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Abstract
Okra enation leaf curl is a newly emerging disease in commercial okra cultivation fields in Northern Sri Lanka. The pre-
sent study aimed to identify and characterize the causative begomovirus and associated satellites. Okra plants showing 
the enation leaf curl disease symptoms were collected from Vavuniya and Jaffna districts of Northern Province. The PCR 
diagnostic and genome sequencing revealed that the symptomatic okra plants are associated with begomovirus, betasatel-
lite, and alphasatellite complex. The begomovirus isolates shared 98.2–99.7% nucleotide identity with Okra enation leaf 
curl virus. The betasatellites showed 96–98.8% nucleotide identity with Bhendi yellow vein mosaic betasatellite which is 
usually associated with Bhendi yellow vein mosaic disease. Two distinct alphasatellite species, Okra leaf curl alphasatellite 
and Bhendi yellow vein mosaic alphasatellite, were identified in leaf samples with enation leaf curl disease. The disease 
was transmitted by whiteflies from diseased plants to healthy plants. Hybrid varieties were more susceptible to the disease 
compared to cultivated varieties.

Keywords Okra enation leaf curl · Begomovirus · Betasatellite · Alphasatellite

Introduction

Okra (Abelmoschus esculentus) is cultivated in tropical, sub-
tropical, and warm temperate regions for its edible fruits. 
Okra fruits are harvested when immature, and are com-
monly consumed as salads, soups, curry, and stews. The 
plant has been also used for several other purposes, such 
as the roots and stems are used for cleaning the cane juice 
during brown-sugar preparation (Shetty et al. 2013), seeds 
are used for extract of oil (Gemede et al. 2015), and the fruit 
has been found to possess various ethno-pharmacological 

and medicinal properties against cancer, high-cholesterol, 
and diabetes mellitus (Jenkins et al. 2005).

Okra is susceptible to a number of diseases caused by 
the members of genus Begomovirus (Family Geminiviridae). 
Among the begomovirus diseases, yellow vein mosaic dis-
ease (YVMD), okra leaf curl disease (OLCuD), and okra 
enation leaf curl disease (OELCuD) cause serious losses in 
okra cultivation in Indian subcontinent, Africa, and South 
America (Ghanem 2003; Venkataravanappa et al. 2013a; 
Mishra et al. 2017).

A number of distinct begomovirus species have been 
identified, which includes the species Bhendi yellow vein 
mosaic virus (Jose and Usha 2003), Okra yellow vein mosaic 
virus (Zhou et al. 1998), Cotton leaf curl Alabad virus (Ven-
kataravanappa et al. 2012a), Bhendi yellow vein Haryana 
virus, Bhendi yellow vein Maharashtra virus, Bhendi yellow 
vein Bhubhaneswar virus (Venkataravanappa et al. 2013b), 
and Okra enation leaf curl virus (Venkataravanappa et al. 
2015) infects, and causes diseases such as okra yellow vein 
mosaic disease, okra leaf curl disease, and okra enation leaf 
curl disease.

The members of genus Begomovirus have monopar-
tite or bipartite genome. The bipartite genome consists 
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of DNA-A and DNA-B components, each 2.5–2.6 kb in 
size. The DNA-A component encodes the information for 
viral DNA replication, transcription, and encapsidation, 
but requires the DNA-B component for systemic infec-
tion. The genomes of monopartite begomoviruses consist 
of single component which is homologous to DNA-A of 
bipartite begomoviruses. Begomovirus DNA-A has six 
open-reading frames which encodes the protein involved 
in replication, transcription, encapsulation, movement in 
host, and symptom expression (King et al. 2011).

Three classes of circular single-strand DNA satel-
lites, namely beta, alpha, and deltasastellites, have been 
described as associated with begomoviruses: (Briddon 
et al. 2002; Zhou 2013; Lozano et al. 2016). Betasatellites 
are associated with many Old World monopartite bego-
moviruses, and depend on their helper begomoviruses for 
their movement, replication, and encapsulation. They are 
approximately 1.3 kb in size and encoding a single gene 
βC1. The product of the gene βC1 has been shown to func-
tion as a suppressor of host gene silencing, movement, 
and in some cases, they are essential for the maintenance 
of disease (Zhou 2013). Although the alphasatellites are 
dependent on their helper begomoviruses for systemic 
movement, and vector transmission, they are capable of 
autonomous replication in plant cells (Mansoor et al. 1999; 
Saunders and Stanley 1999).

In Sri Lanka, okra is a popular vegetable and ranked 
fourth among the low country vegetables based on culti-
vated extent (Abeykoon et al. 2010). It is cultivated either as 
a home garden crop or on a commercial scale in Sri Lanka. 
MI5, MI7, Haritha, and TV8 (‘Pall Vendi’) are the common 
okra varieties that are cultivated in Sri Lanka. In addition 
to the above varieties, several hybrid varieties have been 
recently introduced as resistant to OYVMD.

The Northern Province of Sri Lanka is one of the major 
okra growing regions of the country with a region-specific 
okra variety called Var.TV8 (also named as ‘Paal vendi’) are 
threatened by okra yellow vein mosaic disease. But recently, 
several hybrid varieties, such as No 521 and Maha F1, have 
been introduced in commercial cultivation as resistant to 
OYVMD. Even though the hybrid varieties are not affected 
by OYVMD, they show symptoms which had not been 
previously reported in Northern Sri Lanka. The disease is 
characterized by severe upward leaf curling, leaf and vein 
thickening, and stunted plant growth (Jeyaseelan et al. 2018). 
Leaf curl disease in vegetables, such as chilli and tomato, is 
already found as a major constrain in vegetable production in 
Sri Lanka (Samarakoon et al. 2012; Senanayake et al. 2013). 
The present study was carried out to identify and character-
ize the begomovirus species which is causing the leaf curl 
disease in Northern Sri Lanka. The analysis of samples col-
lected from symptomatic plants revealed that the disease is 
associated with begomovirus–satellite complex.

Materials and methods

Samples collection and DNA extraction

Field survey was conducted in five Districts (Jaffna, 
Vavuniya, Mannar, Kilinochchi, and Mullaitivu) of North-
ern Province, Sri Lanka, between May and July in 2018. In 
each district, the disease incidence was measured in three 
different fields which were affected by the disease. In each 
field, the disease incidence was estimated by recording 
non-symptomatic and symptomatic plants at ten differ-
ent randomly selected locations. Totally, 50 plants were 
observed in each field. Subsequently, samples from okra 
plants exhibiting typical symptoms of leaf curl disease 
were collected from three plants in each district, and total 
DNA was extracted using a modified DNA extraction pro-
tocol described by (Jeyaseelan et al. 2019).

PCR‑mediated amplification and sequencing 
of begomovirus genome

Totally, 15 DNA samples collected from five districts were 
subjected to PCR amplification. The full-length genomes 
(DNA-A) of begomoviruses were PCR amplified using 
three sets of degenerate primers (synthesized by IDT, 
USA) which were designed to produce overlapping frag-
ments of the genomes of old world begomoviruses (Ven-
kataravanappa et al. 2012b). To rule out mixed infections, 
the primers were designed in such a way that the amplified 
product overlapped (approximately 200 bp) between the 
fragments amplified. PCR reactions were carried out in 
a volume of 20 µL reaction mix containing 10 µL ready-
made PCR mix (PCR Biosystems, UK), 1 µL of forward 
and reverse primers (10 µM), and 1 µL DNA sample (about 
50 ng). The thermocycler was set for 35 cycles of dena-
turation at 94 °C for 1 min, annealing at 58 °C for 45 s, and 
extension at 72 °C for 90 s. Runs included an initial dena-
turation at 94 °C for 3 min and a final extension at 72 °C 
for 15 min. PCR products were electrophoresed on 0.8% 
agarose gels stained with ethidium bromide (10 mg/ml) 
and were viewed in a gel documentation system (Enduro 
GDS, Labnet, USA).

The DNA samples used for PCR detection of the DNA-A 
were also subjected to amplify DNA-B, betasatellite, and 
alphasatellite. PCRs for DNA-B component were carried 
out with the degenerate universal primers described by Rojas 
et al. (1993). Full length of betasatellite DNA was amplified 
with a pair of universal primers β01 and β02 as described by 
Briddon et al. (2002). Similarly, full length of alphasatellite 
DNA was amplified with a pair of primers AlphaF5 and 
AlphaR5 as described by Zia-Ur-Rehman et al. (2013).
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PCR products of begomovirus DNA-A, betasatellite, 
and alphasatellite of a plant sample (Vav02) collected 
from Vavuniya District and another plant sample (Jfn01) 
collected from Jaffna District were used for cloning and 
sequencing. PCR products of the expected size were puri-
fied from agarose gels using a PCR purification kit (Wiz-
ard® SV Gel and PCR Clean-Up System, Promega, USA) 
and ligated to the plasmid vector pGEM®-T Easy Vector 
System I (Promega, USA) as described in the manufactur-
ers’ protocols. For the DNA-A, the PCR products (about 
1.5 kb each) obtained using three sets of degenerate prim-
ers were cloned separately. The complete genomes of beta-
satellite (about 1.3 kb) and alphasatellite (about 1.4 kb) 
were cloned in separate vectors.

The clones were sequenced by automated Sanger 
sequencing service (Macrogen, Korea). The complete 
nucleotide sequences were deposited in GenBank database; 
accession numbers are given in Table 1.

Phylogenetic analysis and detection 
of recombination events

Identity searches for the DNA-A and DNA satellites identi-
fied in the present study were carried out using the BLASTn 
program available in the NCBI (Altschul et  al. 1990). 
Sequence alignments were performed using MUSCLE 
(Edgar 2004) and pairwise identity scores were calculated 
using Sequence Demarcation Tool (SDT) (Muhire et al. 
2014). The details of sequences retrieved from GenBank 
database are given in Supplementary Table 1. Phylogenetic 
analysis was performed in MEGA 7 (Kumar et al. 2016) 
using the maximum-likelihood algorithm with 1000 boot-
strap replications.

The phylogenic evidence for recombination was detected 
with SplitsTree version 4.14.4 using the Neighbor-Net 
method (Huson and Bryant 2006). Putative parental viruses 
and recombination breakpoints were determined using 
Recombination Detection Program (RDP) v. 4.0 (Martin 
et al. 2015). Alignments were analyzed using default set-
tings for different methods and statistical significance was 
defined as a P value less than the Bonferroni correction cut-
off of 0.05.

Testing the virus transmission

For the transmission experiments, non-viruliferous, adult 
whiteflies Bemisia tabaci were obtained from the labora-
tory of Entomology, Horticultural Crop Research and Devel-
opment Institute (HORDI), Gannoruwa, Sri Lanka. They 
were first cultured on brinjal plants (Solanum melongena) in 
insect proof cages. The non-viruliferous stage of the white-
flies was again confirmed with DNA samples extracted 
with randomly selected whiteflies in PCR using primer pair 

specific to begomovirus (Deng et al. 1994). The hybrid okra 
variety No.521, which is frequently affected by the leaf curl 
disease in the field, was chosen for this study. Ten-to-fifteen 
adult non-viruliferous whiteflies were given an acquisition 
access period of 12 h on leaves of infected plants and were 
then released onto healthy test plants for an inoculation 
access period of 12 h. Then, plants were sprayed with an 
insecticide [thiocyclam hydrogen oxalate (50% W/W)] and 
maintained under insect proof cages until symptoms were 
evaluated. The experiment was repeated three times and the 
inoculated plants showed leaf curl symptoms following each 
transmission to okra plants. The resulting infected plants 
were subjected to DNA extraction and tested for the pres-
ence of begomovirus genome using PCR as described (Deng 
et al. 1994).

Results

The development of OELCuD showed variation among dif-
ferent okra varieties which were grown in all five districts in 
Northern part of Sri Lanka. The fields having hybrid varie-
ties such as No.521 and Maha F1 were severely affected 
by the disease, but the fields having cultivated varieties 
such as TV8, MI5, MI7, and Haritha were completely free 
from OELCuD. However, these cultivated varieties showed 
OYVMD more often. Even though both types of varieties 
were growing in the same field, the plants which showed leaf 
curl symptoms never developed yellow vein mosaic symp-
tom and vice versa.

The symptom of OELCuD includes leaf curling, thick 
and leathery texture of leaves, and characteristic prominent 
enation on the under-surface of the leaves (Fig. 1a). The 
symptoms were more prominent in middle-aged leaves than 
young leaves. The affected plants show twisted stem and lat-
eral branches. The leaves showed upward curling and venal 
thickening. Moreover, the infected plants become severely 
stunted with fruits being small, deformed, and unfit for 
sale. The disease incidence measured in each district var-
ied among them (Fig. 1b), and the mean disease incidence 
ranged from 17% to 63.8%. Among the five districts, the 
mean disease incidence was highest in Jaffna and lowest in 
Mannar. In rest of the places, the mean disease incidence 
ranged between 27 and 32%.

Out of 15 samples tested through PCR, 15 were posi-
tive for DNA-A, 13 for betasatellite, nine for alphasatellite, 
and none for the DNA-B component, respectively. For the 
follow-up experiments, samples were selected based on the 
geographical distance among the sample collection sites and 
presence of DNA-A, betasatellite, and alphasatellite in the 
sample. Based on above criteria, plant samples Vav02 and 
Jfn01, collected from Vavuniya and Jaffna Districts, respec-
tively, were selected for cloning and sequencing.
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Cloning and sequencing of begomovirus-PCR products 
amplified using three sets of degenerate primers which spe-
cific to begomovirus yielded two isolates of 2741 nt and 
2738 nt [DAVav02 (MN389529) and DAJfn01 (MN384976), 
respectively] representing samples from districts Vavuniya 
and Jaffna (Table 1). Sequence analysis showed that the 
two isolates have showed typical features of begomoviruses 
with conserved open-reading frames (ORFs) reported so 
far (Hanley-Bowdoin et al. 1999). In addition to the typi-
cal six ORFs, two conserved genes encoded in the virion-
sense strand (encoding the CP and the V2 protein) and five 
genes in the complementary-sense strand (encoding the Rep, 
C2, Ren, C4, and C5). The IR sequences (between the start 
codons of the C1 and V2 ORFs) are 268 nt (nt 2589–116) 
for DAVav02 and (nt 2586–161 for DAJfn01).

Both DAVav02 and DAJfn01 showed high level of 
sequence identity (98–99.7%) with several isolates of Okra 
enation leaf curl virus (OELCuV) in BLAST analysis. 
SDT analysis showed the sequences to have 98% identity 
between them, and showed the highest sequence identity 
(98.2–99.7%) with an isolate of the Sri Lankan strain of 
OELCuV (KX698092) isolated from Okra showing yellow 
vein mosaic symptom (Fig. 2). According to the present 
species delineation criteria for begomoviruses (Brown et al. 
2015), the viruses isolated from okra leaf curl disease are 
considered as isolates of the Sri Lankan strain of OELCuV. 
Phylogenetic analysis further confirmed this by clustering 
the isolates with OELCuV which is associated with yellow 
vein mosaic symptom (Fig. 3).

A Neighbor-Net analysis using the SplitsTree program 
revealed an extensive networked relationship of OELCuV 
isolates with other begomoviruses retrieved from GenBank 
(Supplementary Fig. 1). This reticulate network structure 
is an indicative of phylogenetic incongruence and suggests 
that parts of the sequences have been different origins due to 
recombination. Recombination analysis using RDP4 showed 
two possible recombinations in both DAVav02 and DAJfn01 
isolates. In both events, isolates of BYVMV (KX698089 
and AF241479) detected as major parents. Indian isolates 
of OELCuV (GU111997) contributed a large DNA seg-
ment for DAVav02 (270–1446 nt, P value = 8.06 × 10–27) 
and DAJfn01 (78–1446, P value = 7.08 × 10–35). In sec-
ond recombination event, Mesta yellow vein mosaic virus 
[MeYVM (FJ345400)] contributed DNA fragment of 
1447–1778 nt in DAVav02 and DAJfn01 isolates (Fig. 4a; 
Supplementary Table 2).

Cloning and sequencing of PCR products obtained with 
a pair of universal primers β01 and β02 yielded two beta-
satellite isolates with 1352 nt and 1344 nt in size [Vav02 
(MN384975) and Jfn01 (MN384974), respectively] 
(Table 1). Both consisting of a single predicted ORF (with 
a coding capacity of 118 amino acids), an adenine (A)-rich 
region, and a satellite conserved region (SCR) contain-
ing a predicted hairpin structure containing the geminivi-
rus nonanucleotide sequence (TAA TAT TAC). An initial 
BLAST screen showed the sequences to have high sequence 
identity with several isolates of Bhendi yellow vein mosaic 
betasatellite (BYVMB). The SDT analysis showed 96.8% 

Fig. 1  a Symptoms exhibited by Okra enation leaf curl virus-infected okra plants in the field; severe upward leaf curling and associated vein 
thickening. b Disease incidence of OELCuD in different districts in Northern Province of Sri Lanka; the error bars are standard error of mean
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sequence identity between both isolates (Fig. 5). Compari-
son to selected betasatellite species available in the data-
bases showed nucleotide sequence identity of 96–98.8% with 
an isolate of BYVMB obtained from okra showing yellow 
vein mosaic symptom in Sri Lanka (KX174321). Based on 
the presently applicable species demarcation criteria for 
betasatellites (91%; https ://talk.ictvo nline .org/ICTV/propo 
s a l s/2016. 021a—kP.A. v 2.Tolecusatellitidae.pdf), this 
indicates that both Vav02 and Jfn01 betasatellites are iso-
lates of BYVMB.

In phylogenetic analysis, both isolates were closely cluster 
with BYVMB reported from Sri Lanka and India (Fig. 6a). 
A Neighbor-Net analysis using the SplitsTree program 

revealed an extensive networked relationship of Vav02 and 
Jfn01 isolates with other betasatellites (Supplementary 
Fig. 2). A possible recombinant fragment was detected in 
both isolates by RDP4 analysis. The Sri Lankan BYVMB 
isolates (MN384975 and MN384974) emerged by a recom-
bination between an isolate of BYVMB (GU111975) and 
an isolate of Bhendi yellow vein India betasatellite [BYVIB 
(KT390385)] (Fig. 4b; Supplementary Table 2).

Cloning and sequencing of samples amplified with alph-
asatellite-specific primers showed features of typical alph-
asatellites. The size of AlVav02 (MN384973) and AlJfn01 
(MN384972) was 1380  nt and 1378  nt, respectively 
(Table 1). The isolates AlVav02 and AlJfn01 have a single 

Fig. 2  Colour-coded pairwise identity matrix generated from 54 dif-
ferent begomovirus DNA-As, including 2 OELCuV described in 
this work (with ‘*’ at the end of species name). See Supplementary 
Table  1 for details on the compared sequences. Each coloured cell 

represents a percentage identity score between two sequences. The 
coloured key indicates the correspondence between pairwise identi-
ties and the colours displayed in the matrix

https://talk.ictvonline.org/ICTV/propos
https://talk.ictvonline.org/ICTV/propos
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conserved ORF encoded in the virion-sense, an A-rich 
sequence, and a predicted stem-loop structure containing, 
within the loop, the nonanucleotide sequence TAG TAT 
TAC with similarity to the origin of replication of nano-
viruses. An initial BLAST screen of AlVav02 and AlJfn01 
showed the highest sequence identity with several isolates 
of Okra leaf curl alphasatellite (OLCuA) (92–98%) and 
Bhendi yellow vein mosaic alphasatellite (BhYVMA) 
(96.7–97.5%), respectively. In SDT analysis, the identity 
between AlVav02 and AlJfn01 was 80.3% (Fig. 7), and 
thus likely to represent isolates of two different alphas-
atellite species based on the recently proposed species 

demarcation criteria for alphasatellites [88%; (Briddon 
et al. 2018)]. The SDT analysis revealed that the isolate 
AlVav02 had 98.2% sequence identity with an Indian 
OLCuA isolate (KF471055), whereas AlJfn01 showed 
97.6% of nucleotide identity with isolates of Indian BhY-
VMA (FN658716). A phylogenetic analysis, confirmed the 
association of two distinct alphasatellite species with okra 
leaf curl disease, belongs to the two distinct clades in sub-
family colecusatellite; indicates their distinct evolution-
ary histories (Fig. 6b). A Neighbor-Net analysis using the 
SplitsTree program indicates recombination in two alphas-
atellite isolates (Supplementary Fig. 3). Nevertheless, the 

Fig. 3  Molecular phylogenetic 
analysis for two OELCuV 
described in this work (with red 
colour text) with selected bego-
moviruses. The evolutionary 
history was inferred using the 
Maximum-Likelihood method 
based on the General Time 
Reversible model. The percent-
age of trees in which the associ-
ated taxa clustered together is 
shown next to the branches. A 
discrete Gamma distribution 
was used to model evolutionary 
rate differences among sites. 
The tree is drawn to scale, with 
branch lengths measured in the 
number of substitutions per 
site. All positions containing 
gaps and missing data were 
eliminated
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tree agrees with the phylogenetic analysis shown in Fig. 6b 
that these two isolates are distinct from Okra enation leaf 
curl alphasatellite [OELCuA (HF546575)] isolated from 
OELCuD in India. The recombinant breakpoint analysis 
using RDP4 revealed a recombination event in the Sri Lan-
kan BhYVMA, where Mesta yellow vein mosaic alphasat-
ellite [MeYVMA (JX183090)] and Cotton leaf curl Egypt 
alphasatellite [CLCuEA (AJ512960)] were the major and 
minor parents, respectively. Similarly, a recombination 
event detected in Sri Lankan OLCuA, here Malvastrum 
yellow mosaic alphasatellite [MaYA (AM236765)], was 
the major parent, and Cotton leaf curl Lucknow alphas-
atellite [CLCuLuA (HQ343234)] was the minor parent 
(Fig. 4c; Supplementary Table 2).

The okra variety No 521 infested by viruliferous white-
flies showed leaf curling, thick and leathery texture of leaves, 
which is characteristic of OELCuD. The symptoms started 
to develop from 15 to 20 days after inoculation. In each 
replicate, 20 plants were allowed for whitefly infestation and 
more than 50% of the plants showed disease symptoms. The 

plant which showed symptoms also showed positive to PCR 
reactions carried out with primers specific to begomovirus.

Discussion

Diseases caused by begomoviruses are an increasing prob-
lem for okra production in South Asia. In Sri Lanka, okra 
cultivation has been highly threatened by BYVMD, but 
recently OELCuD is an emerging problem, especially in 
Northern Province. The present study has shown that the 
disease is not vertically transmitted by seeds, in agreement 
with the previous studies (Fargette et al. 1996; Brown et al. 
2015). Similar to other begomovirus diseases, this disease is 
transmitted by whitefly. Northern Province is with suitable 
elevated temperature for whitefly reproduction and infesta-
tion, compare to other okra growing provinces in Sri Lanka 
(Stephenson et al. 2019).

OELCuD is most often reported in countries such as India 
and Pakistan, where it causes a significant loss in the okra 
production (Singh 1996; Chandran et al. 2013; Hameed 
et al. 2014; Venkataravanappa et al. 2015). So far, there is no 
report of the disease in Africa and America. The OELCuD 
was first reported from Karnataka (Bangalore) in southern 
India in the early 1980s (Singh and Dutta 1986; Singh 1996); 
later, it was reported in Saudi Arabia (Ghanem 2003) and in 
Pakistan (Hameed et al. 2014). A previous study conducted 
by Jeyaseelan et al. (2018) did some preliminary work on 
this aspect. They described the disease based on the symp-
toms and confirmed the association of begomovirus and sat-
ellite in PCR with specific primers. In the present study, the 
complete genome sequence of begomovirus and satellites 
have been identified and characterized.

In Asia, majority of the okra diseases of begomovirus are 
caused by begomovirus–satellite complex. Recently, how-
ever, bipartite begomoviruses, Bhendi yellow vein Delhi 
virus (BYVMDV) have been isolated from okra (Venkata-
ravanappa et al. 2012b). In the present study, a monopartite 
begomovirus OELCuV has been identified. This is the first 
OELCuV identified in okra plants with okra enation leaf curl 
disease from Sri Lanka. There are some genome sequences 
of OELCuV already deposited in GenBank from Sri Lanka, 
but they were associated with OYVMD (Unpublished work). 
The two OECLCuV isolates DAVav02 and DAJfn01 showed 
98% sequence identity between them, even though the sam-
ples were collected from two different farms apart about 
150 km. Because of > 94% sequence identity reveals that 
both isolates must be the same strain of OELCuV (Brown 
et al. 2015).

Earlier in India, it was reported that the OELCuD is asso-
ciated with OELCuV and Okra enation leaf curl alphasatel-
lite (Chandran et al. 2013). Similar finding was made by 
Serfraz et al. (2015) in Pakistan, where the OELCuV was 

Fig. 4  RDP analysis for recombination of the begomovirus isolates 
(a), betasatellites (b), and alphasatellites (c). For each of the isolates, 
recombinant fragments are shown as shaded bars with the origin 
(parental virus species) indicated where it could be determined. The 
orientation and approximate position of genes are shown as arrows at 
the top of the diagram
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associated with Ageratum conyzoides symptomless alphasat-
ellite. Venkataravanappa et al. (2011) found that two distinct 
betasatellites, namely Bhendi yellow vein mosaic betasatel-
lite and Okra leaf curl betasatellite, were associated with the 
disease in India. The present study reports that a complex of 
OELCuV, BYVMB, and two distinct species of alphasatel-
lites (OLCuA and BhYVMA) are associated with the disease 
in Sri Lanka. In addition, the alphasatellites reported in this 
study are the first alphasatellite species reported from okra 
in Sri Lanka.

For the majority of betasatellite-associated diseases, such 
as CLCuD and Ageratum yellow vein disease, betasatellite 
encodes the dominant symptom determinant (Saunders et al. 

2004; Saeed et al. 2005). For CLCuD in Asia, it has been 
suggested that although the betasatellite determines symp-
toms, this must be carried to the correct plant tissues by the 
virus for bonafide disease symptoms to ensue (Saeed et al. 
2005). In the present study, however, BYVMB is associated 
with the disease. This would seem to indicate that OELCuD 
may be caused by one virus (OELCuV) in association with 
distinct betasatellites.

In general, in Southern parts of India, YVMV and 
OELCuV diseases of okra show either leaf curl or yel-
low vein mosaic symptoms (Sohrab et al. 2013). How-
ever, under Northern Indian conditions, both YVMV 
and OELCuV cause symptoms on the same plants. The 

Fig. 5  Colour-coded pairwise identity matrix generated from 29 dif-
ferent betasatellite DNAs, including 2 BYVMB described in this 
work (with ‘*’ at the end of species name). See Supplementary 
Table  1 for details on the compared sequences. Each coloured cell 

represents a percentage identity score between two sequences. The 
coloured key indicates the correspondence between pairwise identi-
ties and the colours displayed in the matrix
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observation in the present study coincides with the ten-
dency observed in Southern India.

In the present study, the OELCuD was observed only 
in some hybrid okra varieties but not in traditional varie-
ties, even though they grow in same field. It is possible 
that the betasatellites associated with OELCuV encode the 
dominant symptom determinant, but the tissue specific-
ity of virus or plant response against virus may influence 
symptom development. Therefore, studies with infectious 
clones will be needed to investigate the contribution of 

each component (virus, betasatellite, and plant) makes to 
symptoms in plants.

Okra is known to be susceptible to at least 27 different 
species of begomoviruses (Mishra et al. 2017). The wide 
diversity among begomoviruses associated with mixed 
infections is supposedly assisting in recombination and 
pseudo-recombination events leading to the frequent emer-
gence of novel begomoviruses, having devastating effects 
on the okra (Padidam et al. 1999). Recombination has 
played a significant role in the evolution of geminiviruses 
(Seal et al. 2006) including the origin of OELCuV, as the 
sequences making up OELCuV have originated from other 
malvaceous begomoviruses; Cotton leaf curl Bangalore 
virus (CLCuBaV), Mesta yellow vein mosaic virus (MeY-
VMV), and BYVMV (Venkataravanappa et al. 2015). The 
present study showed that the OELCuV in Sri Lanka has 
evolved by recombination of malvaceous begomoviruses; 
BYVMV, OELCuV, and MeYVMV. The betasatellites ana-
lyzed in this study originated by recombination between 
two betasatellites, BYVIB and BYVMB. Venkataravan-
appa et al. (2011) reported that the BYVIB was associ-
ated with okra plants showing upward leaf curling and 
vein twisting symptoms; meanwhile, the isolate BYVMB 
was detected in okra plant with yellow vein mosaic symp-
tom. Recombination was also detected in the two different 
alphasatellite species, BhYVMA and OLCuA, reported 
in the present study. Both of them showed their origin 
from unrelated major and minor parents. The BhYVMA 
has been reported as associated with Bhendi yellow vein 
mosaic virus or Mesta yellow vein mosaic virus in okra 
(Zaffalon et al. 2012). However, in the present study, the 
BhYVMA is associated with OELCuV. This clearly shows 
the co-existence of this alphasatellite with different species 
of begomoviruses which infect okra.

Conclusions

The newly emerging enation leaf curl disease in okra is 
caused by the association of a complex of monopartite 
begomovirus, betasatellite, and alphasatellite in Sri Lanka. 
The monopartite begomovirus is identified as Okra ena-
tion leaf curl virus, and the virus is transmitted by whitefly 
vector. A betasatellite associated with okra yellow vein 
mosaic disease, Bhendi yellow vein mosaic betasatellite, is 
associated with the okra enation leaf curl disease, as well. 
Two distinct alphasatellites, namely Okra leaf curl alphas-
atellite and Bhendi yellow vein mosaic alphasatellite, have 
been detected in two different samples. Further studies are 
needed to find out the role of virus and satellites in okra 
enation leaf curl symptom development.

Fig. 6  a Molecular phylogenetic analysis for two BYVMB described 
in this work (with red colour text) with selected betasatellites. The 
evolutionary history was inferred using the maximum-likelihood 
method based on the Tamura three-parameter model. b Molecu-
lar phylogenetic analysis for two alphasatellites described in this 
work (with bold text) with selected different alphasatellite species 
described by Briddon et al. (2018)
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