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Abstract

Diseases caused by begomoviruses are becoming the major limiting factors for the production of watermelon in India. Survey
for the incidence of plants showing symptoms typical to begomovirus infection was conducted in watermelon fields. The
study revealed that 40% of the watermelon plants were showing the yellowing and downward curling symptoms. Twenty
infected samples were collected from the different farmer’s fields to know the association of begomoviruses. The PCR
amplification using begomovirus-specific primers resulted in an expected 1.2 kb PCR product indicating the begomovirus
association with the watermelon samples. The sequence comparison results of 1.2 kb representing partial genome revealed
that all sequences obtained from watermelon samples have a nucleotide (nt) identity of more than 98% among them and are
maximum homology with Tomato leaf curl New Delhi virus (ToOLCNDYV). One watermelon sample (WM1) was selected for
complete genome amplification using RCA method (rolling-circle amplification). Amplification of DNA B and no amplifica-
tion of betasatellites and alphasatellite indicated this virus as bipartite. Sequence Demarcation Tool (SDT) analysis of the
DNA A component of the WM1 isolate showed the maximum nt identity of 94.6-97.9% and 85.2-95.8% with TOLCNDV
infecting cucurbits. The recombinant analysis showed that the genome was likely to be derived from the recombination of
already reported begomoviruses (TOLCNDYV, ToLCPalV, and MYMIV) infecting diverse crops. The whitefly cryptic species
predominant in the begomovirus-infected watermelon fields were identified as Asia-II-5 group. The LAMP assay developed
based on coat protein gene sequence was able to detect the TOLCNDYV in the infected samples. Visual detection of the LAMP-
amplified products was observed with the hydroxy naphthol blue. LAMP assay was also validated with TOLCNDYV infected
sponge gourd, spine gourd, ivy gourd, ridge gourd, and cucumber. This is the first report of TOLCNDYV association with leaf
curl and yellowing disease of watermelon from India and World based on complete genome sequencing.
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Introduction

Watermelon (Citrullus lanatus (Thunb.) Mastum and
Nakai, synonyms: C. vulgaris) originated from Africa is
an economically important fruit crop belongs to the family
Cucurbitaceae. The family Cucurbitaceae consists of 100
genera and over 750 species, distributed widely in dif-
ferent parts of the world (Yamaguchi 1983). Watermelon
being cultivated in more than 96 countries in the world.
China is a leading producer, contributing to more than
70.30% share of world production. In India, the crop is
being cultivated in different states viz., Assam, Haryana,
Himachal Pradesh, Orissa, Karnataka, Rajasthan, Punjab,
Uttar Pradesh, Tamil Nadu, and West Bengal throughout
the year. The area under watermelon production in India
is 101 thousand hectares with the production of 2480 met-
ric tons (National Horticulture Board 2017). The water-
melon fruit is a good source of vitamin A and C and con-
tains 92% water, 0.2% protein, 3.0% minerals, and 7.0%
carbohydrates.

Watermelon productivity in India is low due to the
attack of pests and diseases. Among these, plant viral dis-
eases are major constraints in its production. Across the
world, more than ten different viruses causing diseases and
resulting in poor yield in watermelon were reported (Prov-
videnti 1986). Sometimes, it is difficult to find even a sin-
gle plant free from infection at the end of the crop season
and resulting in severe yield reduction (Varma and Giri
1995). An outbreak of diseases caused by begomoviruses
is becoming a major threat for the production of many
crops including watermelon due to their wide host range
including many weed hosts, population explosion, and
invasive nature of their vector Bemisia tabci and rapid evo-
lution of their genome through recombination, acquisition
of new DNA components, and satellites (Melgarejo et al.
2013). Important begomoviruses known to infect water-
melon are Watermelon chlorotic stunt virus (WmCSV)
(Jones et al. 1988), Squash leaf curl virus (SLCV) (Abudy
et al. 2010), Cucurbit leaf crumple virus (CuLCrV) (Guz-
man et al. 2000), Melon chlorotic mosaic virus (MeCMV)
(Romay et al. 2010), Tobacco curly shoot virus (TbCSV)
(Zhao et al. 2017), and Chilli leaf curl virus (Shahid et al.
2017).

The begomoviruses belong to the family, Geminiviri-
dae, and have isometric twin particle morphology with
single-stranded DNA as genome. Based on the genome
organization, the begomoviruses are categorized into
monopartite viruses having genome homologous to DNA
A of bipartite viruses and bipartite viruses having two
genome components DNA A and DNA B (Zaidi et al.
2017). The genome organization of begomoviruses differs
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based on their geographical origin. The evidence avail-
able so far clearly shows that the Old World (OW) harbors
both mono and bipartite begomoviruses with majority
being monopartite, while the New World (NW) harbors
only bipartite begomoviruses (Nawaz-ul-Rehman et al.
2012). Both have genome coding for capsid protein (CP),
replication-associated protein (Rep), transactivator pro-
tein (TrAP), replication enhancer protein (REn), and C4/
AC4 proteins, which are essential for multiplication and
infection (Harrison and Robinson 1999; Gutierrez 1999).
However, the genome component of monopartite begomo-
viruses (homolog of DNA A of bipartite viruses) is bigger
than NW bipartite begomoviruses. The CP is required
for systemic infection of monopartite begomoviruses and
not for many bipartite begomoviruses (Sudarshana et al.
1998). Furthermore, the CP of NW bipartite begomo-
viruses has a distinctive N-terminal PWRsMaGT motif,
which is absent in OW begomoviruses. The AC4 is a
pathogenicity determinant in monopartite begomoviruses,
whereas in many NW bipartite begomoviruses, it does not
play any role in pathogenicity (Rojas et al. 2005; Pooma
and Petty 1996). In addition to these genomic compo-
nents, the monopartite viruses are known to be associated
with subgenomic components, viz., betasatellite, alphas-
atellite, and deltasatellites (Briddon et al. 2002; Briddon
and Stanley 2006; Fiallo-Olive et al. 2016). However,
some recent reports revealed the association of satellites
with the bipartite begomoviruses also (Venkataravanappa
et al. 2019).

Among the begomoviruses reported across the world,
ToLCNDV is emerging as a single major threat in the
production of many crops in India (Brown et al. 2015)
and drawn attention in Europe (Zaidi et al. 2017). The
host range of TOLCNDV is expanding very quickly aided
by its evolution to adopt new hosts (Juarez et al. 2019).
The ToLCNDYV is having genome typical to the bipartite
begomovirus originated from the New World (Moriones
et al. 2017). Even though ToOLCNDYV was reported to infect
many crops (Brown et al. 2015; Fortes et al. 2016; Juarez
et al. 2019), there are no reports available about complete
genomes of TOLCNDYV infecting watermelon from India.

Evidence based on the partial genome sequence showed
an association of TOLCNDV with watermelon leaf curl
from Pakistan (Mansoor et al. 2000) and India (Jyoth-
sna et al. 2013). Apart from these, CP gene sequences of
ToLCNDV (KM269350 and KM098111) associated with
watermelon from Tamil Nadu and Punjab are available at
NCBI database. For assigning the begomovirus species to
a particular disease, full-length sequence of its genome is
essential. In the present study, the association of ToLC-
NDV with leaf curl and yellowing disease of watermelon
and its detection using LAMP assay are discussed.
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Materials and methods

Survey for the incidence of leaf curl and yellowing
disease in watermelon, collection of virus-infected
watermelon samples, and whiteflies

During summer 2017-18, yellowing and downward curling
symptoms on watermelon were observed in the farmer’s
fields at different locations of Bengaluru rural district, Kar-
nataka State, India. Ten fields [Hessaraghatta (13.1500°N,
77.4900°E), Doddaballapura (3.2957°N, 77.5364°E,
13.1870°N, 77.5502°E), Devanahalli, (13.2437°N,
77.7172°E), Hosakote (13.0693°N, 77.7982°E), Nelaman-
agala (13.0982°N, 77.3948°E), and Vijapura (13.2955°N,
77.8010°E)] were surveyed for the prevalence of the dis-
ease. The percent incidence was estimated in each field
by counting the infected plants over the non-symptomatic
plants. To know the status of begomovirus, totally 20
infected watermelon plant samples (two infected samples
from each field) along the non-symptomatic samples (one
from each field) were collected. Whitefly samples were
also collected from each field, which is a natural vector
of begomoviruses. Both plant and whitefly samples were
subjected to the PCR analysis to know the virus associated
with them. Each infected sample was designated as one
virus isolate (WM-1 to 20).

DNA isolation, detection of virus, and identification
vector

The total nucleic acid was isolated from the 20 sympto-
matic and non-symptomatic watermelon leaf samples by
CTAB method (Doyle and Doyle 1990). The pellet was
suspended in Tris—EDTA buffer. The quality of the nucleic
acid was estimated on 1% agarose gel and stored at — 20 °C
until further use. Initially, the begomovirus infection in
watermelon samples was detected by Polymerase Chain
Reaction (PCR) using begomovirus-specific primers
pair OY2395F 5'-GCTCCCTGAATGTTCGGATGGA-
3'/0Y680R 5'-GTTCTCRTCCATCCATATCTTAC-3'
designed to amplify genome segment of DNA A (Ven-
kataravanappa et al. 2012). The partial amplified genome
(1.2 kb) was cloned and sequenced by primer walking
strategy (Medauxin PVT LTD, Bengaluru, India). One
watermelon sample (WM-1) was processed for amplifi-
cation of complete genome of the virus using the RCA
method. The 50 ng of total nucleic acid was added to 5 ul
of sample buffer and denatured at 95 °C for 3 min. Sub-
sequently cooled down for 1 min on ice followed by the
addition of 5 pl reaction buffer and 10U of enzyme mix.
The amplification was carried by incubating samples at

30 °C for 20 h and stopped by incubating for 10 min at
65 °C. The amplified RCA product was digested with
restriction endonucleases BamH1 and Xbal to release
monomeric units of DNA A and DNA B, respectively.
The monomeric units of the genomes were isolated. The
2.7-kb fragments represent complete genomic components
of the virus were purified and ligated into a linearized
pUC18 vector (BamH]1 or Xbal) with the ligating enzyme
as per the manufacturer’s instructions (Fermentas, Ger-
many). The recombinant positive clones were identified
by PCR amplification and restriction digestion. The five
positive clones were selected and the viral genome insert
was sequenced by primer walking strategy (Medauxin
PVT LTD, Bengaluru, India). Furthermore, detection of
betasatellite (DNAP) and alphasatellite in the infected
watermelon samples by PCR using beta (Briddon et al.
2002) and alphasatellite (Kumar et al. 2010) specific prim-
ers was carried out to identify their possible association
with the disease.

Similarly, total genomic DNA isolated from the whiteflies
collected from surveyed fields to know the status of cryptic
species of B. tabaci present and detection of the begomo-
virus in the vector (Ashwathappa et al. 2020). PCR ampli-
fication using mtCOI gene-specific primers was carried out
for cryptic species identification (Simon et al. 1994). For
begomovirus identification of virus detection, PCR ampli-
fication was carried out as described by Venkataravanappa
et al. (2017b). The amplified PCR products of mtCOI gene
were cloned and sequenced. Genome sequences were ana-
lyzed as described below.

Sequence analysis

Similarity searches for the nucleotide (nt) sequence of DNA
A and DNA B genome components were performed with
all the sequences available in the GenBank database using
BlastN (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequences
showing maximum identity score with watermelon iso-
late [DNA A (Table S1a) and DNA B (Table S1b)] were
retrieved and aligned using the Muscle method implemented
in Sequence Demarcation Tool (SDT) version 1.2 (Muhire
et al. 2014). The retrieved sequences used in the analysis
included, 21 Tomato leaf curl New Delhi virus (TOLCNDV)
isolates, 8 Tomato leaf curl Palampur virus (ToLCPalV) iso-
lates, 4 Squash leaf curl China virus (SLCCNV) isolates, and
2 Mungbean yellow mosaic Indian virus (MYMIV) isolates.
The percent pairwise identities of the watermelon isolate
with the representative sequences were calculated using SDT
(Mubhire et al. 2014). A phylogenetic tree was constructed by
MEGA 7 (Kumar et al. 2016) using the Maximum-Likeli-
hood Method with 1000 bootstrapped replications. Recom-
bination analysis was carried out using the Recombination
Detection Program (RDP), GENECOV, Bootscan, Max Chi,
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Chimaera, Si Scan, and 3Seq which are integrated in RDPv
4.46 (Martin et al. 2015). Default RDP4.46 settings were
used throughout (P value cut-off =0.05 and the standard
Bonferroni correction). The sequences were considered as
circular. Consensus daughters were found and breakpoints
were polished. More than one method was considered to
infer and evaluate the performance of these recombination
detection events.

LAMP assay
Primer designing

The specific LAMP primers were designed based on the coat
protein (AV1) gene sequence of TOLCNDYV, which is highly
conserved and essential for insect transmission using the
Primer Explorer V.5 software (https://primerexplorer.jp/e)
program. The specificity of the primers was confirmed with
BLAST search (Standard nt BLAST available at https://blast
.ncbi.nlm.nih/gov/blast.cgi) (Fig. 1). The primers were syn-
thesized at Sigma-Aldrich (Table 1). A forward inner primer
(FIP) consisted of the complementary sequence of Flc and
F2, and a backward inner primer (BIP) consisted of B1c and
B2. The outer primers F3 and B3 used for the initiation of
the LAMP reaction.

Fig.1 Schematic representa- F3
tion of position and sequence of

PCR assay

The DNA amplification was performed with 35 cycles of
denaturation for 1 min at 94 °C, primer annealing for 45 s at
55 °C, and primer extension for 1 min 30 s at 72 °C, with an
initial denaturation at 94 °C for 3 min and a final extension
for 10 min at 72 °C. The PCR reactions were carried out in
a Gene Amp PCR system 9700 (PE Applied Biosystems,
Foster City, CA) thermocycler. All amplifications were per-
formed in volumes of 25 pl PCR mix containing 2 pl DNA
template, 1.5 U Taq DNA polymerase (Fermentas Life Sci-
ences, USA), 25 mM Mgclz, 2 mM dNTPs (Fermentas Life
Sciences, USA), and 10 pmol of each F3 and B3 primers.
PCR products were electrophoresed (1 h at 80 V) on 1.2%
agarose gels in Tris—borate-EDTA buffer, pH 8. Gels were
stained with ethidium bromide (10 mg/ml) and viewed in
Gel documentation system (Alpha Innotech, USA).

LAMP assay

The DNA from leaf samples (three symptomatic and one
non-symptomatic) of watermelon weighing 5 mg each were
extracted with 1 ml of extraction buffer (CTAB) using a
pre-cooled mortar and pestle. LAMP assay was performed
in a total volume 25 pl LAMP reaction mixture contains
0.5 pl (10 pM) of ToOLCNDV-F3, ToLCNDV-B3, 1.0 pl of

F2 LF Flc

»
>

primers within the nucleotide
sequence of coat protein gene of
ToLCNDV watermelon isolate
used for LAMP assay. Arrows
and box indicate the position of
the target sequences

Table 1 Specific LAMP
primers synthesized for coat
protein gene of TOLCNDV
infecting watermelon used in
this study
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» B >
ATGGCGAAGCGACCAGCAGA?ATCATCATTTCAACGCCCGTATCGT\AGGTACGCCGACGTCT CAACTTCGACAGCCCCTATGGAGCTCGT
B2 LB

&
<

GCAGTTGTCCCCATTGCCCG CGTCACRAAAG CAAAGGCCTGGACCAACAGGCCGATGAACAGAAAACCCAGAATGTACAGAATGTAT

& Blc & B3
AGAAGTCCCGACGTGCCAAGGGGCTGTGAAGGCCCTTGTAAGGTGCAGTCCTTTGAATCGAGGCACGATGTATCTCATATTGGCAAGGT

CATGTGTGTTAGTGATGTCACACGAGGAACTGGACTCACACATCGCGTAGGGAAGCGATTTTGTGTGAAATCCGTCTATGTTCTGGGGAAG
ATATGGATGGATGAAAACATCAAGACAAAAAACCATACTAACAGTGTCATGTTTTTTTTAGTTCGTGACCGTCGTCCTACAGGATCGCCACAA
GATTTTGGGGAAGTTTTTAACATGTTTGACAATGAACCGAGCACAGCAACGGTGAAGAACATGCATCGTGATCGTTATCAAGTCTTACGG
AAGTGGCATGCGACCGTGACGGGAGGAACATATGCATCTAGGGAGCAAGCATTAGTTAGGAAGTTTGTTAGGGTTAATAATTATGTAGTTT
ATAATCAACAAGAGGCCGGCAAGTATGAGAATCATACTGAAAACGCATTAATGTTGTATATGGCCTGTACTCACGCATCAAATCCTGTATATG
CTACTCTGAAAATCCGGATCTATTTTTATGATTCGGTAACAAATTAA

Primer Length of primer/bp Sequence (5'-3")

ToLCNDV-LF 19 TTGAGACGTCGGCGTACCT

ToLCNDV-LB 21 CAGGCCGATGAACAGAAAACC

ToLCNDV-F3 18 GCGAAGCGACCAGCAGAT

ToLCNDV-B3 19 CTTACAAGGGCCTTCACAG

ToLCNDV- FIP(Flc and F2) 42 ACGAGCTCCATAGGGGCTGTC
GCATTTCAACGCCCGTAT
CGA

ToLCNDV -BIP(B1c and B2) 40 CAAAAGCAAAGGCCTGGA
CCAAAGAAGTCCAGACGT
GCCA
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(10 pM) ToLCNDV-FIP, ToLCNDV-BIP, ToOLCNDV-LF
and ToLCNDV-LB primers, 1.5 pl of 10 mM dNTPs, 1.0 pl
of 5 M betaine, 6.5 pl of sterile double-distilled water, 2.5 pl
of 1X ThermoPol Reaction buffer (20 mM Tris—HCI, 10 mM
(NH4)S0O4, 10 mM KCI, 2 mM MgS04, 144 0.1% Triton
X-100, pH 8.8 @ 25 °C), 0.5 pl of 100 mM MgSO4, and
1.0 pl of 8U Bst DNA Polymerase (New England Biologi-
cals, USA). The reaction mixture was incubated at 63 °C
for 45 min followed by 80 °C for 10 min to terminate the
reaction in water bath. The DNA from the healthy sample
and distilled water were included as negative controls. The
LAMP reaction products were analyzed on 1.5% agarose gel
with 65 V for 3 h and then visualized using ethidium bro-
mide stain viewed under Gel documentation system (Alpha
Innotech, USA).

Visual detection

For the visual detection of the LAMP products, 1 pl (3 mM)
of hydroxy naphthol blue (HNB) coloring agent (Lemon-
green, Shanghai, China) was separately added to the LAMP
master mix prior to amplification. All positive reactions can
be easily identified visually by change in the color from
violet to sky blue. Furthermore, the LAMP amplification
was confirmed by running the product on 1.5% agarose gel
stained with ethidium bromide.

Results

Symptomatology and incidence of leaf curl
and yellowing disease in watermelon

Survey in the watermelon fields revealed watermelon plants
exhibiting the symptoms, yellowing and downward curling,
dwarfing of entire veins, and deformation of fruits, which are

Fig.2 Watermelon plants show-
ing yellowing and downward
curling symptoms under natural
conditions

typical to the begomovirus infection (Fig. 2). The incidence
of plants showing these symptoms was around 40% in the
surveyed fields. Furthermore, a large number of whitefly (B.
tabaci) infestation were noticed on both healthy and infected
plants. Based on the occurrence of whiteflies and symptoms,
it was suspected that the infected watermelon plants might
be associated with the begomovirus and further analysis was
carried out.

Begomovirus genome organization and sequence
analysis

The PCR amplification of the virus genome using bego-
movirus-specific primers from the DNA samples extracted
from the 20 infected watermelon leaf samples resulted in the
expected amplicon of 1.2 Kb confirming the association of
begomovirus. The sequence analysis of the amplicons com-
prising the partial genome showed that sequences derived
from watermelon isolates (WM 1-20) are having more than
98% nt identity between themselves and are related to
Tomato leaf curl New Delhi virus (ToLCNDV).

Complete genome amplification of one virus isolate
from watermelon (WM1) was done using RCA method
and genome sequence data were obtained. The DNA A
and DNA B components of watermelon (WM1) isolate
were determined to be 2737 nt and 2692 nt in length,
respectively. The sequences were submitted to the NCBI
database (Accession no. MK087116 and MKO087117). The
attempts to amplify the subgenomic components, betasat-
ellite (DNAP) and alphasatellite, resulted in no amplifica-
tion, indicating that the virus is not associated with the sat-
ellites. The organization of genome (DNA A and DNA B)
of ToOLCNDYV associated with the watermelon leaf curl and
yellowing disease was same as Old World bipartite bego-
moviruses containing four conserved ORFs: precoat pro-
tein (AV2, nt 121-459/coding 112 aa), coat protein (AV1,
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nt 281-1051/coding 256 aa) in sense orientation; and rep-
lication enhancer protein (AC3, nt 1048—1458/coding 136
aa), transcriptional activator protein (AC2, nt1178-1597/
coding 139 aa), replication-associated protein (ACI, nt
1500-2585/coding 361 aa) and AC4 (nt 2135-2428/coding
97 aa) in the complementary sense strand. The sense and
antisense of the viral strands are separated by a noncoding
intergenic region (IR) between 2586 and 2737 and 1 and
120 nt. Which contained highly conserved nonanucleotide
TAATATTAC sequence nicked by the rolling-circle initia-
tor protein (Rep protein) for viral strand replication. The
DNA B component is having two open-reading frames, one
on sense strand BV 1 (nuclear shuttle protein, nt 479—1285/
coding 268 aa) and the other on the antisense strand BC1
(movement protein, nt 1340-2185/coding 281 aa).

The complete genome of watermelon (WM1) isolate of
begomovirus was compared with the sequences of other
begomoviruses retrieved from the database using SDT
(Table S1). The SDT analysis of the complete genome
of TOLCNDV infecting watermelon shared the maxi-
mum nt identity of 94.6-97.9% with TOLCNDV infecting
cucurbits, 88.3-89.5% with ToLCNDYV infecting tomato
and chilli, 88.3-88.8% with ToOLCNDV infecting potato
available in the NCBI database (Table S1, Table 2). While
DNA B component showed the maximum level of nt
identity of 85.2-95.8% with ToLCNDV infecting cucur-
bits, 86.2-93.9% with ToLCNDV infecting tomato and
chilli, and 88.3-88.6% with ToOLCNDV infecting potato
(Table 3). The threshold value for begomoviruses classi-
fication was set at 91% nt sequence identity (Brown et al.
2015) and sequence data indicate that the watermelon iso-
late in the current study is an isolate of TOLCNDV. The
phylogenetic analysis also revealed watermelon isolate

Table3 Pairwise percent of nucleotide identities between the
genomic components and amino acid sequence identities of encoded
genes from the ToLCNDV-[IN:WM:Ban:18] with the components
and genes of selected begomoviruses available in the databases

Begomovirus® Genome® IR* Gene (percentage
amino acid sequence

identity)

BV1® BC1°

ToLCNDV-Cucurbits
©®

ToLCNDV-Potato (6)

ToLCNDV-tomato

85.2-95.8 78.0-98.0 86.5-97.6 93.5-95.3

88.3-88.6 87.0-89.0 92.9-94.4 93.2-93.9
83.2-939 4-99.1 83.5-97.7 85.7-94.6

13)
ToLCNDV-Chilli (4) 86.2-93.9 93.3-96.7 93.2-97.6 89.6-93.5
ToLCPaV-Cucurbits ~ 74.4-75.3 76.4-77.0 78.7-79.8 88.6-90.3
(12)
ToLCPaV-Tomato (3) 75.0-76.1 69.7-73.9 79.1-79.8 89.6-90.7
SLCCNV-Pum (4) 72.3-73.1 73.7-75.9 72.3-73.1 85.4-87.9

ToLCNDV-okra (1) 91.1 95.1 94.7 94.3
MYMIV (2) 58.6-59.2 54.4-62.3 28.0-28.8 45.2-45.7

BV nuclear shuttle protein gene, BC! movement protein gene
“Nucleotide identity
b Amino acid identity

“The species are indicated as tomato leaf curl New Delhi virus
(ToLCNDV), tomato leaf curl Palampur virus (ToLCPaV), squash
leaf curl China virus (SLCCNV), and mungbean yellow Mosaic
Indian virus (MYMIV). For each column, the highest value is under-
lined

closely clustered with TOLCNDV infecting cucurbits
(Fig. 3a, b).

Furthermore, the ORF wise sequence identities of ToLC-
NDV associated with watermelon leaf curl and yellowing

Table 2 Pairwise percent of nucleotide identities between the genomic components and amino acid sequence identities of encoded genes from
the TOLCNDV-[IN:WM:Ban:18] with the components and genes of selected begomoviruses available in the databases

Begomovirus# Genome IR Gene (percentage amino acid sequence identity)

AV2 CP Rep TrAP REn AC4
ToLCNDV-Cucurbits (14) 94.6-97.9 77.3-97.0 93.5-99.1 97.6-100 84.7-97.5 76.1-96.4 73.5-97.7 46.3-94.8
ToLCNDV-Potato (4) 88.3-88.8 80.1-83.1 95.5-96.4 96.8-98.0 85.5-86.1 84.1-85.6 84.6-85.2 60.3-65.5
ToLCNDV-Tomato (11) 88.3-89.5 79.0-83.2 95.5-98.2 97.2-99.2 83.3-87.5 76.8-89.9 81.6-87.5 62.0-63.7
ToLCNDV-chilli (4) 88.6-89.4 79.7-84.0 96.4-99.0 98.8-99.2 86.1-87.2 87.7-89.9 86.0-88.9 60.3-68.9
ToLCNDV-Eggplant (1) 88.3 82.0 96.4 98.8 85.5 88.4 85.2 62.0
ToLCPalV-tomato (2) 80.9-81.9 74.2-77.7 74.0-75.5 90.0-91.6 80.3-80.6 76.0-76.2 76.9-77.9 62.0-63.7
ToLCPalV-Cucurbits (24) 81.0-81.6 73.8-75.0 74.1-76.7 91.0-91.7 79.5-80.3 74.8-76.9 75.7-78.6 60.3-65.5
SLCCNV-Pum (5) 84.7-86.3 75.2-80.7 95.5-96.4 97.6-99.6 79.2-81.7 69.4-72.3 75.0-78.6 55.1-56.8
MYMIV(2) 67.6-68.6 61.3-63.6 42.8-43.7 72.2-74.2 79.2-81.7 44.4-459 39.0-39.5 56.0-56.7

IR Intergenic region

*Numbers of sequences from the databases used in the comparisons

#The species are indicated as tomato leaf curl New Delhi virus (TOLCNDV), tomato leaf curl Palampur virus (ToLCPalV), squash leaf curl
China virus (SLCCNV), and mungbean yellow Mosaic Indian virus (MYMIV). For each column, the highest value is underlined

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer



3 Biotech (2020) 10:282

Page70f12 282

Fig. 3 Dendrograms were con- 1D2lToLCN[)V-[IN:ND:Pum:06].AM286434
ToLCNDV-[IN:ND:AG:11].JN208136

structed using the maximum-
likelihood method. a DNA A

and (b) DNA B sequences of t
begomovirus isolated from 9
watermelon. The begomo-
viruses acronyms given are:
tomato leaf curl New Delhi
virus (TOLCNDV), tomato leaf
curl Palampur virus (ToL-
CPalV), squash leaf curl China

virus (SLCCNV), and mung- 9
bean yellow mosaic Indian virus ToLCNDV-[PK:Isl:T1/8:001.AF448059
(MYMIV) ToLCNDV-[IN:Pun:Tom:10].HQ141673

92

100

disease at protein level showed the maximum aa sequence
identities with TOLCNDV infecting cucurbits in all regions,
viz., precoat protein (AV2), coat protein (CP), REn (C3),
TrAP (C2), Rep (C1), and C4 regions of DNA A component
(Table 2) and BC1 (movement protein) and BV1 (nuclear
shuttle protein) of DNA B component. Among these, the
maximum aa identity of 83.5-97.7% and 85.2-95.8% with
the begomoviruses infecting tomato and cucurbits, respec-
tively, in the BV1 and BC1 regions (Table 3). The length
of intergenic region (IR) is 272 nt and has more homology
with IRs of other bipartite begomoviruses reported so far.
The IR has a highly conserved hairpin-like region containing

ToLCNDV-[BG:Jes:Svr:05].AJ875157
ToLCNDV-[IN:MH:Egg:10].HQ264185 100
ToLCNDV-[IN:Mee:Pot:02].EF043231 o7
109 -[ToLCNDV-[IN:Hap:Pot:OZ].EF043230
ToLCNDV-[PK:Mul:Luffa:02].AM292302
ToLCNDV-[PK:Kha:Chi:04].DQ116880 100
ToLCNDV-[PK:tom:08].AM947506

ToLCNDV-[IN:Son:Luffa:05].AY939926
mo.r—ToLCNDV-[IN:ND:Chi:OQ].HM007113
95| = TOLCNDV-[TH:cuc:09].AB330079
] -I-— ToLCNDV-[ID:Java:Cuc:08].AB613825
ToLCNDV-[PK:BG:07].AM747291
100~ ¢ TOLCNDV-Watermelon
ToLCNDV-[IN:Har:Lc:07].FN645905
100f= TOLCNDV-[BD:BD12C8:14].K)862841
ToLCNDV-[IN:UP:Len:14].KM190927
ad ToLCNDV-[Pak:Lah:04].AM491590
ToLCNDV-[BG:cuc:07].EF450316

SLCCNV-[IN:ND:Pum:11].JN587811 100]

— SLCCNV-[IN:Coi:Pum:03].AY184487 |

| 1o0] SLCCNV-[IN:Luc:Pum:03].0Q026296

100L_ 5) CCNV-[IN:Var:Pum:08].GU967381
ToLCPalV-[IN:Var:Pum:09].F1931537
ToLCPalV-[IN:HP:Tom:06].AM884015
ToLCPalV-[IR:R00:T0:11].EU547682
ToLCPalV-[IR:Jir:K1P:Squ:09].JF501727

o} ToLCPaIV-[IR:Jir:T55X:Cuc:08].F1660444 \ocf ToLCPalV-[IN:P:Tom:13].KCAS6162
ToLCPalV-[IR:Jir:T13X:Me:06].JF501719 ToLCPalV-[IN:HP:Tom:08].AM992534
ToLCPalV-[IR:Kha:W9P:Wat:10].JF501728 104 [ ToLCPalV-[IR:Jir1:T55P:Cuc:08].F1660423
ToLCPalV-[IR:Bar:B908P:bea:10].JF501726 10d[ ToLCPalV-[IR:)ir6:T3P:Cuc:07].F1660427

99

MYMIV-[IN:ND:Cp7:98].AF481865
100l MYMIV-[IN:Ako].AY271893

A.DNA A

ToLCNDV-[IN:ND:Tom:Svr:10].HM159455
ToLCNDV-[IN:ND:Svr:92].U15017
ToLCNDV-[PK:Sol:09].FN435312
ToLCNDV-[IN:Pal:Chi:11].JN663871
ToLCNDV-[IN:BLR:Chi:11].JN663848
ToLCNDV-[IN:BLR:Chi:11].JN663867
ToLCNDV-[IN:Son:Luf:05].AY939924
ToLCNDV-[PK:Lah:Tom:07].AM778833
ToLCNDV-[IN:ND:Cuc:12].KC545813
ToLCNDV-[IN:ND:Pum:06].DQ169057
ToLCNDV-[IN:ND:05].DQ169057
ToLCNDV-[IN:ND:luf:10].HM989846
¢ TOLCNDV-Watermelon
ToLCNDV-[IN:MH:Tom:10].HM803117
108= ToLCNDV-[IN:MH:Tom:10].HQ141674
ToLCNDV-[IN:TN:OK:06].HQ586007
ToLCNDV-[IN:BG:ND:05].0Q020490
ToLCNDV-[PK:Lah:04].AM392426
ToLCNDV-[IN:Hap:Pot:0]5.EF043233
oLCNDV-[IN:HR:pot:10].KC874495
ToLCNDV-[IN:PJ:Pot:13].KC874501
ToLCNDV-[IN:Guj:Pot:13].KC874498
ToLCNDV-[IN:Mee:P012:02].AY158080
ToLCNDV-[IN:UP:Pot:13].KC874497
ToLCNDV-[IN:ND:Pum:06].AM286435
ToLCNDV-[IN:AG:11].JN208137
ToLCNDV-[TH:cuc:07].AB330080
ToLCNDV-[IN:WB:Tom:13].KF577604
ToLCNDV-[PK:Isl:T1/8:00].AY150304
ToLCNDV-[PK:Kha:Chi:04].DQ116882
ToLCNDV-[PK:Sn:97].AJ620188
ToLCNDV-[BD:Jess:Severe:05].AJ875158
100 [r— TOLCNDV-[IN:PJ:tom:13].KF571462
98 ToLCGV-[IN:Var:01].AY190291

'SLCCNV-[IN:Coi:Pum].AY184488
| WLCCNV-[IN:ND:Pum:11].JN624306
98 LCCNV-[IN:VAr:Pum:08].F1859881
100 ~SLCCNV-[IN:VAr:Pum:08].GU967382

97

ToLCPalV-[IR:Jir2:Mel:07].EU547681
MYMIV-[IN:ND:Cp7:98].AF503580
10£MYMIV-[IN:Ako].AY271894
—
B. DNA B

0.05

nonanucleotide sequence (TAATATTAC), which initiate
Rep virion-strand DNA replication. Furthermore, between
the IR of DNA A and DNA B of watermelon isolate, 110 nt
are common and the sequence identities between these two
components are more than 89%.

Recombination analysis

The recombination breakpoint analysis indicates inter-
specific recombination in genomes of TOLCNDV-WM1
infecting watermelon. A recombination breakpoint was
detected at 1639 nt in DNA A of ToOLCNDV-WMI1 with
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major and minor parents resembling ToLCPalV (FJ931537)
and ToLCNDV (AM747291) infecting pumpkin. The
recombination breakpoints were detected at 126 and 1765
nt [regions of precoat protein (V2), coat protein (V1), and
replication enhancer protein (C3)] with an average prob-
ability value of 3.53 x 10°, Similarly, another breakpoint
was detected at 633 nt in DNA A component of TOLCNDV-
WM1 with major and minor parents resembling TOLCNDV
(GQ865546, EF068246) infecting tomato. The recombina-
tion was predicted between 302 and 935 nt [(regions of pre-
coat protein (V2), coat protein (V1)] with the probability
value of 9.31x 107, The overall results showed that more
recombination in precoat protein (V2) and coat protein (V1)
and replication enhancer protein (C3) of the DNA A compo-
nent of the virus was most significant as the average P value
is less than 0.05.

Furthermore, recombination fragment of 273 nt was
detected in DNA B component of TOLCNDV-WM1 with the
major and minor parents resembling ToLCPalV (FJ660425)
and MYMIV (AY271894) infecting cucumber and green
gram, respectively. The recombination was predicted
between 509 and 782 nt [(regions of BV1 (nuclear shuttle
protein)] with a probability value of 1.316x 1072, Another
breakpoint at 1074 nt was detected in the DNA B compo-
nent of TOLCNDV-WM1 with the major and minor parents
resembling TOLCNDV (HM989846, AM778833) infect-
ing cucurbits and the breakpoints were predicted between
1176 and 2250 nt [((regions of BC1 (movement protein))]
with a probability value of 6.387 x 1078, The overall results
showed that more significant recombinations were observed
in both the ORFs BV1 and BC1 of DNA B component of the
virus as the average P value is less than 0.05.

Identification of cryptic species of B. tabaci
from watermelon fields

PCR amplification using mtCOI gene-specific primers from
the DNA isolated from B. tabaci adults (five samples) col-
lected during survey resulted in the expected 600 nt in size

800bp

Fig.4 PCR-based detection of cryptic species of B. tabaci (Asia-11-5)
by PCR using mtCOI gene primers, Lanes, M- 1 kb marker; Lane,
1-5 cryptic species of B. tabaci
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amplicon. No amplification was observed in the negative
control (Fig. 4). The amplified PCR products were cloned,
sequenced, and used for B. tabaci identification (Frohlich
et al. 1999; Dinsdale et al. 2010). The analysis showed that
sequences obtained from all samples have more than 98%
nt similarity among themselves. Therefore, one sample
sequence was used for analysis (Acc. No. MK894588). The
phylogenetic analysis showed that the m¢tCOI gene amplified
from the whitefly collected on watermelon was closely clus-
tered with whitefly belongs to the Asia-II-5 group (Fig. 5).

99~ AJ510057 | B.tabaci-[Asia-11-1]
AJ867557 | B.tabaci-[Asia-1I-1]
AF418666 | B.tabaci-[Asia-1I-6]
AJ784261 B.tabaci-[Asia-1I-6]
AJ748378 | B.tabaci-[Asia-1I-7]
99 AY686064 | B.tabaci-[Asia-1I-7]
AY686088 | B.tabaci-[Asia-II-2]
HM137313|B.tabaci-[Asia-11-9]
AY686083 | B.tabaci-[Asia-11-4]
AJ783706 | B.tabaci-[Asia-11-3]
99 LA1867556 | B.tabaci-[Asia-II-3]
HM137356| B.tabaci-[Asia-1I-10]
AJ748374| B.tabaci-[Asia-II-8]
99 ! A1748362| B.tabaci-[Asia-1I-8]
9, AY686085 | B.tabaci-[China-1]
AY686072 | B.tabaci-[China-2]
EU192050 | B.tabaci-[China-3]
GU086326 | B.tabaci-[Aust/Indonesia]

AJ748359 | B.tabaci-[Asia-1]

AF164671 | B.tabaci-[Asia-I]

gl AB248260|B.tabaci-[Asia-1]
96

AJ748370| B.tabaci-[Asia-I]
'AJ510078 | B.tabaci-[Asia-I
AY766373 | B.tabaci-[MEAM-1]
AJ510075| B.tabaci-[MEAM-1]
904 L a3748368| B.tabaci-[MEAM-1]
AJ550177 | B.tabaci-[MEAM-2]
HQ622855 | B.tabaci-[Indian Ocean]
AJ550167 | B.tabaci-[New world]
AJ550168 | B.tabaci-[New world]
JF901836 | B .tabaci-[New World-2]
AF418665 | B.tabaci-[Uganda]
AY057194 | B.tabaci-[SubsabAf]2
AF344257 | B.tabaci-[SubsabAf3]
AY057181 | B.tabaci-[SubsabAf1]
AF344249 | B.tabaci-[SubsabAf4]
| B.atriplex
AY057220|B.
220056 | B.

|
IJq AJ550183 | Tri

99|

GU220055| B.afer
AF418673 | B.afer
AJ842024 | B.afer-[Kibaha1]
99 | a1842051 | B.afer-[Nkhata Bays]
AJ842039 | B.afer-[Zanzibar5]
L— AY827598 | B.tabaciltaly
L— HQ457047 | B.atriplex
AB308116 B.tabaci-JPL

IKJ709449|B.tabaci-[Asia-II-5]

185785 | B.tabaci-[Asia-II-5]

99 B HM185787 | B.tabaci-[Asia-11-5]
IN410769 | B.tabaci-[Asia-II-5]
# B.tabaci-[Asia-1I-5].Watermelon
HM185745 | B.tabaci-[Asia-1I-5]
HM185786 | B.tabaci-[Asia-1I-5]
HM185746 | B.tabaci-[Asia-1I-5]

Asia-1I-5

Fig.5 Phylogenetic tree showing the relationship of cryptic species
of B. tabaci (Asia-1I-5) sequence collected in this study to the Dins-
dale et al. (2010) consensus sequences
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Detection of begomovirus in whiteflies collected
in watermelon field

DNA isolated from the whitefly samples (five) collected
from watermelon resulted in 1.2 kb in size amplicon in the
PCR carried out using begomovirus DNA A component-
specific primers (Fig. 6). No amplification was noticed
in the negative control. The sequences obtained from the
amplicons were subjected to similarity check at the NCBI
using the BLASTn. The analysis showed that the virus
sequences amplified from the whitefly are having more
than 97% nt similarity with TOLCNDV infecting cucurbits.

Fig.6 Detection of TOLCNDV in cryptic species of B. tabaci (Asia-
II-5) collected from watermelon field by PCR, Lane W: water control,
H: healthy watermelon. Lane, 1-5 cryptic species of B. tabaci (Asia-
1I-5)

b

Fig.7 LAMP assay for detection of TOLCNDV in watermelon. Visu-
alization: (a) On 1.5% agarose gel electrophoresis, (b) Hydroxy naph-
thol blue, (¢) Detection of TOLCNDV by F3 and B3 LAMP prim-

PCR assay for detection of begomovirus
in watermelon using LAMP primers (ToLCNDV-F3
and ToLCNDV-B3)

For detection of TOLCNDYV infecting watermelon, 100 ng
of total DNA extracted from begomovirus-infected water-
melon leaf sample was subjected to PCR using ToOLCND-F3
and ToLCNDV-B3 primers as described above. PCR ampli-
con of 180 nt was obtained in infected samples, which was
observed on agarose gel (Fig. 7c).

LAMP assay

Attempt to detect TOLCNDV in the watermelon samples
by LAMP assay using different LAMP primers specific to
CP gene showed that TOLCNDV was successfully detected
in the begomovirus-infected watermelon samples (Fig. 7a).
No amplification was observed from the DNA of negative
sample and water control. The LAMP amplicons (a ladder-
like pattern) were observed on 1.5% agarose gel from posi-
tive samples, but not from the negative sample and water
control. The positive reactions can be visualized directly by
the naked eye with samples showing sky blue color pattern,
whereas a violet color change is observed in negative and
water control (Fig. 7b).

Validation of LAMP assay

DNA isolated from the ToOLCNDYV infected watermelon,
sponge gourd, spine gourd, ivy gourd, ridge gourd, and

1.2kb

ers. Lane M1: 1 kb DNA marker; Lane W: water control, H: healthy
watermelon, Lanes 1-—-3; ToLCNDV infected watermelon samples,
(d) Detection of TOLCNDV infecting watermelon through PCR
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Fig.8 LAMP assay for detec-
tion of TOLCNDV in different
cucurbits. Visualization: (a)
On agarose gel, (b) Hydroxy
naphthol blue. Lane M1 1 kb
DNA marker, Lane W water
control, H healthy watermelon,
Lanes 1-6 ToOLCNDV infected
watermelon, sponge gourd,
spine gourd, ivy gourd, ridge
gourd and cucumber samples,
(¢) Detection of TOLCNDV
infecting different cucurbits
through PCR

cucumber was subjected to LAMP assay using LAMP prim-
ers. The leaf samples collected from the different cucurbit
species infected with begomovirus and positive samples
gave amplification in the LAMP assay with a ladder-like
pattern, and no amplification in negative controls (Fig. 8a).
Samples positive for amplification showed sky blue color
pattern, whereas a violet color was observed in negative
or healthy samples and water control (Fig. 8b). To confirm
this, these samples (watermelon, sponge gourd, spine gourd,
ivy gourd, ridge gourd, and cucumber) were subjected to
the conventional PCR using DNA A component-specific
primers of the begomovirus. The resulted PCR amplicon of
1.2 kb in size in all samples and no amplification was noticed
in the negative control (Fig. 8c), supporting the accuracy of
LAMP assay for the detection of plant viruses.

Discussion

Around the world, more than ten viruses (includes RNA
and DNA viruses) are reported on watermelon and are main
constraints for the production of watermelon worldwide
(Provvidenti 1986). The study revealed the prevalence of
leaf curl and yellowing disease in all the watermelon fields
surveyed. The leaf samples from watermelon plants showing
the symptom of yellowing and downward curling collected
from the farmer’s field were confirmed with the association
of begomovirus by PCR analysis. Furthermore, the whole-
genome sequence and phylogenetic analysis revealed that the
virus isolate in this study is a variant of TOLCNDV as per
the ICTV guidelines for species demarcation (Brown et al.
2015). TOLCNDV is the important emerging virus infecting
many cultivated and non-cultivated plant species belongs
to Solanaceae, Malvaceae, Cucurbitaceae, Euphorbiaceae,
and Fabaceae families throughout the world and poses a

jllate ¢llodl ay .
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serious threat for their cultivation (Zaidi et al. 2017; Fortes
et al. 2016; Moriones et al. 2017; Juarez et al. 2019). The
literature showed that TOLCNDV infects many cucurbits in
India (Sohrab et al. 2003; Shorab et al. 2006; Tiwari et al.
2010; Patil et al. 2017; Venkataravanappa et al. 2017a, 2018,
2019a, b). One report from each from India (Jyothsna et al.
2013) and Pakistan (Mansoor et al. 2000) is available about
ToLCNDV infecting watermelon, which was based on the
partial genome information. This is the first report of ToLC-
NDYV associated with the watermelon leaf curl and yellow-
ing, adding to the list of host range of TOLCNDV based on
complete genome sequencing.

Recombination among strains and/or species due to the
high frequency of mixed infections under natural conditions
is playing a critical role in the evolution of novel geminivi-
ruses leading to new pathogenic phenotype, which are often
more virulent than the parent species. The recombination
analysis of TOLCNDYV infecting watermelon showed that
the DNA A component has obtained at least some of its
sequences from ToLCNDYV and ToLCPalV. The DNA B
component might have been evolved from the recombination
of two cucurbits infecting viruses (ToLCPalV & ToLCNDV)
and one leguminous infecting virus (MYMIV), which are
reported from different parts of India. Overall, the results of
the recombination analysis, phylogenetic analysis, and the
deletions/insertions within the genome suggest that isolate
ToLCNDYV evolved from ToLCNDV and ToLCPalV (the
major parent) with some contribution from MYMIV genome
components and adapted to the watermelon in India.

The whitefly is the only known vector transmitting the
begomovirus in a circulative persistent manner. The trans-
mission efficiency of the virus is depending on the type of
cryptic species population in the field (Chowda-Reddy et al.
2012; Venkataravanappa et al. 2017b). In the present study,
the cryptic species of whitefly associated with watermelon
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crop was identified as Asia II-5 group population based on
mtCOI gene analysis. Furthermore, the begomovirus was
detected in the whiteflies using the begomovirus-specific
primers by PCR analysis. Even though MEAM species hav-
ing more proven efficiency in transmission of begomoviruses
was reported from several crops from this region and differ-
ent parts of the world (Rekha et al. 2005; Shankarappa et al.
2007; Chowda-Reddy et al. 2012; Masood et al. 2017; Ven-
kataravanappa et al. 2017b; Kanakala and Ghanim, 2019),
there was no evidence in this regard in the present study.
More sampling based on crop ecosystem may provide vital
information on crop-specific association of whitefly cryptic
species.

Detection of the virus in the infected plant sample is
essential for the management and understanding the epide-
miology of the disease. LAMP assay developed is able to
detect TOLCNDYV infection in watermelon and is more use-
ful than the PCR in terms of simplicity, safety, time, cost,
and being user friendly (Naganur et al. 2019; Panno et al.
2020). LAMP-positive amplicons were observed with the
naked eye after the addition of fluorescent or metal dyes to
the reaction tubes (Goto et al. 2009) overcoming the limita-
tion of conventional PCR.

In conclusion, this is the first report of TOLCNDV associ-
ated with leaf curl and yellowing of watermelon from India
based on the complete genome sequencing of the virus. The
LAMP assay developed can be used for the detection of the
ToLCNDV infecting the different crops.
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