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Abstract

Watermelon is important fruit vegetable crop affected by both biotic and abiotic stresses. Among the biotic factors, leaf
curl and yellowing disease of watermelon is becoming a major threat for the watermelon production in India. Incidence of
watermelon leaf curl and yellowing disease in ten districts covering different regions of Karnataka State, India varied from
6.8 to 60.7%. Diseased watermelon plants exhibited symptoms typical to begomovirus infection such as leaf crumpling,
leaf curling, yellowing, reduction in leaf size and stunted growth in the surveyed fields. Thirty-four diseased watermelon
samples collected from farmers’ fields during the survey gave positive amplification to begomovirus specific primers in PCR
and yielded expected 1.2 kb amplicon, which represent its partial genome. No amplification resulted in PCR with primers
specific to alpha and betasatellites in all the samples. Complete genome amplification by RCA and sequencing of six isolates
was done. Among these, four six isolates resulted in amplification of both DNA-A and DNA-B components and two isolates
gave amplification only to DNA-A component. Genome sequence analysis using Sequence Demarcation Tool (SDT) showed
the maximum nucleotide identity of 91.5-93.3% and 80.2-84.5% of six watermelon isolates with Tomato leaf curl Palampur
virus (ToLCPalV) for DNA-A and DNA-B components, respectively. Phylogenetic analysis provided further evidence in this
regard. The recombination breakpoint analysis indicates, watermelon isolates under study are recombinants emerged from
the recombination of ToLCPalV and Tomato leaf curl New Delhi virus (TOLCNDV). This is the first report of leaf curl and
yellowing disease of watermelon associated with ToLCPalV from India.
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Introduction cultivated since ancient times (Wehner 2008). It is also known

as tarbuj, tarmuj, kalinda, kallangadi and kalindi at different

Watermelon [Citrullas lanatus (Thumb) Mastum and Nakai,
Synonyms: C. vulgaris] is important cucurbitaceous crop
belonging to family, Cucurbitaceae and grown across the
world. The crop was originated from Southern Africa and
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parts of India. In India, watermelon is cultivated in an area
of 103 thousand hectares with the production of 25.04 lakh
tons (Anonymous 2019). The major watermelon growing
states of India are Punjab, Haryana, Karnataka, Assam, Mad-
hya Pradesh, Andhra Pradesh, Maharashtra, Telangana, West
Bengal, Odisha, Himachal Pradesh, Uttar Pradesh and Tamil
Nadu (Anonymous 2019). However, watermelon is cultivated
throughout the year only in Southern states viz., Tamil Nadu,
Telangana and Andhra Pradesh. The fruit contains 92% water
and 7.5% of carbohydrates, of these 6.2% sugars and 0.4% die-
tary fiber. Consumption of 100 g watermelon provides 30 kcal
of energy and is also a good source of vitamin C and B, miner-
als, citrulline, carotenoids and flavonoids (Maoto et al. 2019).
The crop is prone to many biotic and abiotic stresses resulting
in great economic yield losses to its growers (Wehner 2008).
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The low productivity in this crop is mainly due to various
diseases caused by fungi, bacteria, viruses, phytoplasma and
nematodes (Wehner 2008). Among these, the viral diseases
are major constraint for watermelon cultivation worldwide.
A large number of RNA viruses (Jain et al. 2007; Wang et al.
2010) and DNA viruses (Mansoor et al. 2000; Heydarnejad
et al. 2013; Shahid 2017; Zhao et al. 2017; Venkataravanappa
et al. 2020) were reported on watermelon across the world.

Geminiviruses (family: Geminiviridae) are small single-
stranded (ss) DNA viruses causing diseases in economically
important crop plants across the world (Navas-Castillo et al.
2011). The circular single-stranded (ss) DNA genome of these
viruses is encapsidated into twinned icosahedral particles. The
family, Geminiviridae consists of nine genera based on their
genome structure, host range and insect vector (Zerbini et al.
2017). Among these, the genus, Begomovirus is considered
as the largest group with over 424 species reported so far and
are known to be transmitted by different cryptic species of
whitefly (Bemisia tabaci) (Gilbertson et al. 2015). Begomo-
viruses are subdivided into two categories as monopartite and
bipartite viruses based on the composition of genome, with
earlier having single genome component (homologue of DNA-
A) and later having two similar-sized components (DNA-A
and DNA-B). Based on the prevalence and distribution of
begomoviruses, a monopartite and bipartite begomoviruses
are also referred as Old World (OW) and New World (NW),
respectively (Zerbini et al. 2017).

Furthermore, monopartite begomoviruses are commonly
associated with sub genome segments known as alphasatellites
and betasatellites (Zhou 2013), which is not common feature
in bipartite viruses. These satellites play major role related
to symptom modulation, pathogenesis and also in silencing
suppressors (Zhou 2013). However, recently there are reports
showing the association of bipartite begomoviruses with DNA
satellites (Venkataravanappa et al. 2019).

Every year, new hosts for the begomoviruses are being
reported with imposing economic losses (Sangeeta and Tiwari
2017). However, information of about begomovirus infecting
watermelon from India is scanty with only one recent report
of Tomato leaf curl New Delhi virus (ToOLCNDYV) associated
with watermelon (Venkataravanappa et al. 2020). With this
backdrop, the study was conducted to determine the status of
begomovirus with watermelon leaf curl and yellowing disease
from Karnataka State, India.

Material and methods

Survey for disease incidence and collection of leaf
samples

Roving survey was carried during 2017 and 2018 in
10 districts (Belagavi, Vijayapura, Raichure, Kolar,
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Chikkaballapur, Bengaluru rural, Mandya, Mysuru,
Chamarajanagar and Tumkur) of Karnataka State, India,
which are considered as major watermelon growing areas
to assess the incidence of leaf curl and yellowing disease on
watermelon. In each location percent incidence of water-
melon leaf curl and yellowing disease was assessed. Ten
micro plots of size 10 mt X 10 mt were randomly selected
in each surveyed field for the assessment. The disease inci-
dence of leaf curl and yellowing disease of watermelon was
assessed by counting number of infected plants visually over
healthy plants. From each field, one symptomatic leaf sam-
ple from the watermelon plants showing symptoms known to
be induced by begomoviruses were collected along with the
one asymptomatic sample and were brought to laboratory,
Department of Plant Pathology at College of Horticulture,
Bengaluru, UHS, Bagalkot, India and used for molecular
analysis. Each sample was designated as different isolate
with respect to place of collection.

Whitefly transmission

The vector transmission and maintenance of whitefly was
done as per the protocol described by Patil et al. (2017).
The watermelon isolate-BLR associated with leaf curl and
yellowing disease of watermelon was used for the virus
transmission study. Healthy seedlings of watermelon (F,
hybrid; NS-295) were raised in insect proof glasshouse.
The adult whiteflies were collected in tube using aspirator
from the nonviruliferous whitefly colony maintained for the
transmission studies. The leaf curl and yellowing disease
infected sample was inserted into acquisition tube contain-
ing whiteflies and kept undisturbed for 24 h to facilitate the
virus acquisition by its vector. After acquisition, viruliferous
whiteflies were released on to healthy watermelon seedlings
covered with inoculation tube at the rate of 30 per plant and
provided inoculation access for 24 h. Then 0.05% Imidaclo-
prid was sprayed on plants to kill whiteflies and were kept in
insect proof glasshouse for symptoms expression.

DNA isolation, detection and characterization
of begomovirus

To confirm the presence of begomovirus in the watermelon
samples showing leaf curl and yellowing disease symptoms,
total genomic DNA was isolated from 34 symptomatic and
two-asymptomatic leaf samples of watermelon by CTAB
method (Lodhi et al. 1994). The PCR was carried out using
primers specific to begomovirus (Supplementary Table S1)
with the expected amplicon of 1.2 kb (Venkataravanappa
et al. 2012). The resulted amplicon representing partial
genome of begomoviruses was cloned into cloning vector
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pTZ57R/T (Fermentas, Germany), transformed into DH5a
strain of Escherichia coli as per the standard protocol (Sam-
brook and Russell 2001), colony PCR was used to confirm
positive clones and three clones in each transformation were
sequenced at Medauxin Pvt Ltd, Bengaluru, India. After
sequence analysis, six watermelon samples were selected
for whole genome amplification and these isolates were des-
ignated as Belagavi (BGM), Chikkaballapur (CBP), Ben-
galuru rural (BLR), Chamarajanagar (CMNR), Vijayapura
(VJP) and Raichur (RCR), representing different geographi-
cal regions. The rolling circle amplification (RCA) method
using TempliPhi illustra amplification kit (GE Healthcare,
Piscataway, NJ) as per manufactures instructions was
employed for amplification of complete genome of six
watermelon isolates. The amplified RCA product (2 pl) was
subjected for restriction digestion with BamH]1 and Kpnl
enzymes to obtain monomeric DNA-A and DNA-B genome
components, respectively. The digested products were
cloned into pBluescript KS (+) cloning vector (Sambrook
and Russell 2001) and transformed into DH5« strain of E.
coli. The plasmid DNA was isolated from the three clones
from each transformation by using alkaline lysis method and
the presence of insert was confirmed by restriction digestion
with respective restriction enzymes. Sequencing of clones
was done at Medauxin Pvt Ltd, Bengaluru, India by primer
walking. PCR was carried out using alphasatellite (Bull et al.
2003) and betasatellite (Briddon et al. 2002) specific primers
(Supplementary Table S1) to know the presence of satellite
molecules in all the 34 samples.

Sequence and recombination break point analysis

The vector sequences were removed from genome compo-
nents (both DNA-A and DNA-B) of six watermelon bego-
movirus isolates using VecScreen software after sequenc-
ing. The sequences obtained were assembled using Bio edit
(version 7.2) (http://bioedit.software.informer.com) (Hall
1999). Sequence similarities were checked at NCBI database
using BLASTn (http://www.ncbi.nlm.nih). The sequences
showed highest blast score with present isolates were
retrieved from the NCBI database (Brown et al. 2015). The
open reading frames (ORFs) in the sequences were identi-
fied by OREF finder available at NCBI (http://www.ncbi.nlm.
nih.Gov/gorf/gorf.html). The pairwise nucleotide identity
of sequences obtained in the current study with retrieved
sequences from the GenBank (Supplementary Table S2 and
S3) was calculated using Sequence Demarcation Tool (SDT
version 1.2) (http://web.cbio.uct.ac.za/~brejnev/) (Muhire
et al. 2014) and percent pairwise identity was generated.
Phylogenetic trees were generated using MEGA software
(version X.0) (https://www.megasoftware.net/) by following
the Neighbor-Joining method with 1,000 bootstrap replicates
(Kumar et al. 2018). The recombination break point analysis

of watermelon isolates sequences along with other selected
begomoviruses (Brown et al. 2015) was done using Recom-
bination detection program (RDP), Max Chi, 3Seq, Gene-
cov, Si Scan Bootscan, and Chimaera integrated in RDP4.4
(http://web.cbio.uct.ac.za/~darren/rdp.html) (Martin et al.
2015). DNA-A and DNA-B sequences were subjected to
recombination analysis to drive automated recombination
scan and the manual checking of automated analysis results.
Analysis was allowed by employing Bonferroni correction
with confidence greater than 95% (p-value 0.05). To ensure
reliability, the begomovirus sequences were considered
recombinant when the recombination signal was supported
by at least three methods. In RDP analysis, the length of the
window was set to 10 variable sites and the step size was set
to one nucleotide. p-values were estimated by randomizing
the alignment 1,000 times.

Results
Disease incidence and symptoms

Watermelon leaf curl and yellowing disease was observed in
all surveyed areas (Supplementary Table S4). Watermelon
plants suspected to be infected by begomovirus showed
symptoms viz., chlorotic mottle, yellowing, reduction of
leaf size, crinkled and malformed leaves, downward and
upward leaf curling and stunted growth (Fig. 1). The dis-
ease incidence ranged from 6.8 to 60.7% in the surveyed
areas with the maximum incidence (60.7%) observed in
Chamarajanagar District and minimum incidence in Kolar
District (Table 1). Further, the survey data indicated that,
all the varieties/hybrids (NS-295, NS-702, Swaraj-45, Black
Box, Sugar Queen, Sugar Baby Arka Akash, Arka Muttu,
Black Gold, Aishwarya, Kiran, Sweet Dawn, Sugar King
and Apoorva) grown in these areas were found susceptible
(Table 1).

Vector transmission

Watermelon seedlings (F; hybrid; NS-295) inoculated with
BLR-isolate using whiteflies exhibited symptoms such as
leaf crinkling, reduction in leaf size, and stunted growth
12-15 days post inoculation (DPI) (Fig. 2). This provided
the evidence for vector transmission nature of the virus
isolate.

Detection of begomovirus
All the 34 infected watermelon samples resulted in the
expected 1.2 kb size PCR amplicon specific to begomo-

viruses. No amplification was observed in asymptomatic
plants and also in the PCR specific to alphasatellites and
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Fig. 1 Watermelon plants show-
ing leaf crumpling, leaf curling,
yellowing, reduction in leaf size
and stunted growth symptoms
under natural conditions

Table 1 Occurrence of watermelon leaf curl and yellowing disease in different districts of Karnataka, India

District Per cent disease incidence Varieties/hybrids grown
Minimum (%) Maximum (%) Average (%)

Chamarajanagar 40.1 60.7 504 Sugar Queen, Swaraj-45, Sweet Dawn, Black
Gold, NS-295, China Dragon

Chikkaballapur 20.9 40.5 30.7 Sugar King, Sugar Baby

Belagavi 25.4 55.2 40.3 Sugar Baby

Vijayapura 10.3 455 279 NS-702, Sugar Baby

Bengaluru rural 8.2 27.3 17.8 Arka Mutthu, Arka Akash

Raichur 10.7 40.8 25.8 Kiran, Sugar Baby

Mandya 10.2 20.5 15.4 Black Box, Sugar Queen, Black Magic

Mysuru 8.2 10.7 9.5 NS-295, Kiran, Sugar King, Sugar Queen,
Sugar Baby, Vikram

Tumkur 10.8 153 13.0 Ice Box, Black Gold, Aishwarya, Sugar Baby

Kolar 6.8 10.7 8.7 Apoorva, Black Gold

betasatellites. Sequence analysis of amplified PCR products
representing the partial genome of begomovirus from all the
samples indicated that, they shared nucleotide identity of
more than 93% among them and with bipartite begomovirus
species, i.e., Tomato leaf curl Palampur virus (ToLCPalV)
reported earlier. Because of very high identity, six isolates
(BGM, CBP, BLR CMNR, VJP, RCR) representing diverse
geographical regions were selected for sequencing of com-
plete genome components. RCA for genome components
of selected isolates yielded approximately 2.7 kb DNA-A
component in all six isolates and four isolates (BGM, CBP,
BLR CMNR) yielded DNA-B, which is also of approxi-
mately 2.7 kb size. Whereas, two samples (VJP and RCR)
not yielded DNA-B with repeated amplification by both PCR
(Rajos et al. 1993; Venkataravanappa et al. 2012) and RCA.

@ Springer

Genome organization of DNA-A watermelon
infecting begomovirus

Sequences of DNA-A of six begomovirus isolates (BGM,
CBP, BLR CMNR, VJP, RCR) associated with watermelon
were 2756 nt in length and deposited in the NCBI Gen-
Bank (Accession numbers MT433965-70). SDT analysis of
DNA-A sequences of six virus isolates showed 93.5-97.5%
nt identity among themselves indicating that they are the
isolates of a single species as per the begomoviruses species
demarcation criteria (Brown et al. 2015). The genome organ-
ization of these isolates is typical to Old World bipartite
begomoviruses encoding six open reading frames (ORFs);
V2 and CP in viral sense strand and Rep (C1), TrAP (C2),
REn (C3), AC4 in antisense orientation in DNA-A. The
intergenic region (IR) of 273 nt in length was present in all
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Fig.2 Watermelon seedlings exhibited leaf crinkling, reduction in
leaf size and stunted growth under whitefly inoculation condition

six watermelon isolates and it shared maximum sequence
identities of 88.3 to 98.5% with IR of ToLCPalV infecting
crop plants in Indian subcontinent and Iran. Furthermore,
iteron sequence, GGTGTCT (Arguello-Astorga et al. 1994)
is present in the IR region of all six isolates and has sig-
nificant identity with iterons of ToLCPalV isolates reported
earlier.

The nt sequence of DNA-A of six isolates was compared
with selected begomovirus isolates/species comprising both
monopartite and bipartite viruses retrieved from the NCBI
database. The analysis revealed that six isolates are show-
ing maximum nt identity of 86.9 to 93.3% with isolates of
ToLCPalV infecting different crops (Table 2) (Fig. 3b). As
per the current ICTV species/strain/variant demarcation cri-
teria (Brown et al. 2015), all the six isolates in the present
study are considered as strains of ToLCPalV and proposed
descriptor as Tomato leaf curl Palampur virus-[India:Kar
nataka:Watermelon:2017] and designated as ToLCPalV-
[IN:Kar:Wat:17]. The analysis of individual ORFs revealed
that four ORFs (C1, C2 C3 and C4) are having highest aa
identity with ToLCPalV isolates infecting different crops.
However, ORF-AV1 and AV2 had maximum aa identity with
ToLCNDYV isolates infecting various crop plants (Supple-
mentary Table S5).

Phylogenetic analysis

Phylogenetic analysis showed that six watermelon isolates
(BGM, CBP, BLR, CMNR, VJP and RCR) clustered with

ToLCPalV isolates infecting different crops in India and
Iran (Fig. 3a). Within this cluster, six isolates formed a sub
cluster providing the further evidence for strainal difference
among them.

Genome organization of DNA-B watermelon
infecting begomovirus

The complete nt sequences DNA-B component of four
isolates (BGM, BLR, CBP, CMNR) were between 2719
and 2723 nt in length encoding two ORFs, BV1 (nuclear
shuttle protein:NSP) and BC1 (movement protein:MP) in
sense and antisense strands, respectively. The sequences of
these isolates were deposited in NCBI GenBank (Acces-
sion numbers MT439868-71). The sequence analysis of
DNA-B component of four isolates showed 87.3-99.6% nt
identity among themselves. The DNA-B sequence analysis
of four isolates with selected begomoviruses sequences
was done. The begomoviruses infecting watermelon
showed maximum nt identity of 80.2-84.5% with ToL-
CPalV infecting different crop plants (Table 3) (Fig. 4b).
These results are well supported in phylogenetic analysis
showing begomoviruses infecting watermelon forming
separate cluster with high bootstrap value along within
the major cluster having isolates of ToLCPalV infecting
different crops (Fig. 4a).

Further, the aa sequence ORF BV1 and BC1 of four iso-
lates (BLR, VJP, CBP, CMNR) showed maximum aa iden-
tity of 73.8-86.9% and 86.1-90.3, respectively with isolates
of ToLCPalV infecting different crops (Table 3). The length
of the IR region of four watermelon isolates is 273 nt in
length, which is similar to several ToLCPalV isolates. The
“iterons” GGCGTC was identified in all the four isolates
(Arguello-Astorga et al. 1994).

Recombination breakpoint analysis

The analysis showed that six isolates of DNA-A have both
intra and inter species recombination (Supplementary
Table S6). Four recombination events were observed in
BLR, three in VJP, two in BGM, CBP and CMNR isolates
and only one recombination event was observed in RCR
isolate. This indicates the evidence of recombination in six
isolates (BGM, CBP, BLR CMNR, VJP, RCR) with most
of the fragments of DNA-A component derived from ToL-
CPalV infecting cucurbits and TOLCNDV infecting potato
or tomato as major and minor parents, respectively to evolve
as a novel strain of ToLCPalV infecting watermelon (Sup-
plementary Table S6) (Fig. 3¢). Similarly, recombination
break point analysis in DNA-B sequences of four the iso-
lates revealed the presence of one recombination event with
most of the fragments in DNA-B component derived from

@ Springer
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Fig.3 Phylogenetic tree showing relationships of the DNA-A com- »
ponent of six watermelon isolates with selected begomoviruses. The
phylogenetic trees were constructed employing the MEGA X tool,
using the neighbor-joining method with 1000 bootstrap replicates (a).
The two dimensional color-coded matrix of pairwise calculated
scores of the watermelon isolates (b) using SDT. Pictorial depiction
genomic map of DNA-A of watermelon isolates under study and their
putative recombination events identified by RDP analysis (c)

ToLCNDV and ToLCPalV as major and minor parents
infecting chilli and rumex, respectively (Supplementary
Table S6) (Fig. 4c). Overall results showed most of the
DNA-A and DNA-B components of begovoirus infecting
watermelon (BGM, CBP, BLR CMNR, VJP, RCR) might
have been derived from ToLCPalV and ToLCNDV. This
is supported by six methods (RDP, Chimera, Geneconv,
SiScan, 3Seq and MaxChi) in DNA-A component and four
methods (RDP, Chimera, 3Seq and MaxChi) in DNA-B
component used for recombination break point analysis
(Supplementary Table S6). The maximum recombination
events in DNA-A of ToLCPalV was detected by SiScan
and 3Seq methods used in the recombination analysis fol-
lowed by RDP, Geneconv and Chimera (Supplementary
Table S6). Similarly, in case of DNA-B, RDP, Chimera,
3Seq and MaxChi detected maximum recombinant events
(Supplementary Table S6). Analysis clearly showed that
there is a correlation between number of recombination
events detected in genome and genetic variability of the
virus. Maximum number of recombinant events were
detected in both genomic components (DNA-A and DNA-
B) by two methods (SiScan and 3Seq) in all the ToLCPalV
isolates. Further, the DNA-A of all the isolates had more
prone to recombination than the DNA-B, with a maximum
number of unique, well-supported recombination events
detected by at least two methods with a p value <0.001.
The most of the DNA fragment in DNA-A of ToLCPalV
isolates might derived from ToLCPalV infecting cucurbits
from Iron as major parent except one isolate (BGM), where
it might have derived from ToLCNDV infecting ash gourd
from India. Similarly, most of the DNA fragment in DNA-B
of ToLCPalV isolates is shown to be descended from the
ToLCNDV infecting chilli from Pakistan as major parent.
Our results showed a much greater tendency of the DNA-A
with number of unique events to recombine compared to
the DNA-B.

Discussion
Watermelon is important vegetable fruit crop exten-

sively grown throughout Indian subcontinent. In the
watermelon, the diseases caused by both RNA and DNA

(a)

ToLCPalV-[IR:Bar:B908P:Pv:10].JF501726
ToLCPalV-[IR:Kha:W9P:Wat:10].JF501728
ToLCPalV-[IR:Jir6:T3X:Cuc:08].FJ660441

4 ToLCPalV-[IR:Ker:Cuc:07].F}660433

[}

ToLCPalV-[IR:Jir7:T11X:Cuc:08].FJ660438
ToLCPalV-[IR:JirL:T55X:Cuc:08].F|660444
ToLCPalV-[IR:Jir:Mel:07].EU547683
ToLCPalV-[IR:Jir:T69P:Cuc:08].JQ825226
ToLCPalV-[IR:Jir:T63X:Cuc:08].JF501722
ToLCPalV-[IR:Jir:T56X:Cuc:08].JF501721
ToLCPalV-[IR:Jir5:T6X:Cuc:08].F]660436
ToLCPalV-[IR:Jir3:T4X:Cuc:08].FJ660439
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Fig.3 (continued)

viruses are the major bottleneck in its production through-
out the world (Wehner 2008). Among viral diseases, the
leaf curl and yellowing disease of watermelon caused by
begomoviruses is an emerging problem on watermelon
crop ecosystem in India, considering the imposing dam-
age caused by begomoviruses in other crops (Varma
and Malathi 2003). Survey indicated the prevalence of
watermelon leaf curl and yellowing disease in Karnataka
State, India with varying percent of disease incidence.
The varied disease incidence within state might be due
to difference in whitefly vector population, growing sus-
ceptible cultivars and other factors influencing the crop

@ Springer

ecosystem such as climate, surrounding crops etc., In all
the surveyed fields, diseased plants produced symptoms
such as mosaic, leaf curling, yellowing, reduction in leaf
size, curling of leaves and stunted growth similar to the
previous reports of begomovirus induced manifestation
on watermelon (Mansoor et al. 2000; Shahid et al. 2017,
Zhao et al. 2017; Venkatarvanappa et al. 2020). Present
study also confirmed the presence of begomovirus in the
symptomatic leaf samples through PCR detection provid-
ing furthermore evidence for the above mentioned mani-
festation of symptoms by begomovirus infection in water-
melon. Whitefly cryptic species are recognized vectors
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Fig.3 (continued)

transmitting the begomoviruses in circulative persistent
manner under natural conditions (Gray and Banerjee
1999). Whitefly transmission of begomovirus watermelon
(BLR) isolate in the present study was established for
biological characterization.

Based on the detection of genome components, among
the six isolates, four were considered as bipartite (having
both DNA-A and DNA-B) and two were considered as
monopartite (having only homologue of DNA-aA) bego-
moviruses. The alpha and betasatellites association were not
found in all the 34 symptomatic samples, which includes
the six samples considered for complete genome sequenc-
ing and designated as watermelon isolates. This is in con-
trast with the many earlier reports about the association
of monopartite begomoviruses with DNA satellites (Zhou
2013). In the recent past, few reports are available about

non-association of monopartite begomoviruses with DNA
satellites supporting the results in the current study (Akram
et al. 2020).

However, six bipartite [WmCSV, ToLCNDV, Squash
leaf curl virus (SLCV), Cucurbit leaf crumple virus
(CuLCrV), MeCMV and ToLCPalV] and two monopar-
tite (ChiLCV and TbCSV) begomoviruses reported to be
associated with watermelon worldwide (Mansoor et al.
2000; Heydarnejad et al. 2013; Shahid et al. 2017; Zhao
et al. 2017; Venkataravanappa et al. 2020). So far only
one begomovirus i.e., TOLCNDV is reported on water-
melon from India, which is bipartite based on complete
genome sequencing (Venkataravanappa et al. 2020). The
complete genome and phylogenetic analysis of current
begomovirus isolates provided evidence for association
of strains of ToLCPalV as per the begomovirus species

@ Springer
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Fig.4 Phylogenetic tree showing relationships of the DNA-B com- »

ponent of four watermelon isolates with selected begomoviruses.
The phylogenetic trees were constructed by MEGA X tool, using
the neighbor-joining method with 1000 bootstrap replicates (a). The
two dimensional color-coded matrix of pairwise calculated scores of
the watermelon isolates (b) using SDT. Pictorial depiction genomic
map of DNA-B of watermelon isolates under study and their putative
recombination events identified by RDP analysis (c)

demarcation criteria (Brown et al. 2015). Evidence for
the past recombination was shown in the recombination
breakpoint analysis of begomoviruses infecting water-
melon with the sequences used for analysis. The mecha-
nism of inter and intra species recombination contributes
to the evolution of novel begomoviruses and their sub-
sequent adaptation new host in agricultural eco-system
(Lefeuvre et al. 2007).

The understanding of such recombination between differ-
ent isolates/species of begomoviruses in adaptation to water-
melon may provide more insights in this regard. Emergence
of novel viral diseases is aided by their high recombination
rate, providing the advantage of expanding their host range
(Seal et al. 2006).

The ToLCPalV was first reported on tomato during
2008 (Kumar et al. 2008), later it is reported on cucum-
ber, pumpkin, Rumex sp, bitter gourd, muskmelon, chilli,
Cucumis melo var. flexuosus, Cucumis callosus var.
agrestis, brinjal and basella from India (Namrata et al.
2010; Malathi et al. 2017; Kumari et al. 2019), squash,
watermelon, cucumber, common bean and two weed
species, Heliotropium europaeum and Chenopodium sp.
from Iran (Heydarnejad et al. 2013), bitter gourd, cucum-
ber and muskmelon from Pakistan (Shafiq et al. 2019).
Besides this, multiple infections of three different viruses;
ToLCPalV, ToOLCNDV and SLCCNV in pumpkin (Nam-
rata et al. 2010) and two viruses; ToLCPalV and ToLC-
NDYV in tomato (Gaikwad et al. 2011) were also reported
from India. To date, ToLCPalV is known to be distributed
in the Indian subcontinent and, central and north eastern
Iran.

Looking at the pace of ToLCPalV host range expansion,
diseases caused by it will become major production con-
straint in vegetable crops belonging to Solanaceae, Cucur-
bitacae, Leguminaceae, Basellaceae and Malvaceae fami-
lies. This is the first report of association of ToLCPalV with
watermelon leaf curl and yellowing disease from India based
on biological and molecular approaches.

(a)

[y
(=]
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ToLCPalV-[IR:Jir9:T7X:Cuc:08].FJ660435
ToLCPalV-[IR:Jir7:T11X:Cuc:08].F] 660426
100f TOLCPalV-[IRJir3:T4X:Cuc:08].FJ660430
ToLCPalV-[IR:Jir:Mel:07].EU547681
ToLCPalV-[IR:Ker:Cuc:07].FJ668379
ToLCPalV-[IR:Jir6:T3X:Cuc:08].FJ660427
ToLCPalV-[IR:Jir8:T58P:Cuc:08].F| 660425
ToLCPalV-[IR:Jir1:T55X:Cuc:08].F|660443
ToLCPalV-[IR:Kah:T9X:Cuc:07].F]660424
99|k ToLCPalV-[IR:Jir5:T6X:Cuc:08].F]660429
10 ToLCPalV-[IR:R00:07].F]660442
ToLCPalV-[IN:Var:Cb1:Cuc:15].KY564207
ToLCPalV-[IN:Var:Mm1:Mus:15].KY564206
ToLCPalV-[IN:Pun:Tom:08].KC456162
ToLCPalV-[IN:Pal:Tom:06].NC010839
ToLCPalV-[IN:Pal:07].AM992534

100} o1 cPalV-[IN:Him:Rum: 13] KT895906

ToLCPalV-[IN:Him:Rum:13].KT895907

= ToLCPalV-[IN:Var:egg:14].KX778475
@ ToLCPalV-BGM

100 @ ToLCPalV-CBP
100 @ ToLCPalV-CMNR
@ ToLCPalV-BLR
ToLCNDV-[TH:Cuc:07].AB330080
100|l— ToLCNDV-[TW:0ri:07].GU180096
91 ToLCNDV-[IND:Java:Cuc:08].AB613826
ToLCNDV-[IN:ND:Ash:11].JN208137

100l ToLCNDV-[IN:ND:Pum:06].AM286435

ToLCNDV-[IN:Kar:0kr:0Y81A:04].GU112083

100 ToLCNDV-[IN:Mah:Bri:09].HQ264186
ToLCNDV-[PK:Rid:08].EF620535
ToLCNDV-[IN:Guj:Var:01].AY190291

ToLCNDV-[PK:Kha:Chi:06].DQ116882

— ToLCNDV-[IN:Mee:Pot:05].EF043232

0 — ToLCNDV-[PK:Dar:Tom:07].AY150305
ToLCNDV-[IN:Bit:06].0Q020490

99| JF ToLCNDV-[IN:ND:Tom:94].U15017

100" ToLCNDV-[IN:ND:Rid:10].HM989846

LYMV-[VN:Rid:03].AF509740

SLCCNV-[PK:Lah:Sum:05].AM778959

SLCCNV-[PK:Lah:Bit:10].AM709505

100
SLCCNV-[IN:Tam:Coi:Pum:05].AY184488

SLCPHV-[PH:Pum:08].AB085794
SLCCNV-[CN:Squ:G25:05].AM260208
SLCCNV-[VN:Squ:04].AF509742
SLCCNV-[CN:Squ:Hn51:05].AM260207
[~ WmCSV-[IR:Wat:97].A]245653

IOOL WmCSV-[SA::LeiWat:14].K]939447

MCIMV-[VN:Wat:09].HM163577

@ Springer



1086

Indian Phytopathology (2021) 74:1075-1088

ToLCPalV[KX778475]
ToLCPalV[KY564207]
ToLCPalV[KY564206]
ToLCPalV[NC010839]
ToLCPalV[AM992534]
ToLCPalV[KT895906]
ToLCPalV[KT895906]
ToLCPalV[KC456162]
ToLCPalV[FJ660442]
ToLCPalV[FJ660425]
ToLCPalV[FJ660443]
ToLCPalV[FJ660424]
ToLCPalV[FJ660429]
ToLCPalV[EU547681]
ToLCPalV[FJ668379]
ToLCPalV[FJ660427]
ToLCPalV[FJ660428]
ToLCPalV[FJ660435]
ToLCPalV[FJ660426]
ToLCPalV[FJ660430]
ToLCPalV-BGM
ToL.CPalV-CBP
ToLCPalV-BLR
ToLCPalV-CMNR
ToLCNDV[U15017]
ToL.CNDV[HM989846]
ToL.CNDV[DQ020490]
ToLCNDV[JN208137]
ToLCNDV[AM286435]
ToLCNDV[AY150305]
ToLCNDV[EF043232]
ToLCNDV[DQ116882]
ToLCNDV[EF620535]
ToLCNDV[GU112083]
ToLCNDV[HQ264186]
ToLCNDV[AY190291]
ToLCNDV[AB330080]
ToLCNDV[GU180096]
ToLCNDV[AB613826]
SLCCNV[AF509742]
SLCCNV[AM260207]
SLCCNV[AM260208]
SLCPHV[AB085794]
SLCCNV[AM778959)]
SLCCNV[AM709505]
SLCCNV[AY184488]
LYMV[AF509740]
WmCSV[IAJ245653]
WmCSV[KJ939447]
MCIMV[HM163577]

Fig.4 (continued)
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