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Abstract
Background: Yellow vein mosaic disease is the major biotic constraint of okra cultivation in Sri Lanka.
Identification and detailed molecular characterization of associated pathogen is needed for effective disease

management.

Methods and Results: The genome of the begomovirus and betasatellite were amplified in symptomatic plant
samples using specific degenerate primers. DNA-A genome of twelve isolates representing different locations in
Sri Lanka were cloned, sequenced and deposited in GenBank database (Accession No- KX698087- KX698092
and MH455207- MH455212). Size of the complete nucleotide sequences ranged from 2735 bp to 2786 bp. The
genome organization showed characteristics of begomoviruses. The pairwise sequence identity revealed the
association of two different begomovirus species. Five of the isolates showed >91% of sequences identity with
Bhendi yellow vein mosaic virus, and the rest of the seven isolates were around 92% of identity with Okra
enation leaf curl virus. This is further supported by phylogenetic analysis where both of these group of isolates
were in different cluster. Recombination analysis showed the presence of recombinant fragments in the virus
isolates associated with okra yellow vein mosaic disease (OYVMD) in Sri Lanka. Attempts to amplify DNA- B
were failed in any of the samples tested. However, both type of the begomovirus species associated with

betasatellite species, Bhendi yellow vein mosaic betasatellite.

Conclusions: The present study has revealed the association of two distinct monopartite begomovirus species,

Bhendi yellow vein mosaic virus or Okra enation leaf curl virus, with OYVMD in Sri Lanka.
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Introduction

Begomovirus is the most important genus within the family Geminiviridae. The members of this genus are
transmitted by whitefly, Bemisia tabaci. The begomoviruses infect a range of crop plants such as tomato,
papaya, radish, okra, mungbean, pigeon pea, soybean, chilli, cotton, tobacco etc. [1-5]. In general,
begomoviruses can have either monopartite or bipartite genomes. Bipartite begomovirus genomes comprise of
two ssDNA molecules (2.8 kb each), referred to as DNA-A and DNA-B. The DNA-A genome contains either
five or six open reading frames (ORFs). The coat protein (CP) and pre-coat protein (Pre-CP) are coded in the
viral sense strand, and the complementary sense strand code for replication-associated protein (Rep),
transcriptional activator protein (TrAP), replication enhancer (Ren) and AC4 protein. The DNA-B genome has
ORFs BV1 and BC1; they code for a nuclear shuttle protein (NSP) and movement protein (MP), respectively.
The noncoding intergenic region (IR, approximately 500 bp) contains the origin of replication, where the viral
Rep protein binds for initiating rolling circle replication. A part of this region is conserved between the two
DNA components of bipartite begomoviruses. In monopartite begomovirus, the genome consists DNA-A

component only, and the virus is usually associated with additional sSSDNA molecules known as satellites [2].

The betasatellite is a circular, single-stranded DNA molecule varies from 1.3 kb to 1.5 kb. Betasatellite
molecules have a single conserved ORF which encode BC1, whereas, some recent reports suggest it also encode
another ORF, called BV1 [3]. Even though the betasatellite molecules are considered as an associated DNA
particle in begomovirus complex, it is the predominant factor to determine symptom development in host plants
[4]. The alphasatellites encode their own replication-associated protein and depend on the helper virus for
encapsidation, movement and transcription [5]. The alphasatellites attenuates the disease symptoms and

maintained the gathering of betasatellite at low level [6].

Okra (Abelmoschus esculentus (L.) Moench) is one of the major vegetable crops in Sri Lanka and is cultivated
in diverse climatic conditions, namely, wet, intermediate and dry zones of the country. World-wide, this crop is
reported to be infected by different species of begomovirus and cause significant yield reduction. In Sri Lanka,
yellow vein mosaic disease (YVMD) is considered as an unmanageable wide-spread disease in okra cultivation
[7]. A very few studies, such as determination of disease incidence [8], attempt to detect the associated pathogen
based on partial amplification of virus DNA [9] and screening of resistant okra varieties [10] have been done on

this aspect in Sri Lanka.



However, detailed molecular characterization of Sri Lankan biotypes of the begomovirus causing okra yellow
vein mosaic disease (OYVMD) has not been studied yet. Therefore, the present study attempted to identify and

characterize begomovirus species associated with OYVMD.

Materials and Methods

Sampling and DNA extraction

Leaf samples of healthy okra plants and okra plants showing yellow vein mosaic symptoms only were collected
from six different locations (i.e. Jaffna, Vavuniya, Kandy, Matara, Trincomalee and Puttalam) across Sri Lanka
between May and July in 2015. In each location, leaf samples were collected from three different farmer’s field
when the plants were at their post-flowering stage. Total DNA was extracted according to the method described

by Jeyaseelan et al. [11].

PCR amplification, cloning and sequencing

Initially, the presence of begomovirus in the DNA samples was confirmed by amplifying partial genome of
begomovirus DNA-A using a pair of degenerate primers [12]. Later, the full-length genome of DNA-A was
amplified using three sets of degenerates overlapping primers (OY2395F / OY680R, MKBEGF4 / MKBEGR5
and GEMA1223F /| GEMA2454R) as explained by Venkataravanappa et al. [13]. These primers were designed
with approximately 200 bp length of sequence overlapping between the segments in order to get the whole
coverage of full genome. The PCR reactions were done in a Veriti® 96 well Thermal cycler (Applied
Biosystem, USA), using commercially available PCR mix (PCR Biosystem, UK). The PCR conditions were
maintained as an initial denaturation at 94 °C for 3 min, followed by 35 cycles of denaturation at 94 °C for 1
min, annealing temperature at 60 °C for 45 s and extension at 72 °C for 1 min with a final extension for 10 min
at 72 °C. Similarly, attempts were made to amplify DNA-B and betasatellite as described by Rojas et al. [14]
and Jeyaseelan et al. [11] respectively. The PCR products were purified using a spin column purification kit
(NBS biological Ltd, Huntingdon, UK) and cloned into pCR®2.1 vector using a TA cloning kits (Invitrogen,
USA) according to the manufacturers’ guidelines. The clones were sequenced separately by automated sanger

sequencing service (Source Bioscience, UK) using M13 forward and reverse primers.

Sequence analysis



The three overlapping partial DNA-A sequences were assembled and the complete genome of each isolate was
prepared. The sequences were initially identified using the BLASTn program available at National Center for

Biotechnology Information (NCBI) (https://blast.ncbi.nlm.nih.gov/Blast.cgi.). The DNA-A sequences of the

present isolates were compared with the sequences of other begomoviruses retrieved from the GenBank
database (Table 1). Multiple sequence alignment was done using the Multiple Sequence Comparison by Log-
Expectation (MUSCLE) tool [15] in MEGA 7.0 software [16]. ORF regions and amino acid sequences of
proteins were determined using online tool ExPASy Bioinformatics Resource  Portal

(https://web.expasy.org/translate/). Pair wise identity scores were generated using Sequence Demarcation Tool

(SDT) software [17], and phylogenetic tree was generated using MEGA 7.0 with 1000 bootstrap replications

[20].

After complete identification, the nucleotide sequences were deposited in GenBank database (Accession No-

KX698087- KX698092 and MH455207- MH455212).

Detection of recombination events

Possible recombination events were analysed with sequences retrieved from the GenBank database (Table 1).
Detection of potential recombinant sequences, likely parental sequences, and recombination breakpoints were
carried out using RDP, GENECONYV, BootScan, MaxChi, Chimaera, SiScan and 3Seq recombination detection
methods as implemented in Recombination Detection Program (RDP) v. 4.0 [18]. The analysis was performed

with default settings with a 0.05 P- value cut-off, and standard Bonferroni corrections were used throughout.

Results

In this study, diseased samples were collected from plants affected by OYVMD. The disease is characterized by
alternating green and yellow patches, cleaning of veins and venous chlorosis of leaves only. The initial sample
analysis with the pair of degenerate primers [16] yielded a 520 bp PCR product in all symptomatic samples
(Supplementary Fig. 1). Similarly, the three sets of primers used to amplify overlapping regions of the DAN-A
genome yielded single PCR products in all tested symptomatic samples (Supplementary Fig. 2-4). However,
none of the samples showed amplification by the primers specific to DNA-B genome of the begomovirus.
However, about 1.3 KB of PCR product was observed in all symptomatic samples when amplified with the

betasatellite specific primers (Supplementary Fig. 5).
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Molecular characterization of DNA-A

The complete DNA-A genome of 12 begomovirus isolates representing six districts in Sri Lanka were obtained
(Table 2). Size of the complete DNA-A genome varied greatly among the isolates and it ranged from 2735 bp to
2786 bp. The number of ORF regions predicted in the genome was not equal in all the isolates. There were two
distinct groups noticed among the isolates, one group (Tr01, Tr02, Ja01, Va01l, Va02, Pu0l and Ma01) had six
ORF regions and the other group (Ja02, Pu02, Ma02, Ka01 and Ka02) had seven ORF regions. In isolates with
six ORF regions, two of them were located in the sense strand and four were in the antisense strand. The
sequences of two ORF regions in the sense strand showed higher similarity with begomovirus AV1 and AV2
genes. The four ORF regions in the antisense strand were similar to AC1, AC2, AC3 and AC4 genes present in
begomovirus. The isolates with seven ORF regions in their DNA-A had an additional gene, AC5 in the antisense

strand.

Genome of all the isolates (Table 2) had an intergenic region (IR) between the upstream of ORF coding for AC1
protein and upstream of ORF coding for AV2 protein. The IR of isolates having seven ORF regions consisted
316 nucleotides, but the isolates having six ORF regions had IR with 267 nucleotides. The IR of the isolates in
both groups showed several features specific to begomoviruses. A TATA box was detected in each of the
isolates at 5’ region (Supplementary Fig. 6). There was a highly conserved region nearly in the middle of IR.
The conserved region consisted a stem and loop structure, and the loop made by nonanucleotide sequence

(TAATATTAC).

The BLASTnN analysis revealed that the isolate Tr01, Ja0l1, Va0l, Va02, PuOl and Ma0l has nucleotide
sequence which have 98% sequence identity with Okra enation leaf curl virus (OELCuV) [India: Tamil Nadu:
Theni: 2014] isolate but the isolate Tr02 showed maximum 96% sequence identity with the same isolate. The
rest of the isolates showed their highest identity with different begomovirus isolates reported from okra in
various regions in India. The isolate Ja02, Pu02 and Ma02 showed their highest identity, 97%, 96% and 98%
respectively, with Bhendi yellow vein India virus (BYVIV) [India:Jalgov:0Y124:2006]. The isolate KaOland
Ka02 showed their highest identity (99%) with Bhendi vyellow vein mosaic virus (BYVMV)

[India: Tirupathi:0Y99:2005] and BYVMYV [India:Raichur:0Y54B:2005] respectively.

Pairwise sequence analysis with sequence demarcation tool (SDT) revealed that nucleotide sequences of isolates
Ja01, Ma01, Tr01, Va01, Pu0l1, Tr02 and Va02 had 98.9 % to 99.9% sequence identity with each other

(Supplementary Fig. 7). At the same time, they showed 80.9 % to 88.9% identity with rest of the five isolates.
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Among the rest of the five isolates, the isolates KaOl and Ka02 showed 99.2% identity between them, however,
they showed 89.7% to 90.2% identity with Ja02, Ma02 and Pu02. The isolates Ja02, Ma02 and Pu02 showed
95.2% to 96.8% identity among them. According to ICTV species demarcation threshold, an isolate with <91%
of sequence identity will be considered as distinct species [19]. Therefore, the results of SDT analysis showed
that three different species of begomovirus are associated with OYVMD in Sri Lanka.

Further comparisons were made using SDT with different species of begomoviruses (according to recent
updates of ICTV species list on March, 2019) associated with diseases in okra (Fig. 7). Isolates Ja0l1, Ma0O1,
Tr01, Va0l, Pu0l, Tr02 and Va02 showed maximum identity (from 91.9% to 92.3%) with OELCuV
[IN:SonEL10:06]. Pairwise identity score against various isolates of species BYVMV and showed 79.8% to
87.3% identity. Analysis with other selected isolates showed 68.8% to 79.2% identity. Based on these
observations, Isolates Ja01, Ma01, Tr01, Va01, Pu01, Tr02 and Va02 were considered as different isolates of
OELCuV.

The isolates Ka01 and Ka02 showed highest sequence identity with various BYVMYV isolates listed by ICTV
and the percentage of identity was between 92.7% to 98.7%. The percentage of identity with rest of the okra
associated isolates, including a BYVMYV isolate BYVMV[IN:Mah:NOL751:08], ranged from 69.5% to 87.7%.
As the isolates Ka0Ol and Ka02 show highest identity with species BYVMV and as the identity is greater than
91%, these two isolates were considered as isolates of BYVMV (Fig. 1).

The isolates Ja02, Ma02 and Pu02 showed highest sequence identity, 92.2%, 93.0% and 91.6% respectively,
with two BYVMYV isolates BYVMV[IN:Coi:0YCO04:04] and BYVMV[IN:Mah:NOL751:08]. The percentage
of identity with all other isolates of BYVMV and other begomovirus species associated with okra ranged from
68.6% to 90.8%. According to ICTV regulations, the isolates Ja02, Ma02 and Pu02 were also classified as
isolates of species BYVMV (Fig. 1).

In overall, the 12 isolates sequenced in this study consisted of two different begomovirus species, namely
BYVMV and OELCuV. As the sequence identity threshold level for differentiation of strains of a species is
<94% [23], it is evident that there are two different strains of BYVMYV associated with OYVMD samples (strain
one from Ka0l and Ka02 samples and strain two from Ja02, Ma02 and Pu02 samples) used for the present

study.



Phylogenetic analysis

The phylogenetic analysis carried out with DNA-A genome of selected begomoviruses revealed that the virus
species OELCuV, Bhendi yellow vein Bhubhaneswar virus (BYVBhV), Bhendi yellow vein Haryana virus
(BYVHV) and BYVMV might arose from a common ancestor, with 93% bootstrap percentage. All the Sri

Lankan BYVMYV isolates clustered with BYVMV isolates reported from different parts of India.

On the other hand, all Sri Lankan OELCuV isolates, the OELCuV isolate [India:Sonipat EL10:2006] reported
from India and the BYVBhV isolate [India:Orissa:0YBH:2003] reported from India might arose from a
common ancestor (with 79% bootstrap percentage). All Sri Lankan OELCuV isolates clustered with the

OELCuV isolate [India:Sonipat EL10:2006], with 96% bootstrap percentage (Fig. 2).

Recombination analysis showed the presence of recombinant fragments in the virus isolates associated with okra
in Sri Lanka. The recombinants formed by the exchange of genomes of begomoviruses reported from India and
Sri Lanka. The recombination events were detected in isolates of BYVMV[LK:Jaf:Ja02:15],

OELCuUVI[LK:Tri:Tr01:15], BYVMV[LK:Put:Pu02:15] and BYVMV[LK:Mat:Ma02:15] (Table 3).

The recombinant BYVMV|[LK:Jaf:Ja02:15] formed by the exchange of 444 nucleotides between major parent

BYVMV[IN:Mah:NOL751:08] and minor parent BYVMV[IN:Har:07]. The recombination event was detected

in seven different methods (RDP, GENECONYV, BootScan, MaxChi, Chimaera, SiScan and 3Seq) of analysis,
and 2.1 x 10Y7 was the maximum significant value obtained in RDP method. The exchanged segment covers

complete nucleotide sequence of AC2 gene and portions of AC1 and AC3 genes.

The isolate OELCuV[Lk:Tri:Tr01:15] showed a recombination event at nucleotide position 90 bp — 1162 bp
with BYVMV[LK:Jaf:Ja02:15] and OELCuV[IN:SonEL10:06] as major and minor parents, respectively. The
recombination event was detected in seven different methods of analysis with 1.89 x 103 as the maximum
significant value. The exchanged segment covers complete nucleotide sequence of AV1 and AV2 genes.

Two recombination events were detected in isolate BYVMV[LK:Put:Pu02:15]. The first event was between the
2375 — 2465 bp position (OELCuV[LK:Vav:Va02:15] major parent BYVMV[LK:Kan:Ka01:15] minor parent).
The second event was between 102 — 550 bp position (the major parent OELCuV[IN:SonEL10:06] and minor
parent BYVMV[IN:Har:07]).

In isolate BYVMV[LK:Mat:Ma02:15] two more recombination events were detected in DNA segments 464 -

1027 bp and 116 — 2486 bp. In the first recombination event major and minor parents were BYVMV[IN:Har:07]



and BYVMV][LK:Jaf:Ja02:15] respectively. The recombination event was detected in seven different methods
of analysis with 3.45 x 10° as the maximum significant value. The exchanged segment covers complete
nucleotide sequence of AC5 gene and portion of AV1 and AV2 genes. In the second recombination,
BYVMVI[IN:Coi:0YCO4:04] and OELCuV[LK:Tri:Tr01:15] were major and minor parents respectively. The
recombination event was detected in six different methods of analysis with 4.42 x 10** as the maximum
significant value. The exchanged segment covers complete nucleotide sequence of AC2 and AC4 genes and

portion of AC3 and ACL1 gene.

Discussion

The information on molecular characterization of the viral strains will help in developing management strategies
to control plant diseases. In present study, the begomoviruses associated with yellow vein mosaic disease in
okra plants in Sri Lanka were identified based on sequencing of viral genome. The sequences reported in this
study are the first complete begomovirus genome sequences of OYVMD causing agents in Sri Lanka.
According to recent ICTV report only four begomovirus species has been associated with okra in Indian sub-
continent; the species BYVBhV, BYVMV, BYVHV and OELCuV.

In the present study, the isolates can be grouped into three, based on the ICTV criteria for pairwise sequence
identity (< 91%); isolates Tr01, Tr02, Ja01, Ma01, Pu01, Va0l and Va02 were in group one, isolates Ka01 and
Ka02 were in second group and the isolates Ja02, Ma02 and Pu02 were in the third group. However, SDT
pairwise analysis with okra infecting begomoviruses sequences listed in ICTV showed different results. The
isolates in group two and three showed >91% sequence identity with BYVMV isolates and the first group
showed highest similarity with OELCuV. Therefore, ultimately it was concluded that the OYVMD in Sri Lanka
is caused by two different species of begomovirus. Even though, the isolates Ja02, Ma02, Pu02, Ka01 and Ka02
were named as BYVMYV, isolates Ka0l and Ka02 showed significant variation from other three isolates.
Therefore, these two groups are two different strains of BYVMV.

The isolates Tr01, Tr02, Ja01, Ma01, Pu01, Va0l and Va02 were named as OELCuV according to the ICTV
criteria, however, they showed a marginal sequence identity (ranged from 91.9% to 92.3%) with the OELCuV
[IN:SonEL10:06], the isolate listed in ICTV begomovirus list.

Moreover, all the OYVM disease samples gave positive amplification to the Bhendi yellow vein mosaic

betasatellite (BYVMB) with about 1300 bp length which we have reported recently [7]. Therefore, in the
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present study, the DNA samples of OYVM diseased plants had DNA-A component and betasatellite, but not
DNA-B component. This clearly shows that the begomoviruses that causing OYVMD in Sri Lanka is a

monopartite begomovirus.

In general, begomoviruses are more vulnerable to recombination. The tendency of begomoviruses to evolve by
recombination and component exchange is likely to play a major part in their diversity and host range [20].
Present study has elucidated putative recombination events in Sri Lankan OELCuV isolate TrO1. The putative
parents of the recombination event include isolates of BYVMV[LK:Jaf:Ja02:15] and
OELCuUV[IN:SonEL10:06]. Molecular characterization of OELCuV associated with okra was first done by
Venkataravanappa et al. [21] in India. In that study they found similar observation that the OELCuV isolate
raised from recombination in three putative parents, namely Cotton leaf curl Bangalore virus (CLCuBaV),
Mesta yellow vein mosaic virus (MeYVMV) and BYVMV. In the present study it has been also noticed that the

Sri Lankan BYVMYV isolate Pu02 and Ma02 might arise from a recombination between BYVMYV and OELCuV.

Conclusion

Based on the findings of molecular identification and characterization it can be concluded that okra yellow vein
mosaic disease (OYVMD) in Sri Lanka is caused by monopartite begomoviruses. There are two distinct
monopartite begomoviruses, Okra enation leaf curl virus (OELCuV) or Bhendi yellow vein mosaic virus
(BYVMYV) associated with Bhendi yellow vein mosaic betasatellite (BYVMB) present in OYVMD samples
collected from Sri Lanka. This is the first detailed study of complete nucleotide sequences of begomoviruses

associated with okra yellow vein mosaic disease.
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Fig. 1 Pairwise identity score generated from DNA-A nucleotide sequences of different begomovirus isolates
associated with various virus diseases in okra.

Fig. 2 Phylogenetic tree of begomovirus associated with okra. Phylogenetic dendrograms based upon
alignments of the complete nucleotide sequences of the DNA-A of selected sequences. Sri Lankan Okra
enation leaf curl virus (OELCuV) is coloured red and Bhendi yellow vein mosaic virus (BYVMV) is coloured
blue. Other begomoviruses associated with okra are coloured black. Horizontal distances are proportional to
mutation distances whereas vertical distances are arbitrary. The numbers at each branch indicate percentage

bootstrap confidence scores (1000 replicates).
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