 50 are numbered
along branches.
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Figure 7: Phylogenetic trees constructed from aligned amino acid sequence of
transcription activator protein (AC2) of DNA A component of ChiLCV
Guntur isolate with other begomoviruses using Neighbor-joining
algorithm. Horizontal distances are proportional to sequence distances,
vertical distances are arbitrary. The trees are unrooted. A bootstrap
analysis with 1000 replicates was performed and the bootstrap percent

values more than 50 are numbered along branches.
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Figure 8: Phylogenetic trees constructed from aligned amino acid sequence of
Replication enhancer protein (AC3) of DNA A component of ChiLCV
Guntur isolate with other begomoviruses using Neighbor-joining
algorithm. Horizontal distances are proportional to sequence distances,
vertical distances are arbitrary. The trees are unrooted. A bootstrap
analysis with 1000 replicates was performed and the bootstrap percent

values more than 50 are numbered along branches.
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Figure 9: Phylogenetic trees constructed from aligned amino acid sequence of AC4
protein of DNA A component of ChiLCV Guntur isolate with other
begomoviruses using Neighbor-joining algorithm. Horizontal distances are
proportional to sequence distances, vertical distances are arbitrary. The
trees are unrooted. A bootstrap analysis with 1000 replicates was
performed and the bootstrap percent values more than 50 are numbered
along branches.
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Figure 10: Phylogenetic trees constructed from aligned nucleotide sequence of
Intergenic region (IR) of DNA A component of ChiLCV Guntur isolate
with other begomoviruses using Neighbor-joining algorithm. Horizontal
distances are proportional to sequence distances; vertical distances are
arbitrary. The trees are unrooted. A bootstrap analysis with 1000
replicates was performed and the bootstrap percent values more than 50
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leaf curl virus from India (ChiLCV-IN, EF194765), respectively infecting chilli. The
recombinant breakpoints were determined to be 1167 and 2673 nts with average P-value
of 1.992x10°%0,

Similarly, another recombinant breakpoint of 433 nts was observed in in DNA-A
of ChiLCV Guntur isolate with ChiLCKaV (HM007106) and ToLCLwV (HF912280) as
major and minor parents, respectively. The recombinant breakpoints were determined to
be 1143 and 1576 nts with average P value of 1.00, which were detected in more than two
methods implemented in RDP4 as major and minor parents for donors of DNA-A

component of ChiLCV Guntur isolate evolution, under Indian conditions.

Recombination is one of the frequent diversification mechanisms in many
begomoviruses (Kumar et al., 2015) and suggests that it has played a part in the origin of
ChiLCV Guntur isolate. The evidence further suggests that, major portion of the DNA
sequences has been descended from monoparatite begomoviruses (ChiLCV-OM, ChiLCV-
IN, ToLCLwV and ChiLCKaV infecting chilli and tomato crops to make up chilli leaf curl
virus infecting chilli. These results pinpoint the significant contribution of solanaceous
infecting begomoviruses in intra- and inter-species recombination leading to the emergence

of ChiLCD-associated begomovirus (Fig 12).

4.4 Physico-chemical characterization of coat protein (CP) of ChiLCV

Physicochemical properties are considered to be essential factors for predicting the
function and structure of protein sequences. Hence, the physico-chemical properties of
ChiLCV Guntur isolate-CP were computed with the help of Expasy-ProtParam tool. The
calculated molecular weight was found to be 29.66 kDa. The isoelectric point (pl) is the
pH at which the protein carries zero electric charge, the pl reveals that the protein carries
no electric charge at 10.06 pH and this value plays a significant role in protein purification
as the solubility is minimal, protein is stable and compact (Sahay and Shakya, 2010). The
protein has 21 negatively 44 positively charged residues which indicates, the positive
charged nature of the protein. The instability index (II) of protein was also computed and

found to be 49.20. If the 1 is less than 40 then protein is considered to be stable and if the
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value is more than 40 then the protein is unstable (Guruprasad et al., 1990). This classifies

the CP protein as unstable.

The aliphatic index (Al) represents the occupancy of aliphatic side chains (alanine,
valine, isoleucine and leucine) in a protein (Ikai, 1980). The computed Al for ChiLCV
Guntur isolate-CP was 65.78 indicating its high thermostability in wide range of
temperatures. The sum of hydropathy values of a protein divided by number of residues in
the sequence provides the grand average hydropathy (GRAVY) value and it represents the
hydrophobicity of a protein. The positive value indicates hydrophobicity and negative
value indicates hydrophilicity. The GRAVY value of ChiLCV CP was found to be -0.586
indicating its better interaction with the water (Table 2).

Table 2: Physico — chemical properties of chilli leaf curl virus Guntur isolate coat

protein.
S1. No. Properties Value
1 Molecular weight 29.66 kDa
2 Theoretical pl 10.06
3 Total number of negatively charged residues 21
4 Total number of positively charged residues 44
5 The instability index 49.2
6 Aliphatic index 65.78
7 Grand average of hydropathocity (GRAVY) -0.586
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amino acid residues.
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4.4.1 Prediction of secondary, tertiary structure and active amino acid residues of
ChiLCV Guntur isolate CP

The amino acid composition of a protein encodes information regarding folding
and formation of stable three dimensional (3D) structure. The 3D structure has a lowest
free energy, so, it can bind with other molecules (Deng et al., 2018). The secondary
structure of ChiLCV Guntur isolate-CP was predicted with the aid of PSIPRED online tool.
The sequence annotation plot (Fig 13) represents the annotated residues as per the predicted
secondary structures. Through this graph the disordered residues and binding sites can be
obtained. However, the CP protein in the current study was found to have good quality
with no disordered residue and binding sites which was also well supported by the
PSIPRED cartoon (Fig 14).

Homology modelling was employed to generate the 3D structure for ChiLCV
Guntur isolate CP. The BLAST analysis of CP amino acid against PDB database confirmed
the availability of template for prediction of 3D conformer. The protein with PDB id 6F2S
(Fig 15) having amino acid identity of 82.79 per cent, e value 7e-141 and total score of 375
was used as reference sequence for building the 3D structure in SWISS-MODEL
workspace. Three models were generated in the SWISS-MODEL workspace, however, the
model with global model quality estimate (GMQE) value of 0.69 and QMEANDIisCo
global score of 0.79 + 0.06 was downloaded and used for pre-processing (Fig 16). The
generated model was compared structurally (Fig 17) using chimera and RMSD value of
0.416 was found between the models. The GMQE and QMEANDisCo global score value
between 0 and 1 represent the model with good quality (Waterhouse et al., 2018). This
suggests that the 3D model generated is of good quality.

However, other factors such as torsional angle and position of amino acids are also
responsible for checking the quality of a model. Hence, Ramachandran plot was generated
in PROCHECK. The Ramachandran plot provides information regarding the torsional
angles - phi () and psi (y) - of the residues (amino acids) contained in a protein. The
Ramachandran plot obtained for CP revealed presence of 89.3 per cent amino acid residues

in most favoured region, 9.2 per cent in additional allowed region, 0.5 per cent in
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generously allowed regions and one per cent in disallowed region (Fig 18). According to
the Ramachandran plot, a good quality model would be expected to have over 90 per cent
of the amino acids in the most favoured region. So, the model obtained from SWISS-
MODEL was subjected to loop modelling to rectify the side chains and missing atoms
through ModRfiner online tool. The refined model was superimposed with the 3D model
obtained from SWISS-MODEL workspace in chimera and found RMSD value of 0.599
(Fig 19). The Ramachandran plot obtained for refined model showed presence of 91.3 per
cent amino acids in most favoured region, 6.1 per cent in additional allowed region, two
per cent in generously allowed regions and 0.5 per cent in disallowed region (Fig. 20). This

model fulfilled all the requirements to be a good quality model.
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Figure 15: The three dimensional protein structure of a) template structure (6F2S)
b) Chilli leaf curl virus Guntur isolate coat protein. The ChiLCV CP was
generated with the aid of SWISS-MODEL workspace using 6F2S as a
reference model
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Figure 16: Comparison plot of ChiLCV Guntur isolate CP: The x-axis shows protein
length (number of residues). The y-axis is the "QMEAN" score. Every
dot represents one experimental protein structure. Black dots are
experimental structures with a "QMEAN" score within 1 standard
devation of the mean (|Z-score| between 0 and 1), experimental structures
with a |Z-score| between 1 and 2 are grey. Experimental structure that are
even further from the mean are light grey. The actual model is
represented as a red star.



Figure 17: Superimposition of protein structures of ChiLCV Guntur isolate CP and
template 6F2S used for building homology model. The structure in golden
yellow colour represents 6F2S and sky blue colour represents ChiLCV

CP.
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Figure 18: The Ramacahndran plot analysis of ChiLCV Guntur isolate CP. The
homology model obtained from SWISS-MODEL was uploaded to

PROCHECK online tool



Figure 19: Superimposition of protein structures ChiLCV Guntur isolate CP and
refined ChiLCV CP. The structure in golden yellow colour represents
ChiLCV Guntur isolate Guntur isolate CP.



PROCHECK

Ramachandran Plot

saves
I [y F—

| | ASP151 * b
L]

180+ I

135+

/}SN 225

S hﬁ| : J

»
quD — =
) ;; el
2 | I
-1354 - |
b | | GLMyl A
. & | AS&lh? \b‘

-180 -135 -90  -45 0 45 90 135 180
Phi (degrees)

Plot statistics

Residues in most favoured regions [A,B,L] 179 91.3%
Residues in additional allowed regions [a,b,1p] 12 6.1%
Residues in generously allowed regions [~a,~b,~1,~p| R 2.0%
Residues in disallowed regions 1 0.5%
Number of non-glycine and non-proline residues 196 100.0%
Number of end-residues (excl. Gly and Pro) 2
Number of glycine residues (shown as triangles) 11
Number of proline residues 9
Total number of residues 218

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
to have over 90% in the most favoured regions.

caves (11 ne

Figure 20: The Ramacahndran plot analysis of Chilli leaf curl virus Guntur isolate
refined coat protein. The missing atoms and side chain refinement was
done using ModRefiner and subjected to PROCHECK online tool.



V SUMMARY

Chilli (Capsicum annum L..) is one of the most important vegetable and spice crop
grown intensively in tropics and subtropics. It suffers from various biotic stresses including
many viral diseases. Among viral diseases, chilli leaf curl virus (ChiLCV) is one of the
most widespread and destructive disease on chilli. In this study, biological transmission of
ChiLCV to chilli and Nicotiana spp, molecular characterization, recombination events
detection and in-silico analysis of coat protein of chilli leaf curl virus was carried out. The

results of which are summarized below.

ChiLCV transmitted through whiteflies to chilli (Arka Lohith), Nicotiana
glutinosa, N. benthamiana and N. tabacum produced typical leaf curl symptoms, indicating
that the virus isolate can be transmitted by whitefly and it can infect other hosts in addition
to chilli.

Molecular detection of ChiLCV by Polymerase Chain Reaction (PCR) using
begomovirus specific primers produced an expected amplicon of 1400 bp in infected leaf
samples confirming the virus isolate as begomovirus. The sample gave negative
amplification to DNA B, indicating that, the virus isolate is monopartite and the virus

isolate was designated as Guntur isolate.

Complete genome sequencing of DNA A homologue and its analysis along with
sequences retrieved from NCBI GenBank using Species Demarcation Tool (SDT) for
begomovirus revealed that it is having 97.5 to 99.2 per cent, 85.4 — 92.2 per cent and 87.9
—90.8 per cent identity with ChiLCV, pepper leaf curl virus and tomato leaf curl Joydebpur
virus, respectively. These results confirmed that the current isolate is ChiLCV. This was
further supported by phylogenetic analysis. As per the begomovirus species demarcation
criteria the current virus isolate is a variant of chilli leaf curl virus for which additional

descriptor was added as ChiLCV-Guntur isolate.

The recombination events detected using RDP4 revealed that the virus under the

current is a recombinant. The results also shown the significant contribution of solanaceous
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infecting begomoviruses in intra- and inter-species recombination leading to the emergence

of ChiLCD-associated begomoviruses.

The computation of physico-chemical properties revealed the different functional
properties of ChiLCV Guntur isolate coat protein. The ChiLCV CP was found to be
negatively charged with the molecular weight of 29.66 kDa. The instability index of 49.20
indicated its unstable nature in in-vitro condition. The CP was also found to be
thermostable and hydrophilic. The secondary structure of ChiLCV coat protein revealed
its good quality with no disordered residue and binding sites which was also well supported
by the PSIPRED cartoon. The tertiary structure of the protein was created using homology-
based modelling and refined using various bioinformatics tools. It gives us an idea of how
a functional protein looks like. The derived 3D structure can be utilized in studies such as

protein- protein interaction and protein ligand interactions and molecular dynamic studies.

38 Preethi, C., M.Sc. (Agri) 2021



V REFERENCES

ADIYAMAN, R. AND MCGUFFIN, L. J., 2019, Methods for the refinement of protein
structure 3D models. Int. J. Mol. Sci., 20: 2301-2311.

AKHTAR, K. P., HUSSAIN, M., KHAN, A. |, HAQ, M. A. AND IQBAL, M. M., 2004,
Influence of plant age, whitefly population and cultivar resistance on infection of
cotton plants by cotton leaf curl virus (CLCuV) in Pakistan. Field crops res., 86(1):
15-21.

AMIN, P. W., 1979, Leaf curl disease of chilli peppers in Maharashtra, India. PANS, 25(2):
131-134.

ANDREWS, J., 1995, Peppers: the domesticated capsicums; university of Texas press:
Austin, tx, USA, pp.274.

ANONYMOUS, 2017, Horticulture statistics division, department of agriculture,
cooperation and farmer’s welfare, Ministry of agriculture and farmer’s welfare,

government of India., 205-239.

ARUN KUMAR., 2006, On farm management of leaf curl disease in chilli under arid
farming system. J. Food Agric. Environ., 4(1): 180-182.

BIOVIA, 2020, Biovia Workbook, Release 2020; BIOVIA Pipeline Pilot, Release 2020.

BRIDDON, R. W. AND STANLEY, J., 2006, Sub viral agents associated with plant single
stranded DNA viruses. Virol., 344: 198-210.

BRIDDON, R. W., BULL, S. E., MANSOOR, S., AMIN, I., MARKHAM, P. G., 2002,
Universal primers for the PCR-mediated amplification of DNA beta: A molecule
associated with some monopartite begomoviruses. Mol Biotechnol., 20(3): 315-
318.

Molecular Characterization of Chilli Leaf Curl Virus Infecting Chilli and Prediction of its CP Structure 39



BRIDDON, R. W., BULL, S. E., AMIN, I, IDRIS, A. M., MANSOOR, S., BEDFORD, I.
D., DHAWAN, P., RISHI, N., SIWATCH, S. S.,, ABDEL-SALAM, A. M,
BROWN, J. K., ZAFAR, Y. AND MARKHAM, P. G., 2003, Diversity of DNA
beta, a satellite molecule associated with some monopartite begomoviruses. Virol.,
312: 106-121.

CARVER, T., THOMSON, N., BLEASBY, A., BERRIMAN, M. AND PARKHILL, J.,
2009, DNA Plotter: circular and linear interactive genome visualization.
Bioinformatics., 25(1): 119-120.

CHAKRABORTY, S., PANDEY, P. K., BANERJEE, M. K., KALLOO, G. AND
FAUQUET, C. M., 2003, Tomato leaf curl Gujarat virus, a new begomovirus
species causing a severe leaf curl disease of tomato in Varanasi, India.
Phytopathol., 93(12): 1485-1495.

CHATTOPADHYAY, B., SINGH, A. K., YADAV, T., FAUQUET, C. M., SARIN, N.
B. AND CHAKRABORTY, S., 2008, Infectivity of the cloned components of a
begomovirus: DNA beta complex causing chilli leaf curl disease in India. Arch.
Virol., 153(3): 533-539.

DAROCZI, G., 2013, Saves: Fast load variables. R package version 0.5, http://cran.r-
project.org/package=saves.

DE BARRO, P.J, LIU, S.S., BOYKIN, L.M. AND DINSDALE, A.B., 2011, Bemisia

tabaci: a statement of species status., Annu. Rev. Entomol., 56: 1-19.

DELANO, 2009, The PyMOL Molecular Graphics System. https://pymol.org/2/

DENG, D., MCGRATH, P.F., ROBINSON, D.J. AND HARRISSON, B.D., 1994.
Detection and differentiation of whitefly-transmitted geminiviruses in plants and

vector insects by the polymerase chain reaction with degenerate primers. Ann. Appl.
Biol., 125(2): 327-336.

40 Preethi, C., M.Sc. (Agri) 2021


https://pymol.org/2/

DENG, H., JIA, Y. AND ZHANG, Y., 2018, Protein structure prediction.
Int. J. Mod. Phys. B., 32(18): 18400009.

DEVI, O. P. AND DEVI, K. S., 2020, Viral diseases in king chilli: a brief report. Agri.
News I. 2: 60-62.

DINSDALE, A., COOK, L., RIGINOS, C., BUCKLEY, Y. M. AND DE BARRO, P.,
2010, Refined global analysis of Bemisia tabaci (Hemiptera: Sternorrhyncha:
Aleyrodoidea: Aleyrodidae) mitochondrial cytochrome oxidase 1 to identify

species level genetic boundaries. Ann. Entomol. Soc. Am., 103(2): 196-208.

ELLANGO, R., SINGH, S.T., RANA, V.S.,, GAYATRI PRIYA, N., RAINA, H.,
CHAUBEY, R., NAVEEN, N.C., MAHMOOD, R., RAMAMURTHY, V.V,
ASOKAN, R. AND RAJAGOPAL, R., 2015, Distribution of Bemisia tabaci
genetic groups in India. Environ. Entomol., 44(4): 1258-1264.

ESFANDIARI, N., AND SEFIDBAKHT, Y., 2018, An isolate of Potato Virus X capsid
protein from N. benthamiana: Insights from homology modeling and molecular
dynamics simulation. Int. J. Biol. Macro., 116: 939-946.

FIALLO-OLIVE, E., MARTINEZ-ZUBIAUR, Y., MORIONES, E. AND NAVAS-
CASTILLO, J., 2010. Complete nucleotide sequence of Sida golden mosaic
Florida virus and phylogenetic relationships with other begomoviruses infecting
malvaceous weeds in the Caribbean. Arch. Virol., 155: 1535-1537.

FIRDAUS, S., VOSMAN, B., HIDAYATI, N., JAYA SUPENA, E. D., GF VISSER, R.
AND VAN HEUSDEN, AW., 2013, The Bemisia tabaci species complex:
additions from different parts of the world. J. Insect Sci., 20(6): 723-733.

FISHPOOL, L. D. C. AND BURBAN, C., 1994, B. tabaci: the vector of African cassava

mosaic virus. Trop. Sci., 34: 55-72.

Molecular Characterization of Chilli Leaf Curl Virus Infecting Chilli and Prediction of its CP Structure 41



GASTEIGER, E., GATTIKER, A., HOOGLAND, C., IVANYI, |, APPEL, R.D,,
BAIROCH, A., 2003, ExPASy: the proteomics server for in-depth protein
knowledge and analysis. Nucleic Acids Res., 31: 3784-3788.

GEETHA, R. AND SELVARANI, K., 2017, A study of chilli production and export from
India. IJARIIE, 3:205-210.

GONSEBATT, G. G., VISCARRET, M. M. AND LIETTI, M. M., 2012, Whitefly species
(Hemiptera: Aleyrodidae) on wild and cultivated plants in the horticultural region

of Rosario, Santa Fe, Argentina. Rev. Soc. Entomol. Argent., 71: 125-136.

GURUPRASAD, K., REDDY, B. B. AND PANDIT, M. W., 1990, Correlation between
stability of a protein and its dipeptide composition: a novel approach for predicting
in vivo stability of a protein from its primary sequence. Protein Engineering,
Design and Selection., 4(2): 155-161.

HALL, T., 1999, BioEdit: a user-friendly biological sequence alignment editor and analysis
program for Windows 95/98/NT. In Nucleic Acids Symp. Ser. (Vol. 41, pp. 95-98).

HOFFMAN, P. G., LEGO, M. C. AND GALETTO, W. G., 1983, Separation and
quantitation of red pepper major heat principles by reverse-phase high-pressure
liquid chromatography. J. Agric Food Chem., 31:1326-1330.

HOWARD. L., R, TALCOTT, S., T, BRENES, C., H, VILLALON, B., 2000., Changes on
Phytochemical antioxidant activity of selected pepper cultivars (Capsicum Species)
as influenced by maturity. Journal of Agricultural Food chemistry 48(5): 1713-
1720.

HUSSAN, M, A., 1932, Leaf curl in cotton and other plants. Nature (London), 103: 312.

IKAI A., 1980, Thermostability and aliphatic index of globular proteins. J. Biochem.,
88(6): 1895-1898.

42 Preethi, C., M.Sc. (Agri) 2021



ILYAS A. K. AND KHAN, M., 1996, Studies on mosaic complex of chilli (Capsicum
annuum L.). M. Sc. (Agri.) Thesis, Univ. Agric. Sci., Karnataka (India).

JAGDALE, S. S., AND GHOSH, A. 2019, In silico analyses of molecular interactions
between groundnut bud necrosis virus and its vector, Thrips palmi. Virus Disease.,
30(2): 245-251.

JHA, A. AND RAYACHAUDHURY, S. P., 1956, Mosaic disease of chilli (Capsicum
frutescens. L). Indian J. Agric. Sci., 26: 217-222.

JOHNPULLE, A. L., 1939, Chilli leaf curl Experiment — 1 — Preliminary infection tests.
Trop.Agric., 92: 28-30.

JOSHI, R. D. AND BHARGAVA, K. S., 1962, A vein banding mosaic virus disease of
chilli. Indian J. Microbiol., 2: 29-34.

JYOTHSNA, P., HAQ, Q. M. I, SINGH, P., SUMIYA, K.V., PRAVEEN, S., RAWAT,
R., BRIDDON, R.W. AND MALATHI, V. G., 2013, Infection of Tomato leaf curl
New Delhi virus (TOLCNDV), a bipartite begomovirus with betasatellites, results
in enhanced level of helper virus components and antagonistic interaction between
DNA B and betasatellites. Appl. Microbiol. Biotechnol., 97(12): 5457-5471.

KAWADA, T., SUZUKI, T., TAKAHASHI, M., AND IWAI, K., 1984, Gastrointestinal
absorption and metabolism of capsaicin and dihydrocapsaicin in rats. Toxicol. Appl.
Pharmacol., 72:449-45.

KHAN, M. S., RAJ, S. K AND SINGH, R., 2006, First report of Tomato leaf curl new
Delhi virus infecting chilli in India. Plant Patholo., 55:289.

KLEPPE, K., OHTSUKA, E., KLEPPE, R., MOLINEUX, I. AND KHORANA, H.G.,
1971. Studies on polynucleotides: XCVI. Repair replication of short synthetic
DNA's as catalyzed by DNA polymerases. J. Mol. Biol., 56(2), pp.341-361.

Molecular Characterization of Chilli Leaf Curl Virus Infecting Chilli and Prediction of its CP Structure 43



KUMAR, A., MISHRA, D. C., RAI, A., SHARMA, M. K., AND GAJULA, M. N. V. P.
2013, In Silico Analysis of Protein-Protein Interaction Between Resistance and
Virulence Protein during Leaf Rust Disease in Wheat (Triticum aestivum L.), 2(1):
52-58.

KUMAR, J., KUMAR, J. K., ROY, A,, TULI, R. AND KHAN, J. A., 2010, Identification
and molecular characterization of begomovirus and associated satellite DNA

molecules infecting Cyamopsis tetragonoloba. Virus Genes., 41: 118-125.

KUMAR, R. V., SINGH, A. K. AND CHAKRABORTY, S., 2012, A new monopartite
begomovirus species, Chilli leaf curl Vellanad virus, and associated betasatellites
infecting chilli in the Vellanad region of Kerala, India. New Dis. Rep., 25: 20.

KUMAR, R. V., SINGH, A. K., SINGH, A. K., YADAV, T., BASU, S., KUSHWAHA,
N., CHATTOPADHYAY, B., CHAKRABORTY, S., 2015, Complexity of
begomovirus and betasatellite populations associated with chilli leaf curl disease in
India. J Gen Virol., 96: 3143- 3158.

KUMAR, S., STECHER, G,, LI, M., KNYAZ, C., AND TAMURA, K., 2018, MEGA X:
Molecular Evolutionary Genetics Analysis across computing platforms. Mol. Biol.
Evol., 35: 1547-1549.

KUMAR, Y., HALLAN, V. AND ZAIDI, A. A., 2011, Chilli leaf curl Palampur virus is
a distinct begomovirus species associated with a beta satellite. Plant Pathol.,
60:1040-1047.

LEE, W., PARK, J., LEE, G. S., LEE, S. AND AKIMOTO, S. 1., 2013, Taxonomic status
of the Bemisia tabaci complex (Hemiptera: Aleyrodidae) and reassessment of the

number of its constituent species. PLoS One., 8(5): 63817.

LODHI, M. A,, YE, G., WEEDEN, N. F. AND REISCH, B. I., 1994, A simple and efficient
method for DNA extraction from grape wine cultivars and Vitis species. Plant Mol.
Biol. Rep., 12(1): 6-13.

44 Preethi, C., M.Sc. (Agri) 2021



MALATHI, V. G.,, RENUKADEVI, P.,, CHAKRABORTY, S., BISWAS, K. K,
ANIRBAN ROY, SIVALINGAM, P. N., VENKATARAVANAPPA, V. AND
MANDAL, B., 2017, Begomoviruses and their satellites occurring in India
distribution, diversity and pathogenesis. A century of plant virology in India.
Springer, Singapore., pp. 75-177.

MANSOOR, S., KHAN, S. H., BASHIR, A., SAEED, M., ZAFAR, Y., MALIK, K. A,
BRIDDON, R., STANLEY, J. AND MARKHAM, P. G., 1999, Identification of a
novel circular single-stranded DNA associated with cotton leaf curl disease in
Pakistan. Virol., 259:190-199.

MARTIN, J. H., 1987, An identification guide to common whitefly pest species of the
world. (Homoptera: Aleyrodidae). Trop. Pest Manag., 33: 298-322.

MASOOD, M., AMIN, I., HASSAN, |., MANSOOR, S., BROWN, J. K. AND BRIDDON,
R.W., 2017, Diversity and distribution of cryptic species of the B. tabaci
(Hemiptera: Aleyrodidae) complex in Pakistan. J. Econ Entomol., 110(6): 2295-
2300.

MELGAREJO, T.A,, KON, T., ROJAS, M.R., PAZ - CARRASCO, L., ZERBINI, F.M.
AND GILBERTSON, R.L., 2013. Characterization of a new world monopartite
begomovirus causing leaf curl disease of tomato in Ecuador and Peru reveals a new

direction in geminivirus evolution. J. virol., 87(10), pp.5397-5413.

MIN, J. K., HAN, K.Y., KIM, E. C., KIM, Y. M., LEE, S. W., KIM, O. H., KIM, K. W.,
GHO, Y.S. AND KWON, Y. G., 2004, Capsaicin inhibits in vitro and in vivo
angiogenesis. Cancer Res., 64(2):644-651.

MISHRA, C. S. AND LAMBA, S. K., 1929, The cotton whitefly (Bemisia gossypiperda).
Bull. Agri. Res. Institute, Pusa, 196: 1-7.

MISHRA, M. D., RAYCHAUDHRI, S. P. AND JHA, A., 1963, Virus causing leaf curl of
chili (Capsicum annum L.). Indian J. Microbiol., 3:73-76.

Molecular Characterization of Chilli Leaf Curl Virus Infecting Chilli and Prediction of its CP Structure 45



MUNIYAPPA, V. AND VEERESH, G. K., 1984, Plant virus diseases transmitted by
whiteflies in Karnataka. Proc. Indian Acd. Sci., (Anim. Sci.) 93: 397-406.

NAWAZ-UL-REHMAN, M. S. AND FAUQUET, C. M., 2009, Evolution of
geminiviruses and their satellites. FEBS Lett., 583:825-1832.

NIGAM, K., SUHAIL, S., VERMA, Y., SINGH, V. AND GUPTA, S., 2015. Molecular
characterization of begomovirus associated with leaf curl disease in chilli. World J,
Pharm Res., 4(3), pp.1579-1592.

ONG, A. S. H. AND CHOQO, Y. M., 1997, Carotenoids and tocols from palm oil. F.
Shahidi. Cap, 8:133-149.

PAL, B. P. AND TANDON, R. N., 1937. Types of Tobacco leaf curl in Northern
india. Indian J. Agric. Sci., 7(3).

PETTERSEN, E. F., GODDARD, T.D., HUANG, C. C.,COUCH, G. S., GREENBLATT,
D. M., MENG, E. C. AND FERRIN, T. E., 2004, UCSF Chimera—a visualization
system for exploratory research and analysis. J. Comput. Chem., 25(13): 1605-
1612.

PRASANNA, H. C., KANAKALA, S., ARCHANA, K., JYOTHSNA, P., VARMA, R. K.
AND MALATHI, V. G., 2015, Cryptic species composition and genetic diversity
within B. tabaci complex in soybean in India revealed by mtCOIl DNA sequence. J
Integr Agric.,14(9): 1786-1795.

PUTTARUDRAIAH, M., 1959, Short review on the chilli leaf curl complex and spray
programme for its control. Mysore Agric. J., 34 (2): 93-95.

RAMOS, A., MASLOY, D.A., FERNANDES, O., CAMPBELL, D.A. AND SIMPSONS,
L., 1996. Detection and Identification of Human Pathogenic Leishmania and
Trypanosoma Species by Hybridization of PCR-Amplified Mini-exon
Repeats. Exp. Parasitol., 82(3), pp.242-250.

46 Preethi, C., M.Sc. (Agri) 2021



RIBEIRIO, S.G., AMBROZEVICIUS, L.P.,, AVILA, A.C., BEZZARA, I|.C,
CALEGARIO, R.F., FERNANDES, JJ., LIMA, M.F.,, DE MELLO, R.N.,
ROCHA, H. AND ZERBINI, F.M., 2003. Distribution and genetic diversity of
tomato-infecting begomoviruses in Brazil. Arch. virol., 148(2): 281-295.

ROJAS, M. R., KVARNHEDEN, A., MARCENARO, D. AND VALKONEN, J. P., 2005,
Sequence characterization of Tomato leaf curl virus: Phylogeny of New World

begomoviruses and detection of recombination. Arch. Virol., 150 (7): 1281-1299.

RUSELL, L. M., 1975, Collection and record of Bemisia tabaci (Gennadius) in the United
States. Cooperative Economic Insect Report., 25: 229-230.

SAHAY, A. AND SHAKYA, M., 2010, In silico analysis and homology modelling of
antioxidant proteins of spinach. J. Proteomics Bioinform., 3: 148-154,

SAIKIA, A. K. AND MUNIYAPPA, V., 1989, Epidemiology and control of Tomato leaf
curl virus in Southern India. Trop. Agric., 66: 350-354.

SAMBROOK, J. AND RUSSEL, D.W., 2001, Molecular cloning; A laboratory manual.
2" edn., Cold Spring Harb Lab Press, USA.

SARWAR, M. W., RIAZ, A., NAHID, N., AL QAHTANI, A., AHMED, N., NAWAZ-
UL-REHMAN, M. S. AND MUBIN, M., 2019, Homology modeling and docking
analysis of BC1 protein encoded by Cotton leaf curl Multan betasatellite with
different plant flavonoids. Heliyon., 5(3): e01303.

SASTRY, K. M. S. AND SINGH, S. J. 1973, Assessment of losses in tomato caused by
Tomato leaf curl virus. Indian J. Mycol. PI. Path., 3: 50-54.

SENANAYAKE, D. M. J. B.,, JAYASINGHE, J. E. A. R. M., SHILPI, S., WASALA, S.
K. AND BIKASH MANDAL., 2013, A new begomovirus betasatellite complex is

associated with chilli leaf curl disease in Sri Lanka. Virus Genes., 46:128-139.

Molecular Characterization of Chilli Leaf Curl Virus Infecting Chilli and Prediction of its CP Structure 47



SENANAYAKE, D. M. J. B.,, MANDAL, B., LODHA, S. AND VARMA, A., 2007, First
report of Chilli leaf curl virus affecting chilli in India. Plant Pathol., 56: 343.

SETH, M.L. AND DHANRAJ, K.S., 1972. A new strain of Tobacco leaf curl causing
enations in Chilli (Capsicum annuum L.). J. Phytopathol., 73: 365-370.

SHIH, S. L., TSAI, W. S, GREEN, S. K., SINGH, D., 2007, First report of Tomato leaf
curl Joydebpur virus infecting chilli in India. New Dis. Rep., 14: 17.

SILVA, F. N, LIMA, A. T., ROCHA, C. S., CASTILLO-URQUIZA, G. P., ALVES-
JUNIOR, M. AND ZERBINI, F. M., 2014, Recombination and pseudore
combination driving the evolution of the begomoviruses Tomato severe rugose
virus (ToSRV) and Tomato rugose mosaic virus (ToORMV): two recombinant DNA-
A components sharing the same DNA-B. Virol. J., 11(1): 66-82.

SRIVASTAVA, K. M., HALLAN, V., RAIZADA, R. K., CHANDRA, G., SINGH, B. P.
AND SANE, V.P. 1995, Molecular cloning of Indian tomato leaf curl genome
following a simple method of concentrating the supercoiled replicative form of viral
DNA. J. Virol. Methods., 51: 297-304.

THAKUR, H., JINDAL, S.K., SHARMA, A. AND DHALIWAL, M.S., 2018. Chilli leaf
curl virus disease: a serious threat for chilli cultivation. J. Plant Dis. Prot., 125(3):
239-249.

VARMA, A., MALATHI, V.G, 2003, Emerging geminivirus problems: A serious threat
to crop production. Ann. Appl. Biol., 142 :145-164.

VENKATARAVANAPPA, V. KODANDARAM, M.H. REDDY, C.N.L,
SHANKARAPPA, K.S. AND REDDY, M.K., 2017., Comparative transmission of
Bhendi yellow vein mosaic virus by two cryptic species of the whitefly, Bemisia
tabaci (Hemiptera: Aleyrodidae). 3 Biotech., 7: 331.

48 Preethi, C., M.Sc. (Agri) 2021



VENKATARAVANAPPA, V., LAKSHMINARAYANAREDDY, C. N.,
SHANKARAPPA, K. S., JAYAPPA, J., PANDEY, S., REDDY, M. K., 2019,
Characterization of Tomato leaf curl New Delhi virus and DNA- satellites
association with mosaic disease of cucumber. Int. J. Biotechnol. Bioeng., 5 (6): 93-
100.

VENKATARAVANAPPA, V., REDDY, C. N. L., JALALI S., REDDY, M. K., 2012,
Molecular characterization of distinct bipartite begomovirus infecting bhendi
(Abelmoschus esculentus L.) in India. Virus Genes., 44(3): 522-535.

VERGHESE, J., 1999, Scanning paprika oleoresin and chilli color specifications quality

parameters. Indian Spices, 36: 7-11.

WATERHOUSE, A., BERTONI, M., BIENERT, S., STUDER, G., TAURIELLO, G.,
GUMIENNY, R., HEER, F.T., DE BEER, T.A.P.,, REMPFER, C., BORDOLI, L.,
2018, SWISS-MODEL: homology modelling of protein structures and complexes.
Nucleic Acid Res., 46: 296-303.

Molecular Characterization of Chilli Leaf Curl Virus Infecting Chilli and Prediction of its CP Structure 49



	Blank Page
	Blank Page



