3 Biotech (2021) 11:265
https://doi.org/10.1007/5s13205-021-02821-9

ORIGINAL ARTICLE q

Check for
updates

Transmission, characterization and occurrence of recombination
in Indian strain of squash leaf curl China virus associated with yellow
mosaic and leaf curl disease of Summer squash

V.Venkataravanappa'® - C. N. Lakshminarayana Reddy® - M. Nandan? - Shridhar Hiremath? . K. V. Ashwathappa? -
K. S. Shankarappa* - H. D. Vinay Kumar? - M. Krishna Reddy?

Received: 18 January 2021 / Accepted: 4 May 2021 / Published online: 12 May 2021
© King Abdulaziz City for Science and Technology 2021

Abstract

Summer squash is one of the important vegetable crops and its production is hampered by various abiotic and biotic stresses.
Of the different biotic stresses, viral infections are responsible for causing great losses to this crop. Diseases caused by
begomoviruses are becoming a major constraint in the cultivation of summer squash. Samples from summer squash plants
exhibiting severe yellow mosaic and leaf curl symptoms were collected from the Varanasi district of Uttar Pradesh (India) and
begomovirus associated with these plants was transmitted through whiteflies (Bemisia tabaci) to healthy squash plants. The
relationship between causal virus and whitefly vector was determined. The minimum acquisition access period (AAP) and
inoculation feeding period (IFP) required by B. fabaci to transmit the virus was determined to be 10 min and female insects
have greater efficiency in transmitting virus than male insects. The partial genome of the virus was amplified by PCR (1.2
kb), cloned and sequenced from the ten infected plant samples collected from field. Partial genome sequence analysis (1.2
kb) obtained from the ten samples revealed that they are associated with begomovirus species closely related to the Indian
strain of Squash leaf curl China virus (SLCCNV). Therefore, one representative sample (Sq-1) was selected and complete
genome of the virus was amplified by rolling circle amplification (RCA) method. Sequence analysis by Sequence Demarcation
Tool (SDT) showed that the current isolate has maximum nucleotide (nt) identity of 93.7-98.4% and 89-98.1% with respect
to DNA A DNA B, respectively with Indian strains of SLCCNV infecting cucurbits in India. Recombination analysis of
genomes (DNA A and DNA B components) showed that a major part of genomes likely to be originated from already known
begomoviruses (TOLCNDV, SLCCNV-CN and SLCCNV-IN) are infecting cucurbitaceous crops. Serological assays such
as triple antibody sandwich-enzyme-linked immune-sorbent (TAS-ELISA) assay, dot blot immunobinding assay (DIBA),
immuno-capture polymerase chain reaction (IC-PCR) were developed for the detection of SLCCNV.
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Introduction

Summer squash (Cucurbita pepo L.), belongs to the family
Cucurbitaceae (Whitaker 1975), which was known to be origi-
nated from North America. It is best suited for temperate and
subtropical regions because it is a short-duration crop and can
be grown easily. Immature fruits of summer squash have great
economic value due to their use in culinary purposes (Paris
1986). The major drawback in the cultivation and production
of summer squash is diseases caused by different plant viruses,
which result in a significant decrease in yield. Squash lacks
resistance source to many viruses belong to different families
and highly susceptible to several viruses (Paris 1986). Impor-
tant RNA viruses affecting squash crop are well documented in
many parts of the world (Chan et al. 2019). Apart from these,
the Squash leaf curl China virus (SLCCNV) transmitted by
whitefly, Bemisia tabaci (Cohen et al. 1983) is becoming a
major problem in squash and many other cucurbits in India
and its neighboring countries. The SLCCNV has a narrow
host range and is reported to infect only cucurbits for more
than a decade and posing a major limitation for the cultivation
of cucurbits in South East Asia (Varma and Malathi 2003).
In recent years, the incidence of SLCCNYV was increasing at
a very fast rate in the cucurbits throughout India (Muniyappa
et al. 2003; Singh et al. 2008, 2009; Riyaz et al. 2013, 2015),
Pakistan (Tahir et al. 2010), China (Hong et al. 1995; Hui-jie
et al. 2020), Philippines (Liao et al. 2007; Kon et al. 2003),
Thailand (Ito et al. 2007) and East Timor (Maina et al. 2017).
However, little is known about the virus—vector relationship
and nature of the begomovirus affecting summer squash in
India. Based on the coat protein gene sequence, the begomovi-
rus infecting squash was identified as SLCCNV (Saritha et al.
2011). However, the exact strains of begomovirus infecting
squash was not confirmed due to the unavailability of full-
length sequence of the begomovirus, which is essential for the
nomenclature of any begomovirus. Keeping this in view, sam-
ples from squash plants exhibiting different kinds of symptoms
like yellow mosaic, downward curl and stunted growth along
with whiteflies (B. tabaci) were collected from experimental
plots at ICAR-Indian Institute of Vegetable Research (ITVR),
Varanasi, India. Variation in symptoms was observed and was
difficult to identify viruses associated with squash based on the
symptoms. With this backdrop, the present study was carried
out aiming to characterize of begomovirus causing the yellow
mosaic and leaf curl disease on squash.
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Materials and methods
Virus isolates

During summer 2017, samples from squash plants exhibit-
ing symptoms typical to begomovirus infection were col-
lected from experimental plots at ICAR- IIVR Research
Farm, Varanasi (82.52°E longitude; 25.10°N latitude),
Uttar Pradesh State, India. Two samples from non-symp-
tomatic plants were also collected. Samples were stored
at — 80 °C for further studies and some samples were used
for whitefly transmission. Pure culture of the virus isolate
(Sg-1 isolate) was established by whitefly inoculation and
maintained continuously in the glasshouse.

Collection of whiteflies

During the survey, 10 whitefly samples were collected
from squash plants in 2 ml microcentrifuge tubes having
70% ethanol for identifying the cryptic species. Each sam-
ple comprised ten whiteflies in the tube.

Establishment of whitefly culture for transmission
studies

Adult whiteflies were collected from squash plants were
reared on healthy eggplants maintained under controlled
conditions and are allowed to lay the eggs. Laid eggs of
whiteflies were collected and tagged to the newly grown
eggplant in a separate cage. The eggs were allowed to
hatch and a colony of whitefly was established. Genomic
DNA was isolated from these whiteflies and subjected to
PCR using begomovirus-specific primers (Venkataravan-
appa et al. 2012) to confirm that whiteflies reared under
controlled conditions are free from begomovirus. Then
virus-free stock culture of whiteflies was reared separately
on healthy eggplant in large wooden cages (45 x45x 30
cm) covered with a 40-mesh size nylon net and kept in
a controlled glasshouse and maintained for transmission
studies (Venkataravanappa et al. 2017).

Whitefly transmission of virus

The transmission of virus by whitefly was carried as
described by Venkataravanappa et al. (2017). After inocu-
lation through whiteflies, the plants were sprayed with imi-
dacloprid @ 0.05%, (Bayer Crop Science, Ltd., Mumbai,
India) and maintained under the insect-proof net house
for symptoms expression. The plants showing prominent
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yellow mosaic and leaf curl symptoms were utilized for
further studies.

Seed transmission of virus

The matured seeds from yellow mosaic and leaf curl dis-
ease infected and non-symptomatic squash plants were
harvested. The harvested seeds were washed with 2% (v/v)
sodium hypochlorite solution for 2 min and rinsed with
sterile distilled water several times. Three sets of 25 seeds
each from healthy and diseased plants were sown in separate
earthen pots. Germination percentage was recorded and the
seedling pots were kept in the glasshouse for one month for
symptoms development. The seedlings were sprayed with
imidacloprid (0.05%) at 10 days interval to avoid chances of
insect transmission. The presence of virus in the seedlings
was analyzed by PCR.

Amplification and analysis of mitochondrial
cytochrome oxidase 1 (mtCOI) gene for B. tabaci
cryptic species identification

To identify B. tabaci cryptic species transmitting the yel-
low mosaic disease of squash, total genomic DNA was iso-
lated from whiteflies maintained controlled glasshouse, as
well as ten whitefly samples collected from the field. The
extracted DNA was subjected to the PCR amplification
using mtCOI gene-specific primers (C1-J-2195-TTGATT
TTTTGGTC ATCCAGAAGT) and (L2-N- 3014-TCCAAT
GCACTAATCTG CCATATTA) (Simon et al. 1994), which
are used as a marker for identification of B. tabaci cryptic
species (Frohlich et al. 1999; Dinsdale et al. 2010). A nega-
tive control without DNA was included in each reaction.
The PCR amplified products were cloned and sequenced
(Venkataravanappa et al. 2017). The sequence similarity of
mtCOI gene was checked using the BLASTn at the NCBI
(National Center for Biotechnology Information, San Diego,
CA, USA). Further, the mtCOI gene sequence analysis was
carried out as described in virus genome sequence analysis
given below.

Virus genome amplification and sequencing

The total genomic DNA was isolated from 100 mg often
symptomatic and asymptomatic squash samples using cetyl
trimethyl ammonium bromide (CTAB) method (Doyle and
Doyle 1990). The pellet obtained was suspended in TE
buffer. The quality of the genomic DNA was checked on 1%
agarose gel and stored at — 20°C till further use. Initially,
the status of DNA virus in squash samples was confirmed
through PCR using specific primers of DNA A component of
the begomovirus (Rajos et al. 1993; Venkataravanappa et al.
2012). Sequencing of 1.2 kb partial genome from the ten

virus-infected squash samples revealed that the sequences
had more identity with previously identified Squash leaf curl
China virus (SLCCNV) (data not shown). Therefore, one
sample (Sqg-1) was selected for complete genome (DNA A
and DNA B components) amplification through RCA (Hai-
ble et al. 2006) using a TempliPhi illustra amplification kit
(GE Healthcare, Piscataway, NJ). The resulting RCA prod-
uct was digested with BamH1 (DNA A) and Xbal (DNA
B) to obtain linear fragments of 2.8 kb in size each, which
were cloned into pUC19 plasmid with respective sites as
described by Venkataravanappa et al. (2016). The ligated
products were transformed and positive clones were con-
firmed by PCR followed by restriction analysis. The con-
firmed clones were sequenced in both orientations by primer
walking method from Eurofins Genomic India Pvt. Ltd DNA
Sequencing facility, Bangalore, Karnataka, India.

Sequence analysis

Sequence similarity searches for complete genome sequence
of squash infecting begomovirus were carried out at NCBI
database using BLASTn (Altschul et al. 1990). Sequences
shown maximum blast score with sequences [DNA A
(Table S1a) and DNA B (Table S1b)] of the present isolate
were retrieved from the database. Alignment of sequences
was done using Muscle method implemented in Sequence
Demarcation Tool (SDT) version 1.2 (Muhire et al. 2014).
The nucleotide (nt) percent pairwise identities of current
isolate with representative sequences from the database were
calculated. A phylogenetic tree was generated by MEGA X
(Kumar et al. 2018) using the Maximum likelihood method
with 1000 bootstrapped replications. The recombination
breakpoint analysis was done using recombination detection
program (RDP) (Martin et al. 2015) with the default setting.

Serological detection of virus

Triple antibody sandwich enzyme-linked immunosorbent
assay (TAS-ELISA)

The samples from the symptomatic (from Sq-1 isolate inocu-
lated) and asymptomatic squash plants maintained in the
glasshouse were ground separately with carbonate buffer
(pH 9.6) in 1:9 (w/v) with the help of sterilized pestle and
mortar. The extract of each sample was squeezed through
double layer of cotton and transferred to a separate test tube.
The filtrate thus obtained was treated as 1:10 dilution and
serial dilutions of 1:100, 1:1000 and 1:10,000 were made
with carbonate buffer and the presence of virus was detected
serologically by TAS-ELISA protocol as described by Seepi-
ban et al. (2017) using Squash leaf curl virus (SLCV) anti-
bodies (DSMZ, Germany).
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Dot immunobinding assay (DIBA)

Crude extract was prepared by grinding the samples col-
lected from healthy and infected squash plants showing
yellow mosaic and leaf curl disease (Sq-1 isolate) main-
tained in the glasshouse in a Tris buffer saline (pH 7.5)
in 1:9 (w/v) ratio with the help of a sterilized pestle and
mortar. Crude sap (10 pl) of extracted from both infected
and healthy leaf tissues were directly spotted on the pol-
yvinylidene difluoride (PVDF) membrane (Hybond-P,
Amersham Pharmacia Biotech, USA) without any dilu-
tion. The presence of the virus was detected using poly-
clonal antibody of SLCV (DSMZ, Germany) as described
by Powell (1987). Further, to know the sensitivity of the
test, the crude extracts of infected and healthy squash
plants and partially purified virus (Palmer et al. 1998)
were diluted to 107!, 10’2, 1073 and 10 dilutions and the
presence of virus was detected in both crude extracts and
partially purified virus of different dilutions of the samples
as described above.

Immunocapture-PCR

PCR tubes were pre-coated with 50 ul SLCV polyclonal
antibody (1:500 dilution) and kept at 4 °C for overnight and
washed with distilled water before adding the plant sap. The
squash leaf samples ground in 0.05 M phosphate buffer (pH
7.5) in a 1:10 w/v ratio. The leaf extract was centrifuged
briefly and then 50 pl of the supernatant was transferred
to the SLCV polyclonal antibody pre- and kept at 4 °C for
overnight. Sap in the tubes was discarded and washed with
sterile distilled water. To destabilize the antibodies bound
to the virus particles, 15.5 pl of distilled water was added
and subjected to freezing at — 80 °C for 10 min and thawing
at 70 °C for 5 min. Further, the virus was detected by PCR
using begomovirus-specific primers as described above.

Results
Disease transmission

The yellow mosaic disease symptoms were exhibited on
whitefly inoculated squash plants were similar to symptoms
recorded in the field such as yellow mosaic, downward curl-
ing, and stunted growth (Fig. 1a, b, ¢). The transmission
was successful and the infection rate was 100% on eight
days old squash seedlings (100/100) used for transmission
studies. Initially, yellow mosaic symptoms were observed in
all inoculated squash seedlings with an incubation period of
8-10 days and as the disease advances, the infected leaves
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showed downwards curling (Fig. 1d). Samples from these
plants were used for all other experiments.

Virus-vector relationship

A minimum of two whiteflies (Asia-II-5 cryptic species) per
plant was required to transmit SLCCNV (Table 1). However,
when the number of whiteflies per plant was increased from
2 to 20 in the multiples of two, the transmission efficiency
was increased and attained maximum transmission, when
eight or more whiteflies per plant were used. Inoculated
squash plants upon success, took a minimum incubation
period of 8—10 days to express symptoms typical to bego-
movirus infection under controlled conditions. The control
plants did not show any symptoms.

Viral acquisition assay

The minimum acquisition access feeding period (AAP)
required for whiteflies (Asia-II-5) to acquire SLCCNV and
effectively transmit the virus onto assay plants was 10 min.
Prolonging the AAP from 10 min to 24 h, transmission effi-
ciency was increased from 10 to 100%. However, 24 h of
AAP was required for achieving the maximum transmission
(100%) of SLCCNYV on eight days old squash plants. All
successful virus-inoculated plants produced disease symp-
toms. The plants where non-viruliferous whiteflies were
used for inoculation did not show any symptoms (Table 2).

Viral transmission assay

Following 24 h AAP, 10 min of inoculation access feed-
ing period (IAP) is sufficient to attain 10% transmission of
SLCCNYV by eight adult-viruliferous whiteflies to squash
seedlings. Prolonged IAP from 10 min to 24 h, increased
transmission efficiency was increased from 10 to 100%.
Plants upon successful transmission expressed disease
symptoms. The control plants did not show any symptoms
(Table 2).

The efficiency of whitefly gender on viral
transmission

Both males and females of B. rabaci were given acquisi-
tion on SLCCNYV infected plants and transferred to healthy
squash plants for virus transmission. This revealed that
females have more transmission ability (87%) compared to
males (65%). This may be attributed to the more quantity of
viral inoculum that can be harbored by females due to their
bigger body size (Table 3).
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Fig.1 Symptoms induced Squash leaf curl China virus on summer
squash a Healthy, b yellow mosaic and ¢ downward curling under
natural conditions. d Test plant of summer squash inoculated with

Table 1 The effect of the number of insects on transmission and incu-
bation period of SLCCNV on Squash after a 24 h acquisition feeding
period and inoculation feeding period

Number of whiteflies No. of plants infected/ Transmission®
per plant inoculated (%)
0 0/10 0
1 0/10 0
2 2/10 20
4 4/10 50
6 6/10 90
8 8/10 100
10 9/10 100
12 10/10 100
14 10/10 100
20 10/10 100

#Positives are confirmed by dot blot

Ten viruliferous flies were released on each plant with 24 h AAP and
IAP each

Squash leaf curl China virus isolate using whitefly (Bemisia tabaci
Asia II-5) showing yellow mosaic symptoms

Age of the squash seedling

Seedlings between the age of 6-10 days were found to
be more susceptible to the virus. As the age of seedlings
advances, the percentage of transmission was decreased
indicating that the age of the seedlings also plays an
important role in the infectivity of the virus (Table 4).

Seed transmission

Three sets of 25 seeds each from healthy and diseased
plants of squash were collected and sown in the controlled
condition. Seed germination was very poor even up to 40
days in seeds collected from diseased plants. The results
revealed that the virus was not seed-borne. However, the
germination percentage of the seeds collected from dis-
eased fruits was lower (60%) compared to seeds from
healthy fruits (95%).
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Table 2 Determination of

.. o Determination of minimum AAP?
minimum acquisition access

Determination of minimum IAP*

period and inoculation access AAP*  IAP® Transmission® AAP* IAP® Transmission®
period for insect transmission - -
of SLCCNV between squash Plants }nfected/ Percen.tage of Plants .mfected/ Percen.tage of
plants plants inoculated  plants infected plants inoculated plants infected
Omin 12h 0/10 0 12h Omin  0/10 0
5 min 0/10 0 Smin  0/10 0
10 min 1/10 10 10 min  1/10 10
15 min 2/10 20 15min  2/10 20
20 min 3/10 30 20 min  3/10 30
30 min 4/10 40 30 min  4/10 40
l1h 5/10 50 1h 5/10 50
4h 6/10 60 4h 6/10 60
8h 7/10 70 8h 7/10 70
12h 8/10 80 12h 8/10 80
16 h 9/10 90 16 h 9/10 90
24 h 10/10 100 24 h 10/10 100

Ten viruliferous flies were released on each plant with 24 h AAP and IAP each

#Acquisition access period

®Inoculation access period

®Positives are confirmed by dot blot

Table 3 Comparative efficiency of sex of an B. fabaci on transmis-
sion of SLCCNV

Sex of B. tabaci No. of plants infected / % Transmission®

inoculated
Female 35/40 85.00
Male 26/40 65.00

Ten viruliferous flies were released on each plant with 24 h AAP and
IAP each

*Positives are confirmed by dot blot

Table 4 Effect of age of the seedlings on transmission of SLCCNV
by B. tabaci

Age of the seedlings® No. of plants infected/ Transmission®
inoculated (%)

7 days 10/10 100

10 days 10/10 100

15 days 5/10 50

20 days 4/10 40

25 days 2/10 20

30 days 1/10 10

Ten viruliferous flies were released on each plant with 24 h AAP and
IAP each

“Days after germination

®Positives are confirmed by dot blot
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Identification of cryptic species of B. tabaci by mtCOIl
gene sequence

The PCR for amplification of mtCOI gene using genomic
DNA from whiteflies maintained in the controlled con-
ditions as well as whiteflies collected from the infected
squash plants resulted in PCR amplification of 860 bp in
size (Data not shown). No amplification was observed
in the negative control where water is used as the tem-
plate. Amplified mtCOI gene products were cloned and
sequenced. The sequences from three clones obtained
from each sample were identical. Therefore, one sequence
was deposited at NCBI database under accession number
(MT424000). The phylogenetic analysis was carried out
using mtCO1 gene of B. tabaci in the present study with
sequences of B. tabaci cryptic species used by Dinsdale
et al. (2010). The analysis clearly showed that the cryptic
species of B. tabaci used in the transmission of SLCCNV
under study was closely related to Asia-II-5 cryptic spe-
cies (Fig. 2).

Virus genome amplification and sequencing

The total genomic DNA isolated from the infected and
healthy squash plants was subjected to the PCR using prim-
ers specific to begomovirus. All the ten infected samples
showed positive amplification and resulted in the expected
amplicon of 1.2 kb and no amplification was observed with
a healthy sample (data not shown). Sequence analysis of 1.2
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100 AJ867557|B. tabaci-[Asia-11-1]

AJ510057|B. tabaci-[Asia-11-1]
AY686088|B. tabaci-[Asia-1I-2]
1007 AY686064|B. tabaci-[Asia-11-7]
AJ748378|B. tabaci-[Asia-11-7]
A]784261|B. tabaci-[Asia-11-6]
AF418666|B. tabaci-[Asia-11-5] }Asia-ll-S
100 ® wr1-Squash
HM137313|B. tabaci--[Asia-11-9]
AY686083|B. tabaci-[Asia-11-4]
AJ783706|B. tabaci-[Asia-11-3]
100~ A}867556]B. tabaci-[Asia-11-3]
HM137356|B. tabaci--[Asia-11-10]
AJ748374|B. tabaci-[Asia-11-8]
10&A]748362|B. tabaci-[Asia-11-8]
AY827598|B. tabaci-[Italy]
101 AY686085|B. tabaci-[China-1]
ﬂﬁaﬁon|B.(abaci»[China-Z]

_:EUP)ZOSO]B‘ tabaci-[China 3]
GU086326|B. tabaci-[Aust/Indonesia]

=

A]748359|B. tabaci-[Asia-I]
Tod AF164671B. tabaci-[Asia-I]
AB248260|B. tabaci-[Asia-I]
A]748370|B. tabaci-[Asia-1]

AJ510078|B. tabaci-[Asia-I]

AJ550177|B. tabaci-[MEAM-2]
AJ748368|B. tabaci-[MEAM-1]

99" AY766373|B. tabaci-[MEAM-1]

AJ510075|B. tabaci-[MEAM-1]

I_ HQ622855|B. tabaci-[Indian Ocean]
10
95

JF901836|B. tabaci-[New World-2]
101 AJ550167|B. tabaci-[New world]

100~ AJ550168|B. tabaci-[New world]
HQ457047|B. atriplex

GU086363|B. atriplex
‘ —— AB308116|B. tabaci-[JPL]
72

I—AF344249|B‘ tabaci-[SubsabAf4]

o AY057194|B. tabaci-[SubsabAf2]
ltE AY057181|B. tabaci-[SubsabAf1]
AF344257|B. tabaci-[SubsabAf3]

AF418665|B. tabaci-[Uganda]
AY057220(B. tuberculata
GU220056|B. subdecipiens
GU220055|B. afer

AF418673| B. afer
101A]842024|B‘ afer-[Kibaha 1]

A]842051|B. afer-[Nkhata Bay5]
AJ842039|B. afer-[Zanzibar5]
AJ550183|T. vaporariorum

Fig.2 Phylogenetic tree showing the relationship of cryptic species
of B. tabaci (Asia-1I-5) sequence collected in this study was com-
pared to the sequences of cryptic species of B. tabaci as described by
Dinsdale et al. (2010) and Kanakala and Ghanim (2019) consensus
sequences

kb partial genome showed that all the 10 squash samples are
infected SLCCNV (> 98% nt identity among themselves).
Therefore, one representative isolate, Sq-1 was selected for

the amplification of complete genome of the begomovirus
by RCA method.

Genome organization of DNA A and DNA B
component of begomovirus

The complete genome (DNA A) of the begomovirus (Sq-1)
was determined to be 2738 nt in length (accession num-
ber MH836313). The analysis of the DNA A sequence of
Sq-1 revealed that it codes for seven open reading frames
(ORFs) with an arrangement similar to the DNA A com-
ponent of the Old World (OW) bipartite begomoviruses.
Of these, two ORFs are present in virion-sense strand
[encoding the coat protein (281-1051/256) and AV2 (121-
459/112, of unknown function)] and five in the comple-
mentary-sense strand [encoding the replication-associated
protein (Rep, 1500-2585/361), the transcriptional activator
protein (TrAP,1193-1597/134), the replication enhancer
protein (REn, 1048-1458/136), AC4 (2252-2428/58) and
ACS5 (331-796/161)]. Further, the complete nt sequence
of the DNA B component was determined to be 2716 nt
(accession number MH836314) and encode two ORFs; one
nuclear shuttle protein (BV1, 480-1286/268) in the virion-
sense and the movement protein (BC1, 1340-2185/281) in
the complementary-sense.

To compare DNA A component of the begomovirus iso-
late (Sq-1) with the publically available begomoviruses,
the sequence identity searches were performed using the
BLASTn algorithm. Sequence comparison and SDT anal-
ysis showed that the Sq-1 isolate is closely related to the
isolates of SLCCNYV reported previously with the sequence
identities ranged from 93.7 to 98.4% with Indian strains of
SLCCNV (EU573715, AM286794, AM286794, DQ026296,
AY184487,KF188433 and JN587811), 90.9-92.1% with
China strains of SLCCNV (KC857509, AB330078,
EU543562, AF509743, AF509741, KF999983, HM566112,
AM260205, KF184993, KF184992, KC171648, AM260206,
AB027465), 86.8-87.1% with Squash leaf curl Philip-
pines virus (AB085793, EF199774, DQ866135) and 84.7%
with Pumpkin yellow mosaic Malaysia virus (EF197941)
(Fig. 3b). Based on the begomovirus species demarcation
threshold (91% nt sequence identity; Adams et al. 2017)
and criteria for distinguishing strains of the begomoviruses
(Adams et al. 2017), the isolate in the present study is an
‘India’ strain of SLCCNV. This result was well supported
in the phylogenetic analysis by the grouping of Sq-1 isolate
with isolates of the ‘India’ strain of SLCCNYV and distinct
from isolates of the ‘China’ strain (Fig. 3a).

Similarly, the DNA B component of Sq-1 was compared
with publically available begomoviruses sequences using
the SDT tool. The results revealed that SLCCNYV shared
maximum nt identity (89-98.1%) with Indian strains of
SLCCNYV (GU967382, FI859881, AM778959, IN624306,
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SLCCNV-[CN:Ha:cum:10].HM566112
SLCCNV-[CN:Hn61:05].AM260205
SLCCNV-[CN:HA:Cum:13].KF184993
SLCCNV-[CN:HAIi:SY:13].KF999983
SLCCNV-[CN:HA:Cum:13].KF184992
SLCCNV-[CN:VN:B].AF509743
SLCCNV-[CN:VN:K].AF509741
SLCCNV-[TH:NP:WG:08] EU543562
SLCCNV[CN:VN:cum:13].KC857509
SLCCNV-[CN:TH:Pum:07].AB330078
SLCCNV-[CN:Pum:GZ01:12].KC171648
SLCCNV-[CN:Gx25:05].AM260206
SLCCNV-[CN:Gx:02].AB027465
SLCCNV-[ML:Neg:01].EF197940
PuYMV-[MY:Neg:01].EF197941
SLCUPV-[PH:Mun].AB085793
SLCUPV-[TW:Sha:06].EF199774
SLCuPV-[TW:Pum:05].DQ866135
SLCCNV-[IN:Coi:Pum].AY184487
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b a. DNA-A component

Fig.3 Dendrograms were constructed using the Maximum Like-
lihood method. a DNA A sequence of begomovirus (Sq-1, Acc.
No.MH836313) associated with yellow mosaic and leaf curl disease
of Squash in India. Branches corresponding to partitions reproduced
in less than 50% bootstrap replicates are collapsed. The percentage
of replicate trees in which the associated taxa clustered together in

AY 184488, KJ004521), 85.1-86.1% with China strains of
SLCCNV(AF509742, KC857510, HM566113, AM260207,
KF999984, AM260208, KC171649) and 83.4-83.8% with
Squash leaf curl Philippines virus (AB085794, EU479711,
JF746196) (Fig. 4b). Phylogenetic tree generated using
DNA B component of the current virus isolate (Sq-1) and
the selected other begomoviruses sequences from NCBI
database showed that Sq-1 isolate grouped with the other
SLCCNYV isolates closely related to ‘India’ strain isolates
(Fig. 4a).

Recombination analysis

The recombination analysis was carried out using RDP4,
based on the alignment of SLCCNV-Sq1 isolate along with
the other selected begomoviruses indicated that SLCCNV-
Sql isolate has both intra- and inter-specific recombination
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b. Sequence demarcation tool

the bootstrap test (1000 replicates) is shown below the branches. The
two-dimensional color-coded matrix of pairwise identity scores of the
DNA A of squash isolate b under study was obtained using SDT. The
accessions and their details used for this study are listed in Supple-
mentary Table 1

in both DNA A and DNA B components. Recombination
fragment of 1935 nt was detected in DNA A component
of SLCCNV-Sql isolate with major and minor parents
resembling Tomato leaf curl New Delhi virus (TOLCNDV)
(AJ620187) and SLCCNV-CN (AB330078), respectively.
The breakpoints were determined at 956 and 2891 nt with
an average probability value of 6.101 x 10722, Similarly, a
recombination fragment of 2303 nt was detected in the DNA
B component of Sq-1 with major and minor parents resem-
bling isolates of SLCCNV-IN (AM778959, GU967382).
The breakpoints were predicted at 68 and 2371 nt with an
average probability value of 5.464 x 10~°. Another recombi-
nation fragment of 317 nt was detected in the DNA B com-
ponent of Sq-1 with the major and minor parent resembling
isolates of SLCCNV-IN (GU967382, AM778959) and the
breakpoints were predicted at nt 2372 and 2689 with an aver-
age probability value of 4.121 x 1072,
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Fig.4 Dendrograms were constructed using the Maximum Like-
lihood method. a DNA B sequence of begomovirus (Sq-1, Acc.
No.MH836314) associated with yellow mosaic and leaf curl disease
of Squash in India. Branches corresponding to partitions reproduced
in less than 50% bootstrap replicates are collapsed. The percentage
of replicate trees in which the associated taxa clustered together in

Serodiagnostic for detection SLCCNV

TAS-ELISA was used to detect the virus in squash samples
using the polyclonal antisera of SLCV (DSMZ, Germany).
The virus was detected in the dilutions 1:10, 1:100, 1:1000
and 1:10,000 of the crude samples from symptomatic squash
plants at A,ys nm with OD values of 1.845, 1.42, 1.25 and
1.23, respectively, as compared with the control (0.018) and
buffer (0.016).

Dot immunobinding assay (DIBA)

The crude extract and partially purified virus from the squash
plants showing yellow mosaic and leaf curl symptoms were
strongly reacted with polyclonal antisera of SLCV without
any dilution (Fig. 5a). Further, the presence of a virus was
detected in the dilution up to 10~ and 10~ in the crude extract

the bootstrap test (1000 replicates) is shown below the branches. The
two-dimensional color-coded matrix of pairwise identity scores of the
DNA B of squash isolate b under study was obtained using SDT. The
accessions and their details used for this study are listed in Supple-
mentary Table 1

and partially purified virus, respectively (Fig. 5b). There was
no reaction in healthy control samples.

Immuno-capture PCR (IC-PCR)

The PCR amplification of begomovirus genome segment using
SLCV specific polyclonal antibody pre-coated PCR tubes from
crude extract of virus-infected squash plant sample resulted
in the expected amplicon of 1.0 kb size for the primers used
to detect begomoviruses (Venkataravanappa et al. 2012). No
such amplification was observed from the extract of healthy
plants (Fig. 6).
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Fig.5a Dot Immuno binding assay developed for detection of squash
leaf curl china virus using the polyclonal antibody of SLCV, Lane
(1) Water sample, (2) Healthy sample, (3) Partially purified virus, (4)
Infected sample. b Dot immunobinding assay for detection of Squash

Discussion

The viruses belong to the family Geminiviridae have more
specific relationships with their insect vector than with
host plants (Power 2000). More than 300 plant viruses
belonging to different groups viz., begomoviruses, crinivi-
ruses, carlaviruses, torradoviruses and ipomoviruses trans-
mitted by whitefly were reported across the globe (Jones
2003; Polston et al. 2014). The factors responsible for the
emergence of whitefly-transmitted viral diseases include
mutation and recombination in the virus, changes in the
vector biotype complex and long-distance traffic of plant
material or vector insects due to global trade. The role
of human beings and climate change may also one of the
major factors for the emergence of novel viral diseases in
many crops (Navas-Castillo et al. 2011).

1.kb

Fig. 6 Immunocapture PCR for detection of Squash leaf curl China
virus infected with Squash, Lane (1) Water sample, (2) Healthy sam-
ple, (3, 4) infected samples

Jielase cllall aly .
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leaf curl China virus with the different dilution of virus and infected
crude sap, (A1) Partial purified virus, (A1) 107!, (A2) 1072, (A3) 1073,
(A4) 107, (A5) Healthy sample; (B1) infected squash, (B2) 107!,
(B3) 1072, (B4) 1073, (B5) 107, (B5) Healthy sample

The begomoviruses are transmitted by whitefly in a circu-
lative and non-propagative manner under natural conditions
(Gray and Banerjee 1999). The whitefly transmission char-
acteristic of SLCCNYV was similar to that of other begomo-
viruses reported so far. The present study revealed that the
minimum AAP required for whiteflies for transmission of
SLCCNYV was 10 min and transmission efficiency increased
with increased AAP. A similar kind of trend was well docu-
mented in the previous reports (Patil et al. 2017; Venkatara-
vanappa et al. 2017; Fiallo-Olive et al. 2020). Transmission
of 100 percent was obtained following an initial AAP of 24
h, indicating the latent period has been satisfied in 24 h or
less, which was also a characteristic of begomoviruses vec-
tor transmission (Brown and Nelson 1987; Retuerma et al.
1971). Generally, female whiteflies have more transmission
efficiency of the begomoviruses than males (Muniyappa
et al. 2000; Czosnek et al. 2001). The reason for the differing
ability transmission of begomoviruses by male and female
insects remains unclear. However, the difference in the size
of males and females might be the reason, which probably
determines the amount of viral inoculum taken them. In the
present investigation, the virus was not transmitted by seed.
Similar results were noticed in other begomoviruses (Gha-
nem 2003; Singh et al. 1994; Polston et al. 1993).

The squash samples showing symptoms of mosaic and
leaf curl were confirmed with the presence of begomo-
virus infection, which was closely related to the Indian
strain of SLCCNV. This species occurs as two geographi-
cally distinct strains which include ‘China’ and ‘India’
strains. The ‘India’ strain so far reported only in the Indian
subcontinent, while the ‘China’ strain was recorded from
both China and Vietnam (Revill et al. 2003). This indi-
cates the strains are evolved independently and might be
due to geographic isolation and environmental conditions.
The Himalayan mountain range with the extreme climate
will affect the free movement of the virus and its insect
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vector, between India and China. The greater diversity of
SLCCNYV has occurred in southern China. This shows the
virus might have originated there and was subsequently
introduced to India/Pakistan by trade in agricultural prod-
ucts across the mountain range (Tahir et al. 2010).

Recombination and mutation allow a quick evolution
of viruses, resulting in promoting changes in their viru-
lence and host range (Garcia-Arenal et al. 2001). The role
of recombination in the emergence of novel viruses has
been well documented worldwide (Lima et al. 2013; Rocha
et al. 2013; Silva et al. 2014). A major molecular varia-
tion in begomoviruses is recombination events occurring
between DNA A components of different viruses leading
to new strains/viruses with more virulence. The effect of
recombination might be positive in some viruses’ example,
recombination between different Maize streak virus iso-
lates resulted in increased pathogenicity in maize, indicat-
ing greater adaptation through recombinant (Van der Walt
et al. 2009). The recombination may also have a negative
effect on some viruses, for example, the recombination
between Tomato yellow leaf curl virus and Tomato yel-
low leaf curl Sardinia virus lowered the replicative capac-
ity of the viruses (Davino et al. 2009). The present study
revealed the presence of both intra- and inter-specific of
recombination in DNA A and DNA B of SLCCNV with
ToLCNDV, SLCCNV-CN, and SLCCNV-IN, which might
be the reason for the evolution of the new recombinant
virus severely infecting squash and other cucurbits in
India.

For many years, ELISA is one of the important methods
for detecting plant viruses due to its reliability, sensitivity
and less cost requirement. The diseased squash sample
showing yellow mosaic and leaf curl samples were showed
a positive reaction to the antisera raised against SLCV
begomovirus antibody. The advantage of this technique
(ELISA) is to quantify virus titer in the test sample and can
be extended to the field application through the develop-
ment of immunostrips. Further, the detection technique,
DIBA developed is a simple, efficient, low-cost method
that can be successfully employed for SLCCNV detection
in infected squash plants. The advantage of DIBA is that
the membranes can be stored for a longer time and have
field-level applicability as well as in epidemiological stud-
ies (Powell 1987).

Data presented here clearly showed that SLCCNYV infec-
tion was more prevalent, wherever the summer squash is
grown in India. Insect transmission studies, genome analysis
and serological tests clearly showed that the squash plants
showing typical begomovirus yellowing and leaf curl were
infected with the Indian strain of SLCCNYV. Further recombi-
nation analysis of the complete genome of the virus showed
that the virus under study is recombinant and has a potential
threat to the cultivation of many cucurbits in this region.

Conclusion

Our results revealed that SLCCNYV infection is caused by a
begomovirus and is prevalent in the summer squash crops
in India. The begomovirus strain is transmitted by white-
fly. Serological assays have also successfully developed for
the detection of virus in field samples. Further, recombi-
nation breakpoint analysis of the complete genome of the
virus revealed that a major part of its genomes is likely to
be originated from already known begomoviruses (ToLC-
NDV, SLCCNV-CN and SLCCNV-IN) which are reported
to infect cucurbitaceous crops in India. This recombinant
SCCCNV-Indian strain might be emerged as a potential
threat to the cultivation of many cucurbits in India and
needs immediate attention.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s13205-021-02821-9.

Acknowledgements The authors are grateful to the Director, Indian
Institute of Vegetable Research, Varanasi, for providing research facili-
ties and his keen interest in this study.

Author contributions We declare that all authors participated in the
research and article preparation. VV design of the experiments and
drafted the article. CNLR designed the study and revision of the
manuscript, KSS participated in analysis of the data, HDV and MN
participated in the collection of the data. MKR guided and designed
the study and revised the article. All authors approved the submitted
version of the article.

Declarations

Conflict of interest The authors declare that they have no competing
interests.

References

Adams MJ, Lefkowitz EJ, King AMQ, Harrach B, Harrison RL,
Knowles NJ, Kropinski AM, Krupovic M, Kuhn JH, Mush-
egian AR (2017) Changes to taxonomy and the international
code of virus classification and nomenclature ratified by the
international committee on taxonomy of viruses. Arch Virol
162:2505-2538. https://doi.org/10.1007/s00705-017-3358-5

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ (1990) Basic
local alignment search tool. J Mol Biol 215:403-410. https://
doi.org/10.1016/S0022-2836(05)80360-2

Brown JK, Nelson MR (1987) Host range and vector relationships
of Cotton leaf crumple virus. Plant Dis 71:522-524. https://doi.
org/10.1094/PD-71-0522

Chan YL, Lee LM, Shih SL, Kuo FH, Kenyon L (2019) Survey of
virus diseases affecting squash (Cucurbita moschata) in Taiwan.
Acta Hortic. 1257:23-28. https://doi.org/10.17660/ActaHortic.
2019.1257.4

Cohen S, Duffus JE, Larsen RC, Liu HY, Flock RA (1983) Purifi-
cation, serology, and vector relationships of Squash leaf curl

pisllase ol ay .
e e O) Springer


https://doi.org/10.1007/s13205-021-02821-9
https://doi.org/10.1007/s00705-017-3358-5
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1094/PD-71-0522
https://doi.org/10.1094/PD-71-0522
https://doi.org/10.17660/ActaHortic.2019.1257.4
https://doi.org/10.17660/ActaHortic.2019.1257.4

265 Page120f13

3 Biotech (2021) 11:265

virus, a whitefly-transmitted geminivirus. Phytopathol 73:1669—
1673. https://doi.org/10.1094/Phyto-73-1669

Czosnek H, Ghanim M, Morin S, Rubinstein G, Fridman V, Zeidan M
(2001) Whiteflies; vectors, and victims (?) of geminiviruses. Adv
Virus Res 57:291-322. https://doi.org/10.1016/s0065-3527(01)
57006-2

Davino S, Napoli C, Dellacroce C, Miozzi L, Noris E, Davino M,
Accotto GP (2009) Two new natural begomovirus recombinants
associated with the tomato yellow leaf curl disease co-exist with
parental viruses in tomato epidemics in Italy. Virus Res 143:15—
23. https://doi.org/10.1016/j.virusres.2009.03.001

Dinsdale A, Cook L, Riginos C, Buckley Y, De Barro PJ (2010) Refined
global analysis of Bemisia tabaci (Gennadius) (Hemiptera: Ster-
norrhyncha: Aleyrodoidea) mitochondrial CO1 to identify species
level genetic boundaries. Ann Entomol Soc Am 103:196-208.
https://doi.org/10.1603/AN09061

Doyle JJ, Doyle JL (1990) Isolation of plant DNA from fresh tissue.
Focus 12:13-15. https://doi.org/10.2307/2419362

Fiallo-Olive E, Pan LL, Liu SS, Navas-Castillo J (2020) Transmission
of begomoviruses and other whitefly-borne viruses: dependence
on the vector species. Phytopathol 110:10-17. https://doi.org/10.
1094/PHYTO-07-19-0273-FI1

Frohlich DR, Torres-Jerez I, Bedford ID, Markham PG, Brown JK
(1999) A phylogeographical analysis of Bemisia tabaci species
complex based on mitochondrial DNA markers. Mol Ecol 8:1683—
1691. https://doi.org/10.1046/j.1365-294x.1999.00754.x

Garcia-Arenal F, Fraile A, Malpica JM (2001) Variability and genetic
structure of plant virus populations. Annu Rev Phytopathol
39:157-186. https://doi.org/10.1146/annurev.phyto.39.1.157

Ghanem GAM (2003) Okra leaf curl virus: a monopartite bego-
movirus infecting okra crop in Saudi Arabia. Arab J Biotechol
6(1):139-152

Gray SM, Banerjee N (1999) Mechanisms of arthropod transmission
of plant and animal viruses. Microbiol Mol Biol Rev 63:128-148.
https://doi.org/10.1128/MMBR.63.1.128-148.1999

Haible D, Kober S, Jeske H (2006) Rolling circle amplification revolu-
tionizes diagnosis and genomics of geminiviruses. J Virol Meth-
ods 135(1):9-16. https://doi.org/10.1016/j.jviromet.2006.01.017

Hong Y, Wang X, Tian B, Cai, (1995) Chinese squash leaf curl
virus: a new whitefly-transmitted geminivirus. Sci China Bull
8(2):179-186

Hui-jie WU, Meng LI, Hong Ni, Peng B, Qin-sheng GU (2020) Molec-
ular and biological characterization of melon-infecting Squash
leaf curl China virus in China. J Integr Agric 19(2):570-577.
https://doi.org/10.1016/S2095-3119(19)62642-0

Ito T, Ogawa T, Samretwanich K, Sharma P, IkegamiM, (2007) Yel-
low leaf curl disease of pumpkin in Thailand is associated with
Squash leaf curl China virus. Plant Pathol 57:766. https://doi.org/
10.1111/5.1365-3059.2007.01803.x

Jones DR (2003) Plant virus transmitted by whiteflies. Eur J Plant
Pathol 109:195-219. https://doi.org/10.1023/A:1022846630513

Kanakala S, Ghanim M (2019) Global genetic diversity and geographi-
cal distribution of Bemisia tabaci and its bacterial endosymbionts.
PLo0S ONE 14(3):e0213946. https://doi.org/10.1371/journal.pone.
0213946

Kon T, Dolores M, Bajet NB, Hase S, Takahashi H, Ikegami M (2003)
Molecular characterization of a strain of Squash leaf curl China
virus from the Philippines. J Phytopathol 151:535-539. https://
doi.org/10.1046/j.1439-0434.2003.00764.x

Kumar S, Stecher G, Li M, Knyaz C, Tamura K (2018) MEGA X:
molecular evolutionary genetics analysis across computing plat-
forms. Mol Biol Evol 35:1547-1549. https://doi.org/10.1093/
molbev/msy096

Liao JY, Hu CC, Lin TK, Chang CA, Deng TC (2007) Identification
of Squash leaf curl Philippines virus on Benincasa hispida in
Taiwan. Plant Pathol Bull 16:11-18

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

Lima ATM, Sobrinho RR, Gonzalez-Aguilera J, Rocha CS, Silva
SJC, Xavier CAD, Silva FN, Dufty S, Zerbini FM (2013) Syn-
onymous site variation due to recombination explains higher
genetic variability in begomovirus populations infecting non-
cultivated hosts. J Gen Virol 94:418-431. https://doi.org/10.
1099/vir.0.047241-0

Maina S, Edwards OR, de Almeida L, Ximenes A, Jones RAC
(2017) First complete Squash leaf curl China virus genomic
segment DNA-A sequence from East Timor. Genome Announc
5:¢00483-e517. https://doi.org/10.1128/genomeA.00483-17

Martin DP, Murrell B, Golden M, Khoosal A, Muhire B (2015)
RDP4: Detection and analysis of recombination patterns in virus
genomes. Virus Evol. 1(1):vev003. https://doi.org/10.1093/ve/
vev(003

Muhire BM, Varsani A, Martin DP (2014) SDT: a virus classification
tool based on pairwise sequence alignment and identity calcula-
tion. PLoS ONE 9(9):e108277. https://doi.org/10.1371/journal.
pone.0108277

Muniyappa V, Venkatesh HM, Ramappa HK, Kulkarni RS, Zeidan
M, Tarba C-Y, Ghanim M, Czosnek H (2000) Tomato leaf curl
virus from Bangalore (ToLCV-Ban4): sequence comparison with
Indian ToLCV isolates, detection in plants and insects, and vector
relationships. Arch Virol 145:1583—1598. https://doi.org/10.1007/
s007050070078

Muniyappa V, Maruthi MN, Babitha CR, Colvin J, Briddon RW, Ran-
gaswamy KT (2003) Characterization of Pumpkin yellow vein
mosaic virus from India. Ann Appl Biol 142:323-331. https://
doi.org/10.1111/j.1744-7348.2003.tb00257.x

Navas-Castillo J, Fiallo-Olive E, Sanchez-Campos S (2011)
Emerging virus diseases transmitted by whiteflies. Annu
Rev Phytopathol 49:219-248. https://doi.org/10.1146/annur
ev-phyto-072910-095235

Palmer KE, Schnippenkoetter WH, Rybicki EP (1998) Geminivirus
Isolation and DNA Extraction. In: Foster G.D., Taylor S.C. (eds)
Plant Virology Protocols. Methods in Molecular Biology™, vol
81. Humana Press. https://doi.org/10.1385/0-89603-385-6:41

Paris HS (1986) A proposed subspecific classification for Cucurbita
pepo. Phytologia 61:133-138

Patil CV, Ramdas SV, Premchand U, Shankarappa KS (2017) Survey,
symptomatology, transmission, host range and characterization
of begomovirus associated with yellow mosaic disease of ridge
gourd from southern India. Virus Dis 28(2):146—155. https://doi.
org/10.1007/s13337-017-0376-6

Polston JE, Hiebert E, McGovern RJ, Stansly PA, Schster DJ (1993)
Host range of tomato mottle virus, a new geminivirus infecting
tomato in Florida. Plant Dis 77:1181-1184. https://doi.org/10.
1094/PD-77-1181

Polston JE, De Barro P, Boykin LM (2014) Transmission specificities
of plant viruses with the newly identified species of the Bemisia
tabaci species complex. Pest Manag Sci 70:1547-1552. https://
doi.org/10.1002/ps.3738

Powell CA (1987) Detection of three plant viruses by dot immune-
binding assay. Phytopathology 77:306-369. https://doi.org/10.
1094/Phyto-77-306

Power AG (2000) Insect transmission of plant viruses: a constraint on
virus variability. Curr Opin Plant Biol 3:336-340. https://doi.org/
10.1016/51369-5266(00)00090-x

Retuerma ML, Pableo GO, Price WC (1971) Preliminary study of the
transmission of Philippine tomato leaf curls virus by Bemisia
tabaci. Philipp Phytopathol 7:29-34

Revill PA, Ha CV, Porchum SC, Vu MT, Dale JL (2003) The com-
plete nucleotide sequence of two distinct Geminiviruses infecting
Cucurbits in Vietnam. Arch Virol 148:1523—1541. https://doi.org/
10.1007/s00705-003-0109-6

Riyaz SM, Deepan S, Dharanivasan G, Jesse MI, Raja M, Kathiravan
K (2013) The first report on a variant of Squash leaf curl China


https://doi.org/10.1094/Phyto-73-1669
https://doi.org/10.1016/s0065-3527(01)57006-2
https://doi.org/10.1016/s0065-3527(01)57006-2
https://doi.org/10.1016/j.virusres.2009.03.001
https://doi.org/10.1603/AN09061
https://doi.org/10.2307/2419362
https://doi.org/10.1094/PHYTO-07-19-0273-FI
https://doi.org/10.1094/PHYTO-07-19-0273-FI
https://doi.org/10.1046/j.1365-294x.1999.00754.x
https://doi.org/10.1146/annurev.phyto.39.1.157
https://doi.org/10.1128/MMBR.63.1.128-148.1999
https://doi.org/10.1016/j.jviromet.2006.01.017
https://doi.org/10.1016/S2095-3119(19)62642-0
https://doi.org/10.1111/j.1365-3059.2007.01803.x
https://doi.org/10.1111/j.1365-3059.2007.01803.x
https://doi.org/10.1023/A:1022846630513
https://doi.org/10.1371/journal.pone.0213946
https://doi.org/10.1371/journal.pone.0213946
https://doi.org/10.1046/j.1439-0434.2003.00764.x
https://doi.org/10.1046/j.1439-0434.2003.00764.x
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1093/molbev/msy096
https://doi.org/10.1099/vir.0.047241-0
https://doi.org/10.1099/vir.0.047241-0
https://doi.org/10.1128/genomeA.00483-17
https://doi.org/10.1093/ve/vev003
https://doi.org/10.1093/ve/vev003
https://doi.org/10.1371/journal.pone.0108277
https://doi.org/10.1371/journal.pone.0108277
https://doi.org/10.1007/s007050070078
https://doi.org/10.1007/s007050070078
https://doi.org/10.1111/j.1744-7348.2003.tb00257.x
https://doi.org/10.1111/j.1744-7348.2003.tb00257.x
https://doi.org/10.1146/annurev-phyto-072910-095235
https://doi.org/10.1146/annurev-phyto-072910-095235
https://doi.org/10.1385/0-89603-385-6:41
https://doi.org/10.1007/s13337-017-0376-6
https://doi.org/10.1007/s13337-017-0376-6
https://doi.org/10.1094/PD-77-1181
https://doi.org/10.1094/PD-77-1181
https://doi.org/10.1002/ps.3738
https://doi.org/10.1002/ps.3738
https://doi.org/10.1094/Phyto-77-306
https://doi.org/10.1094/Phyto-77-306
https://doi.org/10.1016/s1369-5266(00)00090-x
https://doi.org/10.1016/s1369-5266(00)00090-x
https://doi.org/10.1007/s00705-003-0109-6
https://doi.org/10.1007/s00705-003-0109-6

3 Biotech (2021) 11:265

Page 130f 13 265

virus (SLCCNV) infecting Benincasa hispida in India. New Dis
Rep 28:20. https://doi.org/10.5197/.2044-0588.2013.028.020

Riyaz SM, Deepan S, Jesse M, Dharanivasan G, Kathiravan K (2015)
New record of bipartite Squash leaf curl China virus (SLCCNV)
and Croton yellow vein mosaic beta satellite associated with yel-
low vein disease of ash gourd in India. New Dis Rep 31:3. https:/
doi.org/10.5197/j.2044-0588.2015.031.003

Rocha CS, Castillo-Urquiza GP, Lima ATM, Silva FN, Xavier CAD,
Hora-Junior BT, Beserra-Junior JEA, Malta AWO, Martin DP,
Varsani A, Alfenas-Zerbini P, Mizubuti ESG, Zerbini FM (2013)
Brazilian begomovirus populations are highly recombinant, rap-
idly evolving, and segregated based on geographical location. J
Virol 87:5784-5799. https://doi.org/10.1128/JVI.00155-13

Rojas MR, Gilbertson RL, Russell DR, Maxwell DP (1993) Use of
degenerate primers in the polymerase chain reaction to detect
whitefly-transmitted geminiviruses. Plant Dis 77:340-347. https://
doi.org/10.1094/PD-77-0340

Saritha RK, Bag TK, Loganathan M, Rai AB, Rai M (2011) First report
of Squash leaf curl China virus causing mosaic symptoms on
summer squash (Cucurbita pepo) grown in Varanasi district of
India. Arch Phytopathol Plant Protect 44(2):179-185. https://doi.
org/10.1080/03235400902952301

Seepiban C, Charoenvilaisiri S, Warin N, Bhunchoth A, Phironrit N,
Phuangrat B, Chatchawankanphanich O, Attathom S, Gajanan-
dana O (2017) Development and application of triple antibody
sandwich enzyme-linked immunosorbent assays for begomovi-
rus detection using monoclonal antibodies against Tomato yellow
leaf curl Thailand virus. Virol J 14:99. https://doi.org/10.1186/
$12985-017-0763-z

Silva EN, Lima ATM, Rocha CS, Castillo-Urquiza GP, Alves-Junior
M, Zerbini FM (2014) Recombination and pseudorecombination
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 11:66. https://doi.org/10.1186/1743-422X-11-66

Simon C, Frati F, Beckembach A, Crespi B, Liu B, Flook P (1994)
Evolution, weighting and phylogenetic utility of mitochondrial
gene sequences and a compilation of conserved polymerase chain
reaction primers. Ann Entomol Soc Am 87:651-701. https://doi.
org/10.1093/aesa/87.6.651

Singh JAS, Sahi Mann HS, Kapur SP (1994) Studies on whitefly Bemi-
sia tabaci (Genn) transmitted Cotton leaf curl virus disease in
Punjab. J Insect Sci 7:194-198

Singh R, Raj SK, Prasad V (2008) Molecular characterization of a
strain of Squash leaf curl China virus from north India. J Phy-
topathol 156(4):222-228. https://doi.org/10.1111/j.1439-0434.
2007.01347.x

Singh AK, Mishra KK, Chattopadhyay B, Chakraborty S (2009) Bio-
logical and molecular characterization of a begomovirus associ-
ated with yellow mosaic vein mosaic disease of pumpkin from
Northern India. Virus Genes 39:359-370. https://doi.org/10.1007/
$11262-009-0396-4

Tahir M, HaiderMS BRW (2010) First report of Squash leaf curl China
virus in Pakistan. Australas Plant Dis Notes 5:21-24. https://doi.
org/10.1071/DN10009

Van der Walt E, Rybicki EP, Varsani A, Polston JE, Billharz R, Don-
aldson L, Monjane AL, Martin DP (2009) Rapid host adaptation
by extensive recombination. J Gen Virol 90:734-746. https://doi.
org/10.1099/vir.0.007724-0

Varma A, Malathi VG (2003) Emerging geminivirus problems: a
serious threat to crop production. Ann Appl Biol 142:145-164.
https://doi.org/10.1111/j.1744-7348.2003.tb00240.x

Venkataravanappa V, Reddy CNL, Jalali S, Krishna Reddy M (2012)
Molecular characterization of distinct bipartite begomovirus
infecting bhendi (Abelmoschus esculentus L.) in India. Virus
Genes 44:522-535. https://doi.org/10.1007/s11262-012-0732-y

Venkataravanappa V, Swarnalatha P, Reddy CNL, Chauhan N, Krishna
Reddy M (2016) Association of recombinant Chilli leaf curl virus
with enation leaf curl disease of tomato: a new host for chilli
begomovirus in India. Phytoparasitica 44:213-223. https://doi.
org/10.1007/s12600-016-0510-9

Venkataravanappa V, Kodandaram MH, Reddy CNL, Shankarappa KS,
Krishna Reddy M (2017) Comparative transmission of Bhendi
yellow vein mosaic virus by two cryptic species of the white-
fly, Bemisia tabaci (Hemiptera: Aleyrodidae). 3 Biotech 7:331.
https://doi.org/10.1007/s13205-017-0970-8

Whitaker TW, Bemis WP (1975) Origin and evolution of the cultivated
Cucurbita. Bull Torrey Bot Club 102:362-368. https://doi.org/
10.2307/2484762

Pigllase ¢l ay .
e e O) Springer


https://doi.org/10.5197/j.2044-0588.2013.028.020
https://doi.org/10.5197/j.2044-0588.2015.031.003
https://doi.org/10.5197/j.2044-0588.2015.031.003
https://doi.org/10.1128/JVI.00155-13
https://doi.org/10.1094/PD-77-0340
https://doi.org/10.1094/PD-77-0340
https://doi.org/10.1080/03235400902952301
https://doi.org/10.1080/03235400902952301
https://doi.org/10.1186/s12985-017-0763-z
https://doi.org/10.1186/s12985-017-0763-z
https://doi.org/10.1186/1743-422X-11-66
https://doi.org/10.1093/aesa/87.6.651
https://doi.org/10.1093/aesa/87.6.651
https://doi.org/10.1111/j.1439-0434.2007.01347.x
https://doi.org/10.1111/j.1439-0434.2007.01347.x
https://doi.org/10.1007/s11262-009-0396-4
https://doi.org/10.1007/s11262-009-0396-4
https://doi.org/10.1071/DN10009
https://doi.org/10.1071/DN10009
https://doi.org/10.1099/vir.0.007724-0
https://doi.org/10.1099/vir.0.007724-0
https://doi.org/10.1111/j.1744-7348.2003.tb00240.x
https://doi.org/10.1007/s11262-012-0732-y
https://doi.org/10.1007/s12600-016-0510-9
https://doi.org/10.1007/s12600-016-0510-9
https://doi.org/10.1007/s13205-017-0970-8
https://doi.org/10.2307/2484762
https://doi.org/10.2307/2484762

	Transmission, characterization and occurrence of recombination in Indian strain of squash leaf curl China virus associated with yellow mosaic and leaf curl disease of Summer squash
	Abstract
	Introduction
	Materials and methods
	Virus isolates
	Collection of whiteflies
	Establishment of whitefly culture for transmission studies
	Whitefly transmission of virus
	Seed transmission of virus
	Amplification and analysis of mitochondrial cytochrome oxidase 1 (mtCOI) gene for B. tabaci cryptic species identification
	Virus genome amplification and sequencing
	Sequence analysis
	Serological detection of virus
	Triple antibody sandwich enzyme-linked immunosorbent assay (TAS-ELISA)

	Dot immunobinding assay (DIBA)
	Immunocapture-PCR

	Results
	Disease transmission
	Virus–vector relationship
	Viral acquisition assay
	Viral transmission assay
	The efficiency of whitefly gender on viral transmission
	Age of the squash seedling
	Seed transmission
	Identification of cryptic species of B. tabaci by mtCOI gene sequence
	Virus genome amplification and sequencing
	Genome organization of DNA A and DNA B component of begomovirus
	Recombination analysis
	Serodiagnostic for detection SLCCNV
	Dot immunobinding assay (DIBA)
	Immuno-capture PCR (IC-PCR)

	Discussion
	Conclusion
	Acknowledgements 
	References




