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Abstract

Cotton leaf curl disease (CLCuD) is a major constraint for production of cotton (Gossypium
sp.) in Northwest India. CLCuD is caused by a monopatrtite, circular ssDNA virus belonging
to the genus Begomovirus in association with betasatellites and alphasatellites, and ttrans-
mitted by a whitefly vector (Bemisia tabaci). To explore the genetic variability in betasatel-
lites and alphasatellite associated with the CLCuD-begomovirus complex in Northwest
India. A survey was conducted for successive three years of 2014 to 2016 and twig samples
from symptomatic and healthy cotton plants randomly were collected. Total plant DNAs
were isolated, subjected to rolling circle amplification (RCA), cloning and sequencing. Full-
length genome of 12 betasatellites and 13 alphasatellites, those were obtained in the pres-
ent study, were analyzed. Sequence analysis showed that all the present betasatellites
shared 85-99 percent nucleotide identity (PNI) among themselves and 84—-95 PNI with
other members of Cotton leaf curl Multan betasatellite (CLCuMB) and fell into one gen-
ogroup along with CLCuMB. But in close observation the present betasatellites clustered
into two phylogenetic subgroups under single CLCuMB. The present alphasatellites showed
72-100 PNI among themselves and fell under three alphasatellite species, Gossypium Dar-
winii symptomless alphasatellite (GDarSLA), Cotton leaf curl Multan alphasatellite
(CLCuMA) and Cotton leaf curl Burewala alphasatellite (CLCuBuUA). In the recombination
analysis, all the present betasatellites and alphasatellites were found to be recombinants
involving intra species recombination in betasatellite, and interspecies recombination in
alphasatellite species. The present study indicated that the betasatellite and alphasatellite
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molecules associated with CLCuD-begomovirus complex in Northwest India are genetically
diverse.

Introduction

Cotton (Gossypium spp.) is one of the major commercial crops cultivated in India and
accounts to produce 362.18 million bales (2021-22), translating to around 25% of the total
global production. It plays a major role in sustaining the livelihood of about 6 million farmers
and 50 million people associated with textile industries. Even though, India ranks1* in cotton
acreage with 120.69 Lha (36% of the world cotton growing area), it ranks 38" with a yield of
510 kg/ha. In India, 4 species of cotton, namely G. arboretum, G. herbaceum (Asian cotton), G.
barbadense (Egyptian cotton), and G. hirsutum (American Upland cotton) are cultivated, G.
hirsutum is grown in more than 90% of the cotton growing areas, of which 94% area is under
the cultivation of hybrid Bt-cotton [1].

Cotton leaf curl disease (CLCuD) is a major constraint for cultivation of cotton (G. hirsu-
tum) in the Indian subcontinent [2-6]. The entire cotton growing area of 1.1 million Mha in
three States, Haryana, Punjab, and Rajasthan in Northwest India, are affected by CLCuD, caus-
ing enormous loss in crop yield [7,8]. The disease is characterized by leaf curling, dark green
veins, and vein thickening and very often by producing small leaf-like structure (called ena-
tion) at the lower abaxial surface of the leaf. Cotton plants infected at an early stage shows
stunted growth leading to huge crop losses [8,9]. Most of the cotton cultivars, including hybrid
Bt-cotton, cultivated in Northwest India are highly susceptible to CLCuD by showing an array
of disease severity, ranging from 10.8 to 77.5% loss [7-10].

In India, CLCuD was first reported from an experimental farm of Indian Agricultural
Research Institute (IARI), New Delhi during 1989 and in the farmer’s field of Sri Ganganagar,
Rajasthan, during 1993 [11,12]. Consequently, this disease has spread to almost all the cotton
growing areas of Haryana, Punjab, and Rajasthan during 1992-1997. Within a relatively short
period of time, the disease has established itself as a serious constraint for cotton cultivation in
Northwest India during 2009-2010 [6]. CLCuD appeared as an epidemic during 2013 when
100% disease incidence with approximately 40% yield loss was documented [8].

CLCuD is caused by a monopartite circular single stranded DNA virus (~2.7 kb) belonging
to the genus Begomovirus, and is transmitted by an insect vector, whitefly (Bemisia tabaci)
[2,4]. Till date, nine distinct monopartite begomoviruses have been reported to be associated
with CLCuD in the Indian subcontinent [6,13]. Of these, the Cotton leaf curl Alabad virus
(CLCuALlV), Cotton leaf curl Kokhran virus (CLCuKoV) and Cotton leaf curl Multan virus
(CLCuMuV) are most widely distributed in the Indian subcontinent [5,6,13,14]. Presently,
CLCuMuV-Rajasthan (CLCuMuV-Ra) and CLCuKoV-Burewala (CLCuKoV-Bu) are reported
to be prevalent strains in Northwest India [3,6,14-16], while CLCuMuV-Pakistan (CLCu-
MuV-PK), CLCuMuV-Ra and CLCuKoV-Shadadpur (CLCuKoV-Sha) strains are prevalent in
adjacent cotton growing regions of Pakistan [17].

Monopartite begomoviruses are associated with circular ssDNA satellite molecules known
as betasatellite (~1.3 kb) and alphasatellite (~1.4 kb) to cause CLCuD. Betasatellites contain
three conserved features- the satellite conserved region (SCR), the BC1 gene, and an Adenine-
rich (A-rich) region [18,19]. The BCI1 gene determines pathogenicity, suppress post transcrip-
tional gene silencing (PTGS), and in planta virus movement [20]. Alphasatellite is another
diverse group of self-replicating satellite like circular ssDNA molecule associated with the

PLOS ONE | https://doi.org/10.1371/journal.pone.0313844  January 9, 2025 2/23


https://doi.org/10.1371/journal.pone.0313844

PLOS ONE

Betasatellite and alphasatellite species associated with Cotton leaf curl disease outbreak in Northwest India

CLCuD-begomovirus-betasatellite complex. It has three conserved regions- (i) a nanonucleo-
tide (TAGTATT/AC) stem-loop sequence, similar to nanoviruses, having origin where Rep
cleaves DNA to start replication, (ii) an ORF of Rep protein (~ 36.6 kDa), having up to 315
amino acids (aa), and (iii) an A-rich region of ~200 nt in length [21-23]. These satellite mole-
cules are having direct or indirect functions while associating with their helper viruses. Betasa-
tellite molecules are responsible for disease severity and believed to be involved in symptom
expression and alphasatellite molecules believed to have role in suppression of post transcrip-
tion gene silencing (PTGS) and attenuation of symptoms. Previously, single betasatellite spe-
cies, the Cotton leaf curl Multan betasatellite (CLCuMB) has been detected in the CLCuD-
begomovirus complex in the Indian subcontinent [5,6,14-17]. Zubair et al., [24] reported
CLCuMB is the most important component of cotton leaf curl disease complex and identified
three distinct CLCuMB in Pakistan.

Several numbers of alphasatellite species, Cotton leaf curl Multan alphasatellite (CLCuMA),
Cotton leaf curl Lucknow alphasatellite (CLCuLucA), Croton yellow vein mottle alphasatellite
(CrYVMoA), Gossypium Darwinii symptomless alphasatellite (GDarSLA) and Gossypium mus-
tilinum symptomless alphasatellite (GMusSLA) have been reported in CLCuD-begomovirus
complex in the Indian subcontinent [5,6,14,15,24-26].

Genetic variability of CLCuD-begomovirus and its associated betasatellite and alphasatellite
complex plays an important role in disease outbreak and crop productivity in cotton growing
regions in Indian-subcontinent. Begomoviruses and its satellite molecules associated with this
disease are undergone rapid recombination that results in evolution of new variants to escape the
host resistance. The knowledge about genetic diversity of satellite molecules associated with the
disease complex is necessary to formulate the strategy to manage the CLCuD in the present sce-
nario. Thus, the present study was carried out to elucidate genetic diversity, evolution and distri-
bution of new variants of these satellite molecules in cotton growing areas in Northwest India.

Materials and methods

Survey of CLCuD in Northwest India and estimation of disease incidence
and percent disease index

A survey was conducted to study CLCuD in cotton growing districts, namely Sri Ganganagar
and Hanumangarh in the state of Rajasthan; Fazilka, Bathinda, and Faridkot in the state of
Punjab of Northwest India (Fig 1) for the three successive years from 2014 to 2016. All the five
districts selected in the present study shared border with Pakistan. About 12-28 fields for
2014, 13-66 for 2015 and 15-54 for 2016 from each of the districts were surveyed. Most of the
farmers cultivated commercially available cotton hybrids. Disease incidence was estimated
using the standard method {(No. of plants infected divided by No. of plants randomly taken in
a particular block) multiplied by 100}. The percent disease index (PDI) was calculated using
the standard method with the formula mentioned below:

“-RF 100
_ X RS
N G

r=1

PDI =

Where, R-Disease grade rating; F-Frequency of plants showing disease rating; N-Total number
of plants observed for the presence of CLCuD symptoms; G-Highest grade of disease rating
grade. The standard disease scales for rating of CLCuD used popularly in India developed ear-
lier [27] were followed in the present study: 0-Absence of any symptoms; 1-Thickening of small
veins, a few, scattered on one or few leaves of plant; 2-Thickening of small group of veins, no
leaf curling, no reduction in leaf size and no reduction of boll setting; 3-Thickening of all the
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Fig 1. Survey of CLCuD symptoms in cotton fields of Northwest India. A. Cotton growing states in Northwest India surveyed, B. CLCuD symptoms
in cotton of farmer’s field of Northwest India.

https://doi.org/10.1371/journal.pone.0313844.9001

veins, minor leaf curling, leaf enation, deformity of internodes with minor reduction in leaf size
but no reduction in boll setting; 4-Severe vein thickening, moderate leaf curling, leaf enation,
minor deformity of internodes and minor reduction in leaf size and minor reduction of boll set-
ting; 5-Severe vein thickening, moderate leaf curling, leaf enation, and moderate deformity of
internodes with moderate reduction in leaf size and moderate reduction in boll setting followed
by moderate plant stunting; 6-Severe vein thickening, leaf curling, reduction in leaf size, leaf
enation, deformed internodes and severe stunting of plant with no or few boll setting. Cotton
plants exhibiting typical CLCuD symptoms in the field were selected randomly.
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Collection of samples and extraction of total plant DNA

Infected twigs along with leaves were collected, kept in moist polythene bags, and brought to

the laboratory for further processing. Two to four twig samples from all five districts surveyed
were collected as representative samples from these districts (Table 1). Total DNA from symp-
tomatic leaf samples from field and healthy cotton plants maintained in insect-proof

Table 1. Features of complete betasatellite and alphasatellite molecules associated with CLCuD-begomoviruses infecting cotton in Northwest India.

S. |CLCuD

N. |infected
samples

1 | ARSB-15-1

2 | ARSB-15-7

3 | ARSF-15-1

4 | ARSF-15-7

5 |Fz-15-1

6 | Fz-15-7

7 | Fz-15-10

8 | Fz-16-7

9 | Hmg-14-1

10 | Hmg-15-6

11 | Hmg-16-1

12 | SG-14-23

13 | SG-15-11

14 | SG-16-5

Location and year
of collection

Bhatinda (Punjab),
2015

Bhatinda (Punjab),
2015

Farikot (Punjab),
2015

Farikot (Punjab),
2015

Fazilka (Punjab),
2015

Fazilka (Punjab),
2016

Fazilka (Punjab),
2015

Fazilka (Punjab),
2016

Hanumangarh
(Rajasthan), 2014

Hanumangarh
(Rajasthan), 2015

Hanumangarh
(Rajasthan), 2016

Sri Ganganagar
(Rajasthan), 2014

Sri Ganganagar
(Rajasthan), 2015

Sri Ganganagar
(Rajasthan), 2016

Symptom’s
character

VT, UG, LE
(Var. H-1236)

VT, UC, LE
(Var. F-846)

VT, DC
(Var. HS-6)

VT, DC
(Hyb. Ankur
3028)

VT, DC, LE
(Hyb. MRC
70)

VT, DC, UG,
LE

(Hyb. RCH
650)

VT, DC
(Hyb. RCH
650)

VT, DC, UC,
LE

(Hyb. RCH
650)

VT, DG, LE,
(Hyb. Bio
6488)

VT, UC
(Hyb. RCH
650)

VT, DC, LE,
(Hyb. Bio
6488)

VT, DC, UC,
(Var. RST-9)

VT, DC, UC,
LE

(Hyb.
NCS855)
VT, DC, UC,
LE

(Hyb. RCH
650)

Putative CLCuD-

begomovirus based on CP

gene (Acc. No)

CLCuKoV
(MF462117)

CLCuKoV
(MF462118)

CLCuKoV
(MF462119)

CLCuMuV
(MF462120)

CLCuMuV
(MF462121)

CLCuMuV
(MF462113)

CLCuKoV
(MF462122)

CLCuKoV
(MF667821)

CLCuKoV
(MF462123)

CLCuMuV
(MF462124)

CLCuKoV
(MF667822)

CLCuKoV
(MF462125)

CLCuKoV
(MF462126)

CLCuMuV
(MF667824)

Satellite
molecule

CLCuMB
CLCuMuA
CLCuMB
CLCuMuA
CLCuMB
CLCuMuA
CLCuMB
CLCuMuA

CLCuMB
CLCuBuA

CLCuMB
CLCuBuA

CLCuMB
GDarSLA

CLCuMB
CLCuBuA

CLCuMB
CLCuMuA

CLCuMB
GDarSLA

CLCuMB
GDarSLA

CLCuMB
GDarSLA
CLCuMB
GDarSLA

CLCuMB
GDarSLA

Accession
Number

KY523512*
MF141732
KY523513
MF141733
KY523514
MF141734
KY523515
MF141735

KY523516
MF141736

KY523512*
MF141737

KY523517
MF141738

KY523512*
MF141739

KY523518
MF141740

KY523519
MF141741

MF141730
MF141743*

KY523520
MF141742
KY523521
MF141743*

MF141731
MF141744

Size
(nt)

1358
1371
1357
1372
1358
1371
1458
1374

1357
1368

1358
1368

1357
1368

1358
1366

1354
1366

1355
1366

1355
1374

1359
1373
1358
1374

1355
1374

ORE- BC1
(coordinates/ nt/
aa)

194-550/357/118

194-550/357/118

194-550/357/118

194-550/357/118

195-551/357/118

194-550/357/118

195-551/357/118

194-550/357/118

194-550/357/118

195-551/357/118

194-550/357/118

194-550/357/118

194-550/357/118

194-550/357/118

ORF- Rep
(coordinates/ nt/
aa)

77-1018/942/313

77-1018/942/313

77-1018/942/313

77-1018/942/313

77-1024/948/315

77-1024/948/315

70-1017/948/315

77-1024/948/315

77-1018/942/313

70-1017/948/315

70-1017/948/315

70-1017/948/315

70-1017/948/315

70-1017/948/315

VT: Vein thickening, UC: Upward curling, DC: Downward curling,LE: Leaf enation, Var.: Variety (cotton), Hyb: Hybrid (cotton); * The complete nucleotide sequences

of betasatellites obtained from isolates ARSB-15-1, Fz-15-7 and Fz-16-7 and complete sequence of alphasatellites from isolates Hmg-16-1 and SG-1511were cent percent

identical.

https://doi.org/10.1371/journal.pone.0313844.t001
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greenhouse were extracted using CTAB method [28]. Total DNA was eluted in 100 pL pre-
warmed buffer BET (70°C) in a 1.5 ml micro centrifuge tube. The quality of DNA was checked
by micro volume Spectrophotometer (NanoDrop, Thermo Fisher Scientific Inc, model No.
ND1000) and visualized by electrophoresis on a 1% agarose gel in 1X TAE bulftfer.

Infectivity test of CLCuD through whitefly inoculation and its
confirmation by PCR

To assess the infectivity of CLCuD-begomoviruses isolated from infected cotton field of
Northwest India, a whitefly mediated virus inoculation method using susceptible cotton plant
developed earlier [12] was used in the present study. For confirmation of CLCuD-begomo-
virus infection in whitefly mediated virus inoculated cotton plants of greenhouse, the total
plant DNAs were isolated. The complete CP and BC1 gene sequences were amplified using the
specific primes of (C3F:5-AATTATGTCGAAGCGAGCTG-3’/GIR:5-TAATATCAATTCGTTAC
AGAG-3’) targeting CP gene of CLCuD-begomoviruses. PCR was performed in an automated
thermal cycler (Bio-Rad, Germany) with the following parameters: one cycle of initial denatur-
ation at 95°C for 5 min, followed by 30 amplification cycles of denaturation at 95°C for 50s,
annealing at 54°C for 30s, extension at 72°C for 45s, and one cycle at 72°C for 10 min for final
extension. Amplicons were analysed on a 1% agarose gel electrophoresis.

Amplification and cloning of CP genes, full-length genome of betasatellites
and alphasatellites associated with CLCuD-begomovirus

Complete CP gene of CLCuD begomovirus from CLCuD affected field collects of cotton plant
samples were amplified through specific primes targeting CP gene, purified, cloned,
sequenced, and analysed. Full-length genomes of betasatellite and alphasatellite molecules
were amplified through rolling circle amplification (RCA) method, following method devel-
oped earlier [29]. The amplified product obtained through RCA was used as a template for
amplification of full-length betasatellite and alphasatellite genome using universal primers,
B01 and P02 [30] for betasatellite and DNA101 and DNA102 [31] for alphasatellite molecule.
The PCR thermal profile was following: one cycle at 94°C for 4 min: 30 cycles at 94°C for 30s
(denaturation), 52.0(alphasatellite)/54.5° C(betasatellite) for 30s (annealing), 72°C for 45s
(extension) and one cycle at 72°C for 10 min (final extension). Amplicons (~1.4 kb) were ana-
lysed on a 1% agarose gel electrophoresis. PCR products were purified using PCR purification
kit (Qiagen) and cloned into the T/A cloning vector, as described elsewhere [32]. Two clones
of each isolate were sequenced using vector derived primers M13 Forward and M13 Reverse
on an automatic sequencer (Chromous Biotech Pvt. Ltd, Bangalore, India). The consensus
sequences were taken for further analysis.

Sequence analysis, phylogenetic relationship and recombination analyses

DNA sequence electropherograms from satellite molecules were quality-checked and manually
edited. Vector sequences were removed using the BioEdit version 7.1.3 [33]. Coding regions of
the satellite DNAs were identified using the NCBI ORF finder (www.ncbi.nlm.nih.gov/
orffinder/) and annotated. All the sequences were searched for similarities using BLASTn
tools, and respective top 10-15 sequence matches available in the GenBank (https://www.ncbi.
nlm.nih.gov) were downloaded. For phylogenetic analysis, sequences were aligned using Clus-
talW program [34], implemented in the MEGA11 program [35]. Phylogenetic trees were
reconstructed using Neighbour-Joining (NJ) method [36] with 1000 bootstrap iterations using
the MUSCLE algorithm. Percentage nucleotide identity (PNI) was determined, using the
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Sequence Demarcation Tool (SDT) version 1.2 [37]. For sequence analyses of present satellite
molecules and previously reported satellite molecules associated with CLCuD-begomovirus in
cotton and begomoviruses in other crops were retrieved from the GenBank.

Recombination detection program (RDP) version 4.6 was used by implementing eight algo-
rithms BootScan, Chimera, Geneconv, Maxchi, RDP, SiScan, 3Seq and LARD. Default settings
with Bonferroni-correction were used to predict potential recombination events at a P-value
cut-off of 0.05 [38]. Each event was verified based on a breakpoint distribution plot, and results
were compared against UPGMA phylogenetic trees produced with genetic regions from major
and minor parents. Recombination events detected by more than four algorithms in betasatel-
lite and alphasatellite sequences were considered true recombination events.

Ethics statement

No permits are required for collecting cotton plants from the farmer’s field in cotton growing
areas in Northwest India during survey.

Results and discussion

In the present study, different kinds of symptoms like downward and upward leaf curling, cup-
ping of leaf, vein thickening, and sometimes enation underside of the leaves were observed in
the cotton growing areas of Punjab and Rajasthan states of Northwest India during survey of
2014 to 2016. The overall CLCuD incidence of 7.0-97.5% with 2.4-27.5% disease severity
(PDI) in 2014, incidence of 32.64-72.28% with 12.53-46.82% disease severity in 2015, and
incidence of 23.01-70.35% with 8.61-46.27% disease severity in 2016 were recorded (S1
Table). The higher CLCuD incidence ranging from 70.4-97.5% with 27.5-46.8% disease sever-
ity was recorded in Faridkot district of Punjab in all the three years. The lower disease inci-
dence ranging from 7.0-23.0% with 2.4-12.5% severity in Hanumangarh district of Rajasthan
in all the three years. The CLCuD incidence (44.6-52.9%) in Fazilka district of Punjab was
constant as compared to other districts for the three years of survey (Fig 2).

Confirmation of CLCuD-begomoviruses associated with CLCuD in
Northwest India

For confirmation of the CLCuD-begomoviruses, transmission of the CLCuD through whitefly
was studied using susceptible cotton cv. RST-9 in a greenhouse. CLCuD-begomovirus infected
cotton samples randomly collected from five cotton growing areas, Hanumangarh (Hmg-15-
6), Bhatinda (ASRB-15-1), Faridkot (ARSF-15-1), Fazilka (Fz-15-1) and Sri Ganganagar (SG-
15-11) of Northwest India were used as source of inoculums for whitefly transmission
(Table 2). The whitefly inoculated cotton plant induced typical CLCuD symptoms of down-
ward/upward leaf curling, vein thickening and leaf enation within 15-25 DAI with the trans-
mission efficiency of 70-100% (Table 2). These findings conclude that whiteflies are efficiently
transmitting the CLCuD-begomovirus in cotton plants in Northwest India.

To corroborate the presence of begomovirus associated with CLCuD, the complete CP
genes of the 14 CLCuD-begomovirus genomes were amplified, cloned, and sequenced
(Table 1). Nucleotide sequence analysis showed that the present CLCuD-begomovirus isolates
shared 89-100 PNI among themselves and phylogenetic analysis showed that the present 11
CLCuD isolates were tentatively CLCuKoV, and other three were CLCuMuV species (Fig 3).
Although, previously, Bhattacharya et al., reported that the pattern of phylogenetic trees con-
structed using the complete genomes and complete CP genes of CLCuD-begomovirus species
were nearly similar. These data conclude that the satellite molecules, those were used in the
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Fig 2. Percent disease incidence and PDI of CLCuD in different areas of Northwest India; 12-28 fields for 2014, 13-66 fields for
2015, 15-54 fields for 2016.

https://doi.org/10.1371/journal.pone.0313844.9002

present study, are associated with the CLCuD-begomovirus complex in cotton growing areas
of Northwest India.

Typical betasatellites associated with CLCuD-begomovirus complex in
Northwest India

Complete genomes of 14 present betasatellites associated with CLCuD-begomoviruses in
Northwest India were amplified, cloned, sequenced and analysed. As present betasatellites
ARSB-15-1, Fz-15-7, and Fz-16-7 showed 100 PNI, the betasatellite ARSB-15-1 was selected
for further analysis. Genome size of the present betasatellites ranged from 1354 to 1358 nt
(Table 1), containing three conserved features; (i) satellite conserved region (SCR), (ii) single
OREF (BC1), and (iii) an adenine (A) rich (A-rich) region. All the present betasatellites had a
~357 nt BC1 gene in the complementary sense, typical to the BC1 gene of other betasatellite

Table 2. Infectivity test of CLCuD field isolates of Northwest India through whitefly inoculation in greenhouse condition.

Isolate | CLCuD source Inoculated cultivar | Days taken to appear No. plinfected/ No. of | Symptoms Detection CLCuD-begomovirus by

(in greenhouse) symptom after plinoculated (%) induced amplification of CP gene through
inoculation PCR

ASRB- | Bhatinda (Punjab) | RST-9 17-20 7/10 (70) DC,UC, VT Vv

15-1

ARSF- | Farikot (Punjab) RST-9 16-25 9/12 (75) UG, VT

15-1

Fz-15-1 | Fazilka (Punjab) RST-9 15-21 7/10 (70) UC, VT Vv

Hmg- Hanumangarh RST-9 16-21 8/10 (80) LE,DC Vv

15-6 (Rajasthan)

SG-15- | Sri Ganganagar RST-9 16-21 10/10 (100) DC, LE, UC Vv

11 (Rajasthan)

DC: Downward Curling; UC: Upward Curling; VT: Vein Thickening; LE: Leaf Enation.

https://doi.org/10.1371/journal.pone.0313844.t1002
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Fig 3. Phylogenetic relationships based on sequence analysis of complete CP gene of the CLCuD-begomoviruses
those are associated with the present betasatellites and alphasatellite molecules, and other CLCuD-
begomoviruses. The trees were generated using the NJ method in MEGA 11. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (1,000 replicates) is shown next to the branches. The
CP gene sequences generated in the present study are represented by asterisk. # represents Indian CLCuD
begomovirus isolates.

https://doi.org/10.1371/journal.pone.0313844.g003
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molecules associated with CLCuD-begomoviruses (Table 1). Pairwise sequence identity analy-
sis of nucleotide (nt) and deduced amino acids (aa) showed that BC1 genes of the present beta-
satellites shared 99-100 PNI and 94-100 per cent aa identity among themselves; and 94-100
PNI and 70-99 per cent aa identity with BC1 genes of other betasatellites associated with
CLCuD-begomoviruses. Length of the satellite conserved regions (SCR) of all the present beta-
satellites ranged from 129 to 131 nts (S2 Table). At the 3’ end of the betasatellite genome, a pre-
dicted hairpin structure containing the canonical nanonucleotide sequence (TAATATTAC)
within the loop was observed. Sequences of the hairpin stem of all the present betasatellites
were found to be identical. A-rich regions of the present betasatellites had the typical length of
119-130 nt having adenine (A) content between 56.4 and 60.7%, as compared to overall ade-
nine (A) content ranging from 28-38% in the betasatellite genome. This region has repeated
blocks of up to eight consecutive adenine residues (S3 Table).

Single CLCuMB species and its variants associated with CLCuD-
begomovirus complex in Northwest India

Complete genome of the present 12 betasatellites were analysed and compared with other beta-
satellite molecules. The present betasatellites shared 87-99 PNI among themselves, and 84-95
PNI with the members of Cotton leaf curl Multan betasatellite (CLCuMB) (Table 3) and 42-80
PNI with betasatellites associated with other begomoviruses. The present betasatellites showed
86-90 PNI with CLCuMB (GenBank Accession No. AJ298903), which is proposed as the type
species by Adams et al. [39]. Based on the species demarcation criteria of >78 PNI, as pro-
posed by Bridon et al. [18], the present betasatellites were members under CLCuMB, revealing
that a single betasatellite species, CLCuMB is associated with CLCuD complex in Northwest
India.

Table 3. Percent nucleotide identity matrix of complete genome of betasatellite associated with the present and other CLCuD-begomoviruses and other hosts
infecting begomoviruses.

Betasatellite Betasatellites of the present CLCuD-begomoviruses Betasatellites of CLCuD- | Other host infecting
begomoviruses betasatellites

1 2 3 4 5 6 7 8 9 | 10 | 11 | 12 | 13**| 14 15 16 |17 18|19 20|21
CLCuMB-[IN-ARSB-15-1B]-(KY523512) (1) | 100 | 97 | 96 | 97 | 92 | 96 | 96 | 95 | 96 | 97 | 97 | 89 | 87 |90-92|85-91 | 85-89 |56 | 55|47 |42 |47

CLCuMB-[IN-ARSB-15-7B]-(KY523513) (2) 100 98 | 99 | 94 | 99 | 98 | 98 | 98 | 97 | 99 | 91 | 89 |92-94 87-93|86-91 |57 |56 |47 |43 |47
CLCuMB-[IN-ARSF-15-1B]-(KY523514) (3) 100| 98 | 93 | 97 | 97 | 96 | 97 | 96 | 98 | 90 | 88 |91-93|86-92 | 86-90 |57 | 56 | 47 | 44 | 47
CLCuMB-[IN-ARSF-15-7B]-(KY523515) (4) 100 95 | 99 | 98 | 98 | 98 | 97 | 99 | 91 | 89 |92-93|88-93|87-92 |57 |56 | 47 | 44 | 48
CLCuMB-[IN-Fz-15-1B]-(KY523516) (5) 100 95 | 94 | 94 | 94 | 93 | 95 | 87 | 86 |89-90 | 84-89 | 84-88 | 56 | 55 | 47 | 43 | 48
CLCuMB-[IN-Fz-15-10B]-(KY523517) (6) 100 98 | 98 | 98 | 97 | 99 | 91 | 89 |90-94 | 87-93| 8792 |57 | 56|47 |43 |48
CLCuMB-[IN-Hmg-14-1B]-(KY523518) (7) 100 97 | 97 | 96 | 98 | 91 | 89 |90-94 | 87-94 | 87-91 |57 | 56 | 48 | 43 | 48
CLCuMB-[IN-Hmg-15-6B]-(KY523519) (8) 100 97 | 96 | 98 | 92 | 89 |90-93 |88-93 | 88-93 | 57 | 56 | 48 | 44 | 48
CLCuMB-[IN-Hmg-16-1B]-(MF141731) (9) 100 96 | 99 | 91 | 89 |90-93 | 87-93|86-91 |57 | 56|47 |43 |48
CLCuMB-[IN-SG-14-23B]-(KY523520) (10) 100 97 | 89 | 88 | 91-92|85-91 | 85-90 | 56 | 55 | 47 | 42 | 46
CLCuMB-[IN-SG-15-11B]-(KY523521) (11) 100 91 | 87 |93-94|88-94|87-92 |57 |56 |47 | 44 | 48
CLCuMB-[IN-SG-16-5B]-(MF141730) (12) 100 90 | 88 |87-90|87-95 55|57 45|43 |48

137 represents the Type member CLCuMB-(AJ298903), CLCuMB-[PK-Mul-U89-97](AJ298903); 14: CLCuMB-[IN-02](AY083590),CLCuMB-[IN-04](AY795604),
CLCuMB-[IN-Pun-Mal4_3-14](KT228325); 15: CLCuMB-[PK-Mul-07](EU384580), CLCuMB-[IN-Pun-09](HQ257372), CLCuMB-[IN-Sir-Sil4_1-14](KT228326),
CLCuMB-[IN-SG-05](JF502375); 16: CLCuMB-[PK-Mul-08](HE601938), CLCuMB-[IN_IARI_34-13](KM070822), CLCuMB-[PK-Tjam-06](HE601940), CLCuMB-
[IN-Pun-05](DQ191161), CLCuMB-[PK-Veh-05] (AM084379), CLCuMB-[PK-Mul-07](EU384579), CLCuMB-[PK-Mul-06](AM712314); Others 17: RLCuB[In-Var-
06](EF175734), 18: BAYVB[IN-Var-08](HM590506), 19: ChLCuB[IN-Mr-12](JX193616), 20:ALCB-[Cam-Bue-09](NC_012557), 21:PLCuB-[In:ND:03](NC004706).

https://doi.org/10.1371/journal.pone.0313844.t003
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In the Phylogenetic tree analysis, the present betasatellite clustered into one genogroup
along with betasatellite type member CLCuMB (A]J298903) (Fig 4). If this species demarcation
threshold of 91 PNI [39,40] is considered and closely examined all the betasatellite including
the present betasatellite associated with CLCuD-begomoviruses could be divided into five
betasatellite group/subgroup species; CLCuMB Gr-1 to Gr-5 (Fig 5). The present betasatellite
fell into two group, Gr-1 and Gr-3, where betasatellite into Gr-1 and one betasatellite SB-16-
5B into Gr-3. However, another subgroup Gr-2, 4 and 5 contains betasatellite reported earlier
from CLCuD-begomovirus complex [6,14,15,41]. Then the results of the present study indicate
that the betasatellite under CLCuMB associated with CLCuD-begomovirus in India are
diverse, where the members belonging to subgroup Gr-1 are predominant. In sharp contrast,
three betasatellite viz; CLCuMBg,,;, CLCuMBy, and CLCuMB,, were identified from
CLCuD-begomovirus complex from Pakistan [46].

Recombination in CLCuMB associated with CLCuD-begomovirus complex
in Northwest India

The recombination detection program RDP4 detected all the present betasatellites as recombi-
nants and involving overall eight recombination break points (Table 4 and Fig 6). Three break
points were detected in betasatellite SG-16-5B; two in betasatellites ASRB-15-1B, ARSF-15-1B,
Fz-15-1B and SG-14-23B, and a common recombination event in the other present betasatel-
lites were detected. All the present betasatellites showed recombination in the SCR region. The
present finding indicates that this region of betasatellites is susceptible for recombination
events. Previously, Zubair et al. reported of betasatellite that SCR is a recombination hotspot
and this might be linked to the variability in the sequence length of SCR [46].

The betasatellite SG-16-5B showed multiple recombination event, three recombination break
points covering most of the sequence, from positioned at 1to 1237 nts, encompassing complete
BC1 gene, SCR, and A-rich genes. Interestingly, this betasatellite clustered distinctly from all other
present betasatellites in the phylogenetic tree (Fig 6). All the present betasatellites showed intra-
species recombination, where a present Indian betasatellite Hmg-14-1B and previously reported
Indian betasatellite CLCuMB-[IN-U79-1-01] (AJ316037) were detected as major parent.

The first epidemic of CLCuD in Pakistan during the 1990s occurred due to the infection of
multiple CLCuD-begomoviruses such as CLCuMuV, CLCuAlV and CLCuKoV-Ko, associated
with a single betasatellite, CLCuMB [21,42,43]. The main reason for the epidemic is due
appearance of new recombinant betasatellite variant CLCuMBy,, occurring, recombination in
the SCR region and this is different from the previously identified CLCuMBy, and recombi-
nant CLCuMBg,, variants. Subsequently, the second epidemic of CLCuD in Pakistan during
2000s was due to the emergence of the resistance breaking CLCuKoV-Bu, which was also asso-
ciated with recombinant CLCuMB, where the SCR was replaced by a part of SCR sequence of
distinct betasatellite, Tomato leaf curl betasatellite (ToLCB) [44,45]. In 2005, an increase in
CLCuD in the Sindh province of Pakistan was shown to be associated with another recombi-
nant CLCuMB containing a sequence fragment from ToLCB [46]. In 2015, a new recombinant
CLCuMB was reported to be associated with multiple CLCuD-begomoviruses in Pakistan
[15,24]. These observations suggest that different recombination events in the betasatellite
might be associated with CLCuD outbreaks at different time.

Different species of alphasatellites associated with CLCuD-begomovirus
complex in Northwest India

CLCuD-begomovirus associated alphasatellite molecules were amplified cloned, sequenced
and analysed in the present study. They were typical alphasatellites with genome length of
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Fig 4. Phylogenetic relationships based on the complete genome of the present betasatellite molecules associated
with CLCuD begomovirus complex in Northwest India with other betasatellite molecules in NCBI-GenBank.
Phylogenetic tree was generated using the Neighbor-Joining (NJ) with 1000 bootstrap iterations in MEGA 11. The
sequences generated in the present study are represented by asterisk. Groups of the CLCuMB demarcated in the right
panel of the figure. # represents the betasatellites associated CLCuD begomoviruses from India.
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Fig 5. Phylogenetic relationships based on the complete genome of the present alphasatellite molecules with other
alphasatellites available in NCBI-GenBank. The Phylogenetic tree was generated using the Neighbor-Joining (NJ)
with 1000 bootstrap iterations in MEGA 11 software. The sequences generated in the present study are represented by
asterisk. GDarSLA, CLCuMA, CLCuLuA, CLCuBuA and CrYVMA clades demarcated in the right panel of the figure.
# represents the alphasatellites associated CLCuD begomoviruses from India.

https://doi.org/10.1371/journal.pone.0313844.9g005
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Table 4. Recombination analysis of betasatellites molecule associated with CLCuD-begomovirus genome using the RDP.

Betasatellite
(Species)
1.ARSB-15-1B
(CLCuMB)

2.ARSB-15-7B
(CLCuMB)

3.ARSF-15-1B
(CLCuMB)

4.ARSF-15-7B
(CLCuMB)

5.Fz-15-1B
(CLCuMB)

6.Fz-15-10B
(CLCuMB)
7.Hmg-15-6B
(CLCuMB)
8.Hmg-14-1B
(CLCuMB)
9.Hmg-16-1B
(CLCuMB)
10.5G-14-23B
(CLCuMB)

11.8SG-15-11B
(CLCuMB)
12.5G-16-5B
(CLCuMB)

Recombination site
440-663 (Partial BC1)
1151-1298 (Partial SCR)
1149-1296 (Partial SCR)
439-832 (Partial BC1)
1150-1297 (Partial SCR)
1150-1297 (Partial SCR)
591-715(Partial BC1)
1148-0 (Major part of SCR)
1148-0 (Major part of SCR)
1149-1275 (Partial SCR)
1149-0 (Major part of SCR)
1148-0 (Major part of SCR)
532-711 (Partial BC1)
1150-0 (Major part of SCR)
1149-0 (Major part of SCR)
0-989 (Complete BC1,

partial SCR)
524-1237 (Partial BC1,
partial SCR)

846-1166 (Partail A-Rich,
SCR)

Length
(nt)
224
148
148
394
148
148
125
210
210
127
207
208
180
210
210
989
714

321

Event
number

1

Major parent x Minor parent

CLCuMB-IN-Hmg 14-1 (KY523518) x CLCuMB-IN-Faz-
09 (JE502379)

CLCuMB-[IN-U79_1-01] (EJ316037) x PLCuB[IN:
ND:03] (NC004706)

CLCuMB-[IN-U79_1-01] (AJ316037) x
PLCuB[IN:ND:03] (NC004706)

CLCuMB-[PK: Veh:MZ-37:16] (KX697602) x CLCuMB-
[IN-Sir-14-1] (KT228326)

CLCuMB-[IN-U79_1-01] (AJ316037) x
PLCuB[IN:ND:03] (NC004706)

CLCuMB-[IN-U79_1-01] (AJ316037) x
PLCuB[IN:ND:03] (NC004706)

CLCuMB-IN-Hmg 16-1 (MF141730) x
CLCuMB-IN-Faz-09 (JF502379)
CLCuMB-[IN-U79_1-01] (AJ316037) x
PLCuB[IN:ND:03] (NC004706)
CLCuMB-[IN-U79_1-01] (AJ316037) x
PLCuB[IN:ND:03] (NC004706)
CLCuMB-[IN-U79_1-01] (AJ316037) x
PLCuB[IN:ND:03] (NC004706)
CLCuMB-[IN-U79_1-01] (AJ316037) x
PLCuB[IN:ND:03] (NC004706)
CLCuMB-[IN-U79_1-01] (AJ316037) x
PLCuB[IN:ND:03] (NC004706)
CLCuMB-[IN-Hmg 14-1-14] (KY523518) x CLCuMB-
[IN-Faz-09] (JF502379)
CLCuMB-[IN-U79_1-01] (AJ316037) x
PLCuB-[IN:ND:03] (NC004706)
CLCuMB-[IN-U79_1-01] (AJ316037) x
PLCuB[IN:ND:03] (NC004706)
CLCuMB-[IN-U79_1-01] (AJ316037) x CLCuMB-
[PK-Ha-09] (HE601945)
CLCuMB-[PK-Mul-08] (HE601938) x
ToLCuB-[PH:07] (NC009570)

CLCuMB-[IN-Sir-S-11-12] (KM103522) x CLCuMB-[PK:
Veh:MZ-3616] (KX697601)

Detected by
method*

R,G,M,G,S, 3§,
B

R,G,M,G,S, 35S,
B

R,G,M,C,S, 35S,
B

G, M,G,S, 35 B

R,G,M,G,S, 35,
B

R,G,M,C,S, 35,
B

R,G,M,G,S, 38

R,G,M,G,S, 35,
B

R,G,M,CG,S, 3S,
B

R,G,M,C,S,3S,
B

R,G,M,G,S, 35S,
B

R,G,M,CG,S, 3S,
B

R,G,M,C,S,3S,
B

R,G,M,C,S, 35,
B

R,G,M,G,S, 3S,
B

R,G M, C,S,3S,
B

R,M,G,S,3S

R,G,M,S, 35, B

P Value
(Max)**
2.8x10°
4
3.1x10°
5
3.1x10°
5
4.5x10°
4
3.1x10°
5
3.1x10°
5
2.5x10
10
3.1x10°
5
3.1x10°
5
3.1x10°
5
3.1x10°
5
3.1x10°
5
2.8 x10°
4
3.1x10°
5
3.1x10°
5
3.0x10°
3

1.6 x10°
2

2.6 x10°
4

*: B: Bootscan, C: Chimera, G: Geneconv, M: Maxchi, R: RDP, Si:Siscan and 3-S: 3SEQ implemented in the RDP4 **: Highest acceptable P-value cut-off of 0.05 detected

the evidences of recombination events among the sequences.

https://doi.org/10.1371/journal.pone.0313844.t1004

1366 to 1374 nts. All the present alphasatellite molecules had three conserved features includ-
ing (i) a stem-loop structure with nanonucleotides (Table 1), (ii) a Rep gene of 942 to 948 nts
in the virion sense strand, encoding a putative protein of ~ 36.6 kDa with 315 aa lengths, and
(iii) an adenine rich (A-rich) region of 122-187 nts length. The analysis of nucleotides and
deduced amino acid sequence of the Rep gene of the present alphasatellites showed 83-100
PNI and 74-99% aa identity among themselves. In phylogenetic tree based on, the Rep gene
sequences of the present alphasatellites fell into three alphasatellites GDarSLA, CLCuMA and

CLCuBuA.

All the present alphasatellites contain predicted hairpin structures with a loop containing
conserved nanonucleotide sequences, TAGTATTAC (positioned at 1368 to 2 nt), The stem-
loop structure has a loop of 11 nts length, including the nanonucleotides (positioned at 1366 to
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Fig 6. Recombination events identified in the present betasatellites associated with CLCuD-begomovirus. Genetic map of DNA of
betasatellite molecule is shown at the top of the figure, recombinant fragments are represented by double arrow color bars along with minor
parent involved in each recombination event represented by the bold number. Recombinant event with minor donor 1: CLCuMB-IN-Faz-09
(JF502379); 2: PLCuB-[IN-ND-03](NC004706); 3: CLCuMB-[IN-Sir-14-1](KT228326); 4: CLCuMB-[IN-Faz-09](JF502379); 5: PLCuB-[IN-ND-
03](NC004706); 6: CLCuMB-[PK-Ha-09](HE601945); 7: ToLCuB-[PH-07](NC009570); 8: CLCuMB-[PK-Veh-MZ-3616](KX697601). Shaded
areas indicating the recombinant region in the genome of satellite molecule.

https://doi.org/10.1371/journal.pone.0313844.g006

2 nt), and a nine base-paired stem at nt position from 1357 to 1365 with the reverse comple-
mentary position of 3 to 11 nts (Fig 6). The A-rich region of all the present alphasatellites has a
typical length of 122 to 187 nts having adenine (A) content between 48.9-60.6%, compared to
overall A content between 29 and 33 per cent in the whole alphasatellite genome (54 Table).
Of the 14 isolates of alphasatellite sequence Hmg-16-1A and SG-15-11A had 100% nts
sequence identity. Thus, SG-15-11A was considered for further analysis. Sequence analysis of
complete genome of the present 13 alphasatellites other alphasatellites associated with
CLCuD-begomoviruses and other begomoviruses. In the pair-wise sequence analysis, showed
that the present alphasatellites had 71-99 PNI nt identity among themselves (Table 5). Alpha-
satellites, SG-14-23A, SG-15-11A, SG-16-5A, Hmg-15-6A, and Fz-15-10A shared 98-99 PNI
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Table 5. Percent nucleotide identity matrix of complete genome of alphasatellites associated with the present and other CLCuD-begomoviruses and other host
infecting begomoviruses.

Isolate Alphasatellites of the present CLCuD-begomoviruses Recognized Others host infecting alphasatellite
alphasatellite species species
1 2 3 4 5 6 7 8 9 10 11 |12 13 |14 15 16 17 18 19 20 |21 |22

CLCuMA-[IN-ARSB-15-1A] | 100 |99 |99 |94 |78 |77 |82 |78 |99 |81 |81 |81 |82 |78-81|92-93|78-79 | 69-73 |70-79 | 52-65 |51 |41 |41
(MF141732) (1)

CLCuMA-[IN-ARSB15-7A] 10099 |95 |78 |77 |82 |79 |99 |81 |81 |81 |82 |78-8293 79 69-73 | 70-79 | 52-65 | 51 | 41 | 41
(MF141733) (2)
CLCuMA-[IN-ARSF-15-1A] 10095 (78 |77 |82 |78 |99 |81 |81 |81 |82 |78-82|92-93|78-79 | 69-73 | 70-79 | 52-65 | 51 | 41 | 41
(MF141734) (3)
CLCuMA-[IN-ARSF15-7A] 10078 |77 180 |79 |94 80 |80 |80 |80 |77-80 91-96 |79 69-72 | 70-81 | 52-65 | 51 | 41 | 41
(MF141735) (4)
CLCuBuA-[IN-Fz-15-1A] 10096 |73 |98 |78 |72 |72 |72 |73 | 69-73 | 76-78 | 96-97 | 72-76 | 69-73 | 50-67 | 50 | 40 | 40
(MF141736) (5)
CLCuBuA-[IN-Fz-15-7A] 100 |75 |95 |77 |75 |75 |75 |75 |72-75|75-78 | 93-94 | 71-76 | 69-72 | 50-67 | 49 | 40 | 41
(MF141737) (6)
GDarSLA-[IN-Fz-15-10A] 10071 |82 |98 |98 98 |99 |88-95]81 72 66-71 | 69-77 | 53-65 | 52 | 42 | 41
(MF141738) (7)
CLCuBuA-[IN-Fz-16-7A] 10078 |71 |71 |71 |71 | 68-72|76-79 | 97-98 | 72-76 | 69-73 | 49-67 | 49 | 40 | 40
(MF141739) (8)
CLCuMA-[IN-Hmg-14-1A] 100 | 81 |81 |81 |82 |78-82|92-93|78-79 | 69-73 | 70-79 | 52-65 | 51 |41 | 41
(MF141740) (9)
GDarSLA-[IN-Hmg-15-6A] 100 /99 |99 |98 |88-97 |81 71-72 | 66-71 | 68-77 | 53-64 | 53 | 42 | 41
(MF141741) (10)
GDarSLA-[IN-SG-14-23A] 100 | 99 |98 |88-98 | 80-81 | 71-72 | 66-70 | 68-77 | 53-65 | 53 | 42 | 41
(MF141742) (11)
GDarSLA-[IN-SG-15-11A] 100 | 98 | 88-98 | 80-81 | 71-72 | 66-70 | 68-77 | 53-65 | 53 | 42 | 41
(MF141743) (12)
GDarSLA-[IN-SG-16-5A] 100 | 87-97 | 81 72 66-70 | 68-77 | 53-65 | 53 | 42 | 41

(MF141744) (13)

14: GDarSLA represents, GDarSLA-[PK-Fai-10](FR877536), GDarSLA-[PK-KL-45-11](HE965679), GDarSLA-[PK-Mul](EU384606), CLCuVA-[IN-IARI-45Al-2-13]
(KM070824), GDarSLA-[IN-Rh-4-13](KM103525); 15: CLCuMA, CLCuMA-[PK-Sha](AM711116),CLCuMA-[IN-Pun](KY783480); 16: CLCuBuA, CLCuBuA-
[PK-KL-82-11](HE972282), CLCuBuA-[PK-KL-70-11](HE972277), CLCuBuA-[IN-Raj-07](FN658728), CLCuBuA-[IN-Pun-07](FN658727), CLCuBuA-[IN-Pun-07]
(NC013803); Others 14: TYLCCNA-[CH-Yun-14](KX759649), TbCSA-[Ch-Yun-Y35](AJ579345); 15: ChLCuA-[PK-Pun](FM179614) and OLCuA-[In-Pun-C31-15]
(MF929022); 16: TOLCCMA(FR717142), CrY VMA-[IN-His-Uf-1-13](KM103524); 17: CrYVMoA-[IN-Har-07](FN658709), 18: AYVSGA-[SG-pGEM-AYVV2]
(NC003414); 19: EuMA- [BR-Cha18-09 (KX348227).

https://doi.org/10.1371/journal.pone.0313844.t1005

nt identities among themselves and related with GDarSLA by 87-97 PNI identity; alphasatel-
lites ARSB-15-1A, ARSB-15-7A, ARSF-15-1A, ARSF-15-7A and Hmg-14-1A showed 94-99
PNI among themselves relating with CLCuMA by 91-96 PNI. Alphasatellites, Fz-15-1A, Fz-
15-7A and Fz-16-7A, shared 95-98 PNI among themselves and related with CLCuBuA by 93-
98 PNI. Based on the demarcation cut-off value at >88 PNI among the species under the fam-
ily Alphasatellitidae revised by Varsani et al. [47], the present alphasatellites represented three
alphasatellite species, GDarSLA, CLCuMA and CLCuBuA. In phylogenetic analysis, substanti-
ating with results of the nucleotide identity analysis, all the present alphasatellites were distrib-
uted under these three different alphasatellite species (Fig 5).

Earlier many alphasatellite species, like GDarSLA, CLCuBuA, CLCuMA, CrYVMoA
(KC577541), CLCuLucA (HQ343234), OLCuA, ToLCA, AYVIA and GLCuA have been
reported from Northwest India [14-16]. However, the classification given by Briddon et al. did
not include the alphasatettites CrYVMoA, OLCuA and GLCuA in the family Alphasatellitidae
[18]. Earlier two alphasatellite species GDarSLA and CrYVMOoA are reported to be associated

PLOS ONE | https://doi.org/10.1371/journal.pone.0313844  January 9, 2025 16/23


https://doi.org/10.1371/journal.pone.0313844.t005
https://doi.org/10.1371/journal.pone.0313844

PLOS ONE Betasatellite and alphasatellite species associated with Cotton leaf curl disease outbreak in Northwest India

1017nt

LI 1034nt I
Arich region

1357nt | |1374rn I |1m |
I I [ |

repgene

1219nt =

CLCuMA- [IN-ARSB1S 1a-15] (MF141732)
CLCuMA- [IN-ARSB1S 7A-15] (MF141733)
CLCuMA- [IN-ARSF1S 1A-15] (MF141734)
CLCuMA- [IN-ARSF15 7A-15] (MF141735)
CLCuMA- [IN-Hmg14 1A-14] (MF141740)
CLCuMA- [IN-Pun] (KY783480)

CLCuMA- [PR-KL 49-11] (HE965684)
CLCuMA- [PK-Sha] (AM711116)
GDarSLA-[IN-Fz15 10A-15) (MF141738)
GDarSIA- [IN-Emgl5 6A-15] (MF141741)
GDarSLA-[IN-3G14 23a-14] (MF141742)
GDarSLA-[IN-8G1S 11A-15] (MF141743)
GDarSLA-[IN-8G16 SA-16] (MF141744)
GDarSLA- [PR-Fai-10] (FR877536)
GDarSLA- [PR-RL 45-11]] (HE965679)

CGAGGCIGGTGTAGTATTACCCAGCCICG
CGAGGCTGGTGTAGTATTACCCAGCCICG
CGAGGC SGTQTACTATTACCCACCCTCC
CGAGGCIGGIGTAGTATTACCCAGCCICG
CGAGGCTGGIGTAGTATTACCCAGCCICG
CGAGGCIGGIGTAG TATTACCCACCCTCC
CGAGGCTGGTGTAGTATTACCCAGCCIC
CGAGGC ?STQTAJTATTACCCAGCCTCC
CARGGCTGGIGTAGTATTACCCAGCCTIG
CAAGGCIGGIGTAGTATTACCCAGCCTIG
CARGGCTGGIGTAGTATTACCCAGCCTIG
CRAGGCIGGTGTAGTATTACCCAGCCTIG
CAAGGCIGGTGTAGTATTACCCAGCCTIG
CAAGGCTGGIGTAGTATTACCCAGCCTTG
CARGGCTGGIGTAGTATTACCCAGCCTIG

uonerIeA 2ouanbag

GDarSLA-[PR-Mul] (EU384606) CARGGCTGGIGTAGTATTACCCAGCCTIG |
CLCuBuA-[IN-Fz15 1A-15] (MF141736) SeEleuiceevicvipviiuvitosive
CLCuBuA- [IN-Fz15 7A-15] (MF141737) Melceliceavievioelddeleivive

CGAGGCTGGTGTAGTATTACCCAGCCICG
CGAGGCTGGIGTAGTATTACCCAGCCICG
CGAGGCIGGTGTAGTATTACCCAGCCICG
CG CCC GGIGTAGTATTACCCAGCCICG
CGAGGCTGGTGTAGTATTACCCAGCCICG
CSACSCTV TGTAGTATTACCCAGCCICG

CLCuBuA-[IN-Fz16 7A-16] (MF141739)
CLCuBuA- [IN-Raj-07] (FN658728)
CLCuBuA- [IN-Pun-07] (FN658727)
CLCuBuA- [IN-Pun-07] (NC 013803)
CLCuBuA- [PR-KL 70-11] (HE972277)
CLCuBuA- [PR-KL 82-11] (HE972282)

| Stem loop region

nanonucleotidss

Fig 7. Analysis of stem-loop region of the present CLCuD-begomovirus associated alphasatellite molecules and
other CLCuD-begomovirus alphasatellite molecules. The sequence region indicated in the box represent the
nanonucleotide sequence.

https://doi.org/10.1371/journal.pone.0313844.9007

with CLCuD-begomovirus complex in Northwest India [6]. In the present study, three alpha-
satellite species, GDarSLA, CLCuMA and CLCuBuA are reported to be associated with
CLCuD-begomovirus complex in Northwest India, indicating GDarSLA and CLCuBuA are
prevalent in this region since their first report from Northwest India [41].

Sequence variation in the stem-loop regions of alphasatellite species was studied. The
sequence variations at two locations, one at the 1358 nt and another at the 10 nt position of
the stem structure in the stem loop of the alphastellites were observed (Fig 7). The members of
alphasatellite species CLCuBuA and CLCuMA showed G, whereas the members of
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Table 6. Recombination analysis of alphasatellite molecule associated with CLCuD-begomovirus using the RDP 4.6.

Alphasatellite
(Species)

1.ARSB-15-1A
(CLCuMA)

2.ARSB-15-7A
(CLCuMA)

3.ARSF-15-1A (CLCuMA)

4.ARSF-15-7A (CLCuMA)

5.Fz-15-1A
(CLCuBuA)

6.Fz-15-7A
(CLCuBuA)

7.Fz-15-10A
(GDarSLA)
8.Fz-16-7A
(CLCuBuA)

9.Hmg-14-1A
(CLCuMA)
10.Hmg-15-6A
(GDarSLA)
11.8G-14-23A
(GDarSLA)
12.8G-15-11A
(GDarSLA)
13.5G-16-5A
(GDarSLA)

TolCuPKA-(PK-KL-24-11) (HE966419)

Recombination site Major parent x Minor parent Length (nt) | Event number | Detected by method* | P Value

974-1291 (Part of Rep) | TbCSA-[CH-Yun-Y35] (AJ579345) x 318 R,G,B,M,C,S,3S,L | 1.5x107
CYVMA-[IN-Hi-3] (KM103523)

974-1291 (Part of Rep) | TbCSA-[CH-Yun-Y35] (AJ579345) x 318 R,G,B,M,C,S,3S,L | 1.5x107
CYVMA-[IN-Hi-3] (KM103523)

974-1291 (Part of Rep) | TbCSA-[CH-Yun-Y35] (AJ579345) x 318 R,G,B,M,C,S,3S, L | 1.5x107
CYVMA-[IN-Hi-3] (KM103523)

1141-945 (Comlete CLCuMA-[PK-Sha] (AM711116) x 1149 R,G,B,M,C,S,3S,L |4.0x107

Rep) CLCuMA-(IN-Pun) (KY783480)

1141-1305 (Part of Rep) | CLCuMA-(IN-Pun) (KY783480) x 165 R,G,B,M,C,S,3S,L |2.2x107°
OLCuA-[PK-KL68-11] (HE966420)

897-1020 (Part of Rep) | AYVSGA-[SG-pGEM-AYVV2] (NC003414) 142 R,G,B,M,C,S,3S,L |1.3x107
X
TYLCCNA-[CH-Yun] (AJ579357)

879-1301 (Part of Rep) | CLCuMA-[IN-ARSF15-7] (MF141735) x 423 R,G,B,M,C,S,3S,L | 15x107
(OLCuA-[PK-Nob-3] (AJ512954)

925-1005 (Part of Rep) | AYVSGA-[SG-pGEM-AYVV2] (NC003414) 81 R,G,B,M,C,S,3S,L |1.3x107
X
TYLCCNA-[CH-Yun] (AJ579357)

879-1301 (Part of Rep) | CLCuMA-[IN-ARSF15-7] (MF141735) x 423 R,G,B,M, CS,3S, L  1.5x107
OLCuA-[PK-Nob-3] (AJ512954)

639-729 (Part of Rep) CLCuBuA -[IN-Sa-3] (KM103526) x 91 R,G, B, 38 2.8x10™
TolCUPKA-(PK-KL-24-11) (HT966419)

897-1020 (Part of Rep) | AYVSGA-[SG-pGEM-AYVV2] (NC003414) 142 R,G,B,M,C,S,3S,L |1.3x107
X
TYLCCNA-(CH-Yun) (A]J579357)

879-1301 (Part of Rep) | CLCuMA-[IN-ARSF15-7] (MF141735) x 423 R,G,B,M,C,S,38,L | 1.5x107
OLCuA-[PK-Nob-3] (A]J512954)

974-1291 (Part of Rep) | TbCSA-(CH-Yun-Y35) (AJ579345) x 318 R,G,B,M,C,S,3S,L | 1.5x107
CYVMA-[IN-Hi-3] (KM103523)

639-729 (Part of Rep) CLCuBuA -[IN-Sa-3] (KM103526) x 91 R,G, B, 3S 2.8x10™*
TolCuPKA-(PK-KL-24-11) (HE966419)

639-729 (Part of Rep) CLCuBuA -[IN-Sa-3] (KM103526)) x 91 R,G, B, 38 2.8x10™
TolCuPKA-(PK-KL-24-11) (HE966419)

639-729 (Part of Rep) CLCuBuA -[IN-Sa-3] (KM103526) x 91 R,G, B, 38 2.8x10™
TolCuPKA-(PK-KL-24-11) (HE966419)

639-729 (Part of Rep) CLCuBuA -[IN-Sa-3] (KM103526) x 91 R,G, B, 3S 2.8x10™

*: B: Bootscan, C: Chimera, G: Geneconv,L: LARD, M: Maxchi, R: RDP, Si: Siscan and 3-S: 3SEQ implemented in the RDP4**: Highest acceptable P-value cut-off of 0.05

detected the evidences of recombination events among the sequences.

https://doi.org/10.1371/journal.pone.0313844.t1006

alphasatellite species GDarSLA showed A at 1358 nt position. The members of CLCuBuA
and CLCuMA showed C, whereas GDarSLA showed T at the 10 nt position which is the
reverse complementary position of 1358™ nt. This variation could be very important to differ-
entiate the members of the GDarSLA from members of CLCuBuA and CLCuMA.

Inter-species recombination in alphasatellite species associated with
CLCuD-begomovirus complex in Northwest India

The RDP4 detected all the present alphasatellites as recombinants involving overall six recom-
bination events. The Rep gene of all the present alphasatellites were found to be recombinants,

albeit the patterns of recombination events in Rep gene varied (Table 6 and Fig 8). The
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6.Fz-15-10A [ 1368
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8.Fz-16-7TA | 1366
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(CLCuMA)
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11.SG-14-23A | 1373
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12.SG-15-11A | 1374
(GDarSLA)

13.SG-16-5A | 1374
(GDarSLA)

Fig 8. Recombination events identified in the present alphasatellites associated with CLCuD-begomovirus. Genetic map of DNA of alphasatellites
molecule is shown at the top of the figure, recombinant fragments are represented by double arrow color bars along with minor parent involved in each
recombination event represented by the bold number. Recombinant event with minor donor 1: CYVMA-[DarSLA-Hi-3](KM103523); 2: CLCuMA-[IN-Pun]
(KY783480); 3: CLCuA-[PK-KL68-11](HE966420); 4: TYLCCNA-[CH-Yun](AJ579357); 5: CLCuA-[PK-Nob-3](AJ512954); 6: TolCUPKA-[PK-KL-24-11]
(HT966419). Shaded areas indicating the recombinant region in genome of satellite molecule.

https://doi.org/10.1371/journal.pone.0313844.9008

recombination patterns in the present alphasatellites, GDarSLA, CLCuMA and CLCuBuA
were different from each other. In CLCuMA, a region of 318 nts length of Rep gene from posi-
tion of 974 to 1291 nt; in CLCuBuA, two regions of 423 nts and 81-142 nts length of Rep gene
from position of 879-1301 nt and 897-1020 nt, respectively; and in GDarSLA, small region of
91nts length of Rep gene from position of 639-729 nt were recombinant (Table 6) indicating
that recombination in the present alphasatellite GDarSLA is weak compared to other alphasa-
tellites. Most of the present alphasatellites showed inter species recombination, where TbCSA-
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[CH-Yun-Y35] (AJ579345), CLCuMA and AyVSGA (NC003414) were detected as major
parents for recombination of both the present alphasatellites CLCuMA and CLCuBuA
(KM103526), where as CLCuBuA (KM103526) was found to be the major parent for the pres-
ent alphasatellite GDarSLA (Table 6). Exceptionally, one present alphasatellite variant
CLCuMA-[ARSF-15-7A] showed a large region (1305 nt length) as recombinant from position
of 1141 to 945 nt and 1141 to 1305 nt (Table 6) encompassing Rep gene, A-rich and stem-loop
region. The CLCuMA-[PK-Sha] (AM711116) was involved as a major parent (Table 6 and Fig
8) for this alphasatellite indicating that CLCuMA-[ARSF-15-7A] has been evolved with a
strong recombination.

Conclusions

Begomoviruses are the largest group of plant viruses which involve rapid recombination and
pseudo-recombination to breakdown the host resistance and develop disease symptoms.
CLCuD-begomovirus associated with betasatellite and alphasatellie molecules is major con-
straint in productivity of cotton in Northwest India, although degree of disease incidence has
been changing year after year. In the present study a single and genetically divergent betasate-
lite species CLCuMB, and three divergent alphasatellite species, CLCuMA, CLCuBuA and
GDarSLA, are identified. Intra species recombination in betasatellites and inter species recom-
bination in alphasatellites are the major phenomenon for evolution of new satellite molecules
in CLCuD-begomovirus complex in Northwest India. The study underlines the significance of
the Indian subcontinent as a hot belt for genetic variabilities of begomoviruses and its satellite
molecules leading to develop a new species or variant. Therefore, it is concluded that the
recombinant betasatellite and alphasatellite in association with CLCuD-begomoviruses are the
important causes for changing the disease severity and outbreak of CLCuD in Northwest
India.
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