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A B S T R A C T

At least five begomoviral species that cause leaf curl disease of cotton have emerged recently in Asia and Africa,
reducing fiber quality and yield. The potential for the spread of these viruses to other cotton-vegetable growing
regions throughout the world is extensive, owing to routine, global transport of alternative hosts of the leaf curl
viruses, especially ornamentals. The research reported here describes the design and validation of polymerase
chain reaction (PCR) primers undertaken to facilitate molecular detection of the two most-prevalent leaf curl-
associated begomovirus-betasatellite complexes in the Indian Subcontinent and Africa, the Cotton leaf curl
Kokhran virus-Burewala strain and Cotton leaf curl Gezira virus, endemic to Asia and Africa, respectively. Ongoing
genomic diversification of these begomoviral-satellite complexes was evident based on nucleotide sequence
alignments, and analysis of single nucleotide polymorphisms, both factors that created new challenges for primer
design. The additional requirement for species and strain-specific, and betasatellite-specific primer design,
imposes further constraints on primer design and validation due to the large number of related species and
strains extant in ‘core leaf curl virus complex’, now with expanded distribution in south Asia, the Pacific region,
and Africa-Arabian Peninsula that have relatively highly conserved coding and non-coding regions, which
precludes much of the genome-betasatellite sequence when selecting primer ‘targets’. Here, PCR primers were
successfully designed and validated for detection of cloned viral genomes and betasatellites for representative
‘core leaf curl’ strains and species, distant relatives, and total DNA isolated from selected plant species. The
application of molecular diagnostics to screen plant imports prior to export or release from ports of entry is
expected to greatly reduce the likelihood of exotic leaf curl virus introductions that could dramatically affect the
production of cotton as well as vegetable and ornamental crop hosts.

1. Background

A number of plant virus-like symptoms associated with decreased
yield and quality, even loss of the entire crop has been described in
cotton from different parts of the world. Over 20 virus-like diseases of
cotton have been described (Brown, 1992; Kirkpatrick and Rothrock,
2001). Among them, members of the genus, Begomovirus (family,
Geminviridae) are the most important. Geminiviruses are circular,
single-stranded (ss) DNA viruses with small genomes encapsidated in
twinned, icosahedral (geminate) particles. Members of the genus,
Begomovirus (family, Geminiviridae) (Brown et al., 2015) are the most
destructive and pose the primary plant viral threat where cotton is
grown (Brown, 1992; Brown and Nelson, 1984; Mansoor et al., 2006;
Idris and Brown, 2002; Idris et al., 2005), infecting many crop species,
in addition to cotton, throughout the tropics, subtropics, and temperate

regions with mild climates, including the Sunbelt States of the United
States. Begomoviruses are transmitted by the whitefly Bemisia tabaci
(Genn.) sibling species group [Aleyrodidae; Hemiptera] (Brown, 2010).
Taxonomically, begomoviruses form two main taxonomic clades that
are phylogeographically distributed in the Western (bipartite) or East-
ern (bipartite and monopartite) Hemisphere, respectively. Bipartite
begomoviruses have two genomic components of ∼2600 nucleotides
(nt) each, referred to as the DNA-A and DNA-B, respectively. The
components are each encapsidated in a geminate-shaped particle, and
both particles are required for infection. Monopartite begomoviruses
contain a single genomic component, referred to as the DNA-A
component (Brown et al., 2015), and occur nearly exclusively in the
Eastern Hemisphere.

Most monopartite begomoviruses associate with one or more small,
non-viral, circular (∼1350 nt) ssDNA molecules, referred to as betasa-

http://dx.doi.org/10.1016/j.virusres.2017.04.014
Received 16 February 2017; Received in revised form 28 March 2017; Accepted 17 April 2017

⁎ Corresponding author.
E-mail address: jbrown@ag.arizona.edu (J.K. Brown).

Virus Research 241 (2017) 29–41

Available online 22 April 2017
0168-1702/ © 2017 Elsevier B.V. All rights reserved.

MARK

http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
http://dx.doi.org/10.1016/j.virusres.2017.04.014
http://dx.doi.org/10.1016/j.virusres.2017.04.014
mailto:jbrown@ag.arizona.edu
http://dx.doi.org/10.1016/j.virusres.2017.04.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virusres.2017.04.014&domain=pdf


tellites. Betasatellites are approximately half the size of their helper
virus genome and have a highly conserved structure, despite their
sequences sharing as little as 45% nt sequence identity (Briddon et al.,
2001). They encode a single gene, beta C1 (βC1), in the complimentary
sense, are rich in adenine, and contain a 80–100 nt fragment that is
highly conserved among all betasatellites, referred to as the satellite
conserved region (Briddon et al., 2001). The role of betasatellites in the
infection cycle has been attributed primarily to the protein encoded by
a single gene, βC1, which functions as a pathogenicity determinant e.g.
symptom development and severity (Amrao et al., 2010; Saeed et al.,
2005, 2007; Saeed, 2010), and a suppressor of post-transcriptional gene
silencing to facilitate systemic infection of the plant host (Amin et al.,
2011; Cui et al., 2005; Idris et al., 2011; Saeed et al., 2007).
Betasatellites can be highly promiscuous by interacting with different
begomoviral helper viruses in cotton and other hosts (Mubin et al.,
2010; Saeed, 2010; Ur-Rehman et al., 2013).

Cotton leaf curl disease in Pakistan was first reported in 1967 near
Multan (Sattar et al., 2013). This disease is characterized by an upward
curling of leaves, thickening of veins and laminar outgrowth on
underside of the leaves referred to as enations (Briddon et al., 2001;
Mansoor et al., 2006). Greater attention was drawn to the disease in
1973 when leaf curl symptoms became prominent in the widely-grown
cotton varieties, 149-F and B-557, in which symptoms were observed
late in the growing season on flush growth, resulting in minimal
damage (Hussain and Ali, 1975). By 1987, leaf curl incidence was as
high as 80% in some cotton fields, damaging 60 ha in the Multan
District. During 1991, leaf curl disease affected 14,000 ha in Multan,
Khanewal, and Vehari Districts, and by 1992, 48,500 ha were infected.
The heavy use of insecticides for whitefly control resulted in develop-
ment of insecticide resistance, which led to unprecedented upsurges in
whitefly vector population size. During the 1993 season the disease
spread to the entire cotton belt of the Punjab damaging 889,000 ha, and
shortly thereafter, to the Indian Punjab. The virus responsible for this
outbreak was identified as a previously undescribed Cotton leaf curl
Multan virus (CLCuMuV) (Briddon et al., 2001; Mahmood et al., 2003;
Mansoor et al., 2003b). Efforts during 1994–1997 to develop cotton
varieties with resistance to CLCuMuV proved successful, and produc-
tion returned to pre-epidemic levels. However, during 2001–02 a
second, outbreak occurred, which began in the Burewala territory of
the Punjab Province, affecting cotton varieties that had been previously
developed with resistance to CLCuMuV, the predominant causal agent
of the 1994–95 epidemic (Mahmood et al., 2003; Mansoor et al.,
2003a). Sequencing of isolates associated with the ‘Burewala outbreak’
revealed the predominance of an emergent new species, initially
referred to as Cotton leaf curl Burewala virus (CLCuBuV), but later
revised to Cotton leaf curl Kokhran virus-Burewala (CLCuKoV-Bu),
indicating its affiliation as a strain of CLCuKoV instead of constituting
a separate species (Amin et al., 2006; Brown et al., 2015). The viral
genome was shown to be a recombinant consisting of genomic sequence
donated from two parental species, CLCuMuV, associated with the
1990’s pandemic, and a second species previously detected, but not
widespread, CLCuKoV (Mansoor et al., 2006).

Six begomoviral species comprise the leaf curl complex worldwide.
In Asia, the CLCuD is caused by at least four relatively closely related
begomoviral species that co-evolved in are endemic to India and
Pakistan. They are associated with one or more betasatellite molecules.
Studies have shown that these viruses have an unexpectedly broad host
range, including vegetable crops, ornamentals, and numerous wild,
uncultivated species. These viruses-betasatellites can occur in mixtures
in the same host plant, and thus far include the begomoviral species
and/or strains: Cotton leaf curl Alabad virus (CLCuAlV), Cotton leaf curl
Bangalore virus (CLCuBaV), Cotton leaf curl Kokhran virus (CLCuKoV),
Cotton leaf curl Multan virus (CLCuMuV). The predominant begomoviral
pathogens of cotton in India and Pakistan are the CLCuKoV-Bu strain
(second leaf curl disease outbreak) and CLCuMuV (first leaf curl disease
outbreak) (Amrao et al., 2010; Briddon et al., 2001; Mansoor et al.,

2003b; Mubin et al., 2010; Nawaz-ul-Rehman et al., 2012; Sartaj et al.,
2014; Sattar et al., 2013; Saleem et al., 2016; Zaffalon et al., 2011). In
addition, several ‘non-core’ cotton leaf curl geminiviruses have been
found in mixed infection with the ‘core leaf curl complex’ Chickpea
chlorotic dwarf virus (CpCDV) (also identified in tomato) (Ur-Rehman
et al., 2015), Okra enation leaf curl virus (OEnLCV), Papaya leaf curl virus
(PaLCV), Tomato leaf curl Bangalore virus (ToLCBaV), and Tomato leaf
curl New Delhi virus (ToLCNDV) (Saeed, 2010). Among the Asian
begomoviral species, Koch’s postulates have been established for only
CLCuMuV, CLCuKoV and PaLCuV (Sattar et al., 2013). All eleven
begomoviral species/strains occur in both India and Pakistan, however,
the predominant species presently infecting cotton there are CLCuMuV
and several strains of CLCuKoV. The CLCuKoV-Bu is the most wide-
spread there, and recognized as the resistance-breaking strain (Mansoor
et al., 2003a), a recombinant composed of about half the genome, each
of CLCuKoV and CLCuMuV, and is referred to as ‘the Burewala strain’
(AM421522). Recently, CLCuMuV has been introduced into China (He
et al., 2010; Mao et al., 2008) and the Philippines (Dolores et al., 2014)
on infected malvaceous ornamental species. The fifth species that
causes leaf curl disease is Cotton leaf curl Gezira virus (CLCuGeV),
which is endemic throughout the sub-Saharan African Sahel (Brown,
2002; Idris et al., 2005). An isolate of CLCuGeV has been identified in
okra plants from Saudi Arabia (Al-Saleh et al., 2015; Idris et al., 2013),
suggesting either viral endemism in the Arabian Peninsula, or the
recent introduction on plants and/or by migrant whiteflies. The latter
scenario is considered most likely, given that CLCuGeV also has been
reported only recently in the United Arab Emirates (Idris et al., 2014).
Unexpectedly, CLCuGeV was detected in cotton plants in southern
Pakistan during 2010, and the genomic sequence was nearly identical
to isolates from the Sahel in Africa, strongly suggesting a recent
introduction (Tahir et al., 2011). The sixth begomovirus species,
endemic to the Western Hemisphere is the bipartite Cotton leaf crumple
virus (CLCrV) (Brown and Nelson 1984; Idris and Brown, 2002; Dickson
et al., 1954; Idris and Brown, 2004), which is currently restricted to
North and Central America.

Although PCR primer pairs have been developed for molecular
detection of the cotton leaf curl virus complex and associated betasa-
tellites, their design has been limited by sequences available at the time
of design, and in certain instances, before the recent discovery of
additional begomoviral species and strains associated with cotton leaf
curl disease in Asia, Africa, and the Americas (Briddon et al., 2002;
Brown et al., 2001; Bull et al., 2003; Wyatt and Brown, 1996). Here the
development of molecular diagnostics was undertaken to enable the
global surveillance of selected high-risk strains and species of whitefly-
transmitted geminiviruses that infect cotton, in light of two pandemics
occurring in Pakistan, and the long distance spread of one or more
strains/species from their origin during the last decade. The objective of
this effort was to develop PCR amplification assays that detect the
CLCuKoV-Bu strain and CLuMuB (betasatellite), and CLCuGeV and its
betasatellite, CLCuGeB, and facilitate surveillance locally and globally,
to abate further damage and the spread of these high-risk pathogens
into cotton growing areas where they do not presently occur. This effort
represents a component of a five-year Pakistan-U.S. collaborative
project to study the extent and distribution of genomic diversity of
leaf curl-associated begomovirus-betasatellite complexes in Pakistan,
since the CLCuKoV-Bu outbreak and spread, an effort that contributed
several hundred additional begomovirus and betasatellite sequence
from plant samples collected in cotton-growing regions of Pakistan
during 2011–2013, for use in the analyses described here. Total DNA
isolated from the plant samples were subjected to DNA sequencing
using Sanger and/or Next-generation Illumina DNA sequencing plat-
forms, revealing the widespread distribution of several predominant
helper-virus species, and their associated betasatellites recognized as
members of the ‘core’ cotton leaf curl virus disease complex. Herein,
results of sequence analysis are presented, revealing extensive within-
and between-clade genomic variability, and a plethora of begomoviral
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and betasatellite variants, based on single nucleotide polymorphisms
(SNPs). This together with the overall high degree of sequence
conservation among coding and non-coding regions of the Eastern
Hemisphere cotton-infecting begomoviruses presents unforeseen chal-
lenges to species and strain-specific PCR primer design for conventional
and isothermal platforms.

2. Methods

2.1. Field collections

Leaf samples (3–7 per plant) were collected from symptomatic
cotton and vegetable plants, and from wild plant species growing in and
around cotton fields, in major cotton producing areas of Pakistan
(Fig. 1). The leaves were collected from the growing tip of each plant
species, stored in a labeled plastic bag, and held in a cool container
until they were transported to the laboratory. Plant samples were stored
at 4 °C for no more than 24 h, prior to DNA isolation.

2.2. Total DNA isolation

Total DNA was isolated from 100 mg of leaf tissue using the Cetyl
trimethylammonium bromide (CTAB) method (Doyle and Doyle, 1990).
The final pellet was dissolved in 100 μL low TE buffer (10 mM Tris-HCL,
pH 7.5), containing 0.1 mM EDTA (pH 8.0), and stored at −20 °C.

2.3. Cloning and Sanger DNA sequencing of begomoviruses

To enrich for circular DNA, rolling circle amplification (RCA) was
carried out using total nucleic acid extracts as template, with the
TempliPhi kit (GE Healthcare, Munich, Germany). The RCA products
were linearized by digestion with different restriction endonucleases
(selected based on previous reports in the literature, from our own
laboratory experience, and/or based on scanning of representative
begomoviral genomes or betasatellite sequences), and were EcoRI,
HindIII, PstI, and SalI (Fast Digest, Thermo Scientific, Waltham, MA).
The linearized DNA was fractionated in a 0.8% agarose gel with 1X
GelRed (Biotium, Hayward, CA, USA) in 1X TAE buffer (pH 8.0).
Begomoviral genomes ranging in size from 2.6 to 2.8 kbp and
betasatellites, at 1.3kbp in size, were gel-purified using the Illustra
GFX gel elution kit (GE Healthcare, Munich, Germany). The digested
DNA fragments were ligated into the plasmid vector pGEM3 (Promega,
Madison, WI, USA), previously digested with the respective enzyme,
and transformed into E. coli DH5α cells.

Clones were selected by colony-PCR screening, which was carried
out in 1X PCR buffer, 0.5 U Platinum Taq polymerase (Invitrogen),
0.2 mM dNTP mix (Sigma-Aldrich, St. Louis, MO, USA), 0.2 μM each of
M13 forward and reverse primers, and nuclease- free water, in a final
volume of 50 μL. The cycling conditions were: 1 cycle at 94 °C for
10 min; 35 cycles at 94 °C for 1 min, 53 °C for 1 min and 72 °C for
1 min, followed by a final extension cycle at 72 °C for 10 min.
Recombinant plasmids containing the expected size insert (amplicon)

Fig. 1. Map illustrating the major cotton growing areas (highlighted) in the Punjab and Sindh Provinces in Pakistan. Leaf samples exhibiting begomovirus-like symptoms were collected
from cotton and non-cotton plants throughout these areas during a 2011–2013 survey, and the genome and betasatellite sequences associated with begomovirus-positive samples were
determined using the Sanger and/or Illumina Hi-Seq DNA sequencing platforms.
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were selected and subjected to bidirectional DNA sequencing using
primer walking (∼150–200 bp overlap), at the University of Arizona
Genetics Core (UAGC) facility, Tucson, Arizona.

The resultant DNA sequences were assembled using DNASTAR
SeqMan Pro Software Lasergene v.12 (DNASTAR Inc., Madison, WI),
and annotated using BLAST2GO software (Conesa and Gotz, 2008).

2.4. Cloning and Sanger DNA sequencing of betasatellites

After enrichment for circular DNA, the RCA product was used as
template for PCR amplification using previously designed degenerate
primers based on alignment of all sequences available for cotton-
infecting betasatellites in GenBank (authors, unpublished). The PCR
reaction contained 1X JumpStart REDTaq ReadyMix (Sigma-Aldrich, St.
Louis, MO, USA), 0.2 μM of each primer, and 1 μL RCA template in
25 μL. Thermal cycling conditions were: 1 cycle at 94 °C for 45 s; 35
cycles at 94 °C for 45 s, 54.5 °C for 45 s and 72 °C for 1 min, and 1 cycle
of 10 min at 72 °C. PCR amplicons of the expected sizes (see above)
were ligated into the pGEM T-Easy (Promega, Madison, WI, USA),
followed by transformation into E. coli DH5α, according to manufac-
turer’s instructions using blue-white colony screening. Colony PCR,
DNA sequencing, and assembly and annotation was carried out as
previously described (above).

2.5. Illumina Hi-Seq DNA sequencing

DNA was amplified by RCA to enrich for circular dsDNA, as
described (above). RCA products were purified and subjected to DNA
sequencing using the Illumina HiSeq 2500 platform, following quanti-
fication, library construction, and routine quality control steps, at the
University of Arizona Genetics Core sequencing facility (Tucson, AZ).
Raw data received was quality-checked by evaluating FastQC output
files, and de novo assembled using DNASTAR SeqMan NGen 12.0.
Software Blast2GO 2.8 was used to obtain Blastn hits for the assembled
contigs, using sequences available in the NCBI-GenBank database. The
contigs were identified as a begomovirus or betasatellite based on
Blast2GO annotation, and having at least 70% coverage of either the
virus or satellite genome, were retrieved for each sample. Each contigs
was annotated to species, strain, or isolate using the Blastn algorithm,
implemented in Blast2GO v2.8.

2.6. Sequence editing

The resultant sequences (field samples) were manually edited by
convention, to begin with the first nucleotide of the origin of replication
(nonanucleotide), and the orientation was 5′- to 3′-. For each sequence
determined herein, the open reading frames (ORFs) were predicted
using the CLC Sequence viewer, v7.0. The resultant contigs and those
downloaded from GenBank were checked for accuracy in orientation,
ORF arrangement, and location of the nonanucleotide sequence (origin
of replication). The virus or betasatellite name was assigned to each
sequence using blastn, implemented in Blast2GO PRO, and using a local
database housing begomovirus or betasatellite sequence references,
respectively, for representative strains and species known to infect
cotton in Asia and Africa. The reference sequences were labeled based
on current taxonomic nomenclature (Brown et al., 2015) to circumvent
errors in nomenclature that exist in the GenBank database.

2.7. Alignment and phylogenetic analysis

Based on the International Committee on Taxonomy of Viruses
(ICTV)-ratified list of begomovirus species and strains, as of March 2,
2016, (https://talk.ictvonline.org/ictv_wikis/geminiviridae/m/files_
gemini/5120), a total of 232 cotton-infecting begomovirus sequences
for the five ‘core’ species members of the cotton leaf curl disease
complex (CLCuMuV, CLCuGeV, CLCuKoV, CLCuAlV and CLCuBaV)

were downloaded from GenBank. Also, 219 begomovirus sequences
determined for field samples were included. All of the betasatellite
sequences available in the GenBank database, to December 15, 2016
(1083 betasatellites) were downloaded. From these sequences, all
isolates named as species and strains of the cotton leaf curl disease
complex (508 sequences) were selected. In addition, 468 sequences
determined from field samples were included. The GenBank reference
sequences and those determined from field samples were merged to
produce a single file containing only begomoviruses or betasatellites,
respectively. To avoid redundancy, the haplotypes were collapsed using
FaBox (http://users-birc.au.dk/biopv/php/fabox/) by removing se-
quences that were 100% identical to another. The resultant, total
number of betasatellite haplotype sequences was 974, comprising 506
GenBank references and 468 field sequences.

For phylogenetic analysis 451 begomovirus and 974 betasatellite
sequences, respectively, were aligned using MUSCLE algorithm (Edgar,
2004). Neighbor-Joining (NJ) trees were produced using MEGA-CC
version 7 (Kumar et al., 2012). In MEGA-CC, the option file was
produced using MEGA-Proto. It was loaded with the sequence align-
ment file into MEGA-CC. The output was visualized and annotated
using FigTree software (http://tree.bio.ed.ac.uk/software/figtree/) and
Inkskape (https://inkscape.org/en/).

2.8. Pairwise nucleotide comparisons

For pairwise nucleotide comparisons, (i) 451 sequences of begomo-
viruses representing CLCuMuV, CLCuGeV, CLCuKoV, CLCuAlV and
CLCuBaV, and (ii) 974 sequences of betasatellite molecules represent-
ing CLCuMuB, CLCuGeB, OLCuB, and ChLCB, were aligned using
MUSCLE (Edgar, 2004). The pairwise nucleotide identity was estimated
using the Sequence Demarcation Tool v1.3 (Muhire et al., 2014).

2.9. Within and between clade evolutionary similarities

The mean evolutionary distance between- and within- NJ clades
were estimated for begomovirus and betasatellite sequences. The
analysis was carried out using the Maximum Composite Likelihood
model (, 2004), and ambiguous positions were removed for each
sequence pair prior to analysis. The evolutionary analyses were carried
out using MEGA7 (Kumar et al., 2012). The evolutionary distance was
converted to percentage similarity using the formula (1-distance)*100,
and the matrices were edited using Microsoft Excel 2013.

2.10. Single nucleotide polymorphism analysis

The sequences were analyzed to determine the extent of single
nucleotide polymorphisms inherent in selected begomoviral genomes
and betasatellite components. The sequence alignment for CLCKoV-Bu
(276 sequences comprising 65 sequences from GenBank and 211 field
sample sequences), CLCuGeV (43 sequences from GenBank), CLCuMuB
(657 sequences: 267 sequences from GenBank and 390 sequences from
field samples), and CLCuGeB (31 sequences from GenBank) were
subjected to SNP analysis using PGDSpider (Lischer and Excoffier,
2012). PGDSpider identifies the SNPs in a sequence alignment using
Samtools and Bcftools, and produces an output file in VCF format. The
VCFtools (Danecek et al., 2011) software was used to extract the SNP
summary from each VCF file. The summary was converted to a line
graph using Biotoolbox (https://github.com/tjparnell/biotoolbox).

2.11. Primer design and optimization of polymerase chain reaction
amplification of begomoviral genomes and betasatellites

Species/strain-specific primers were designed and validated (herein,
initially) for CLCuKoV-Bu, CLCuGeV, CLCuMuB, and CLCuGeB. The
consensus sequence obtained from the MUSCLE alignment for each
species, at ≥91% and ≥78% pairwise nucleotide identity, for bego-
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moviruses and betasatellites, respectively, was scrutinized for regions
amenable to primer design using Primer Blast software (https://www.
ncbi.nlm.nih.gov/tools/primer-blast/). A specificity-check input file
was created by compiling sequences for the different helper viruses or
betasatellites previously identified in cotton plant samples, minus the
intended ‘target’ region with respect to each primer pair. The predicted,
‘potentially-specific’ primer candidates were evaluated by MUSCLE
alignment of the respective sequences and primer pairs that were
predicted to anneal to the conserved regions evident in the alignment,
and the best matches were selected for PCR amplification using several
homologous and heterologous cloned viral genome or betasatellite
components, respectively.

The algorithm B2GO PRO was used to assess the potential for
sequence coverage for each primer pair and a set of variably divergent,
aligned sequences. In addition, a priori knowledge of the recombination
breakpoints for the CLCuKoV-Bu genome was used to predict, and then
select, the optimal coordinates for strain-specific primers, e.g. to
distinguish the isolate of interest from the ‘primary parent’ genome
sequence.

For each cloned viral genome or betasatellite component used as
PCR template, the selected species/strain (based on annotation results),
were molecularly cloned, and verified by restriction digestion (Fast
Digest enzymes, Promega, Madison, WI), and then sequenced bidir-
ectionally using Sanger sequencing (UAGC, Tucson, AZ).

The specificity of the PCR primer pairs was tested by PCR
amplification in a 25 μL reaction, using 1X JumpStart REDTaq, as
previously described (above). Cycling conditions were: 1 cycle at 94 °C
for 30 s; 35 cycles at 94 °C for 30 s, 30 s and 72 °C for 1 min at the
respective optimal annealing temperature (Table 3), and 1 cycle of
10 min at 72 °C. Gradient PCR amplification was performed over a
range of different annealing temperatures to identify the optimal
conditions for each primer pair (results not shown). Several full-length
cloned homologous and non-homologous viral genomes and betasatel-
lites were used to assess primer pair specificity. Multiple total nucleic
extracts isolated from virus-free cotton and tomato leaves were
included as negative controls.

3. Results

3.1. Pairwise nucleotide sequence comparisons

Pairwise nucleotide comparisons included all field samples and
selected GenBank sequences, selected as described above. The results of
the ‘standardized’ pairwise analysis and resultant geminivirus species
demarcation based on SDT analysis (MUSCLE alignment) are shown for
the cotton leaf curl ‘core’ begomoviruses (Fig. 2a) and selected

betasatellites (Fig. 2b). Applying the ICTV-ratified species cut-off for
CLCuD-associated begomoviruses to this dataset, a number of isolates
exceeded the approved species cut-off value, at≥91%, and so would be
considered outliers, or distinct species, given the position of the
‘trough’, which was not located precisely with sequences represented
by≥91% shared nt identity. Also, for the CLCuD betasatellites, the SDT
pairwise identity plot predicted an optimal cutoff for these sequences,
at 73–78%, for ‘true’ group demarcation (Fig. 2b), albeit, the currently
accepted working cutoff for betasatellite groups has been established as
78% (Briddon et al., 2008). For helper and betasatellites, the groups of
sequences to be considered for primer design were selected, and aligned
based on the groups defined by the lowest trough demarcation, which
was slightly lower than the accepted percentage for each group, but
lowest for the betasatellites. This strategy was used to account for
outliers that could escape scrutiny during primer design owing to
borderline divergence, and possibly not be accounted for in primer
design, and therefore in downstream PCR amplification and virus
detection.

3.2. Begomoviruse and betasatellite phylogenies

The complete genome sequence for haplotypes (< 100% nucleotide
identity) of the ‘core’ leaf curl species endemic to Asia and Africa, e.g.
CLCuMuV, CLCuKoV, CLCuGeV, CLCuAlV and CLCuBaV were subjected
to phylogenetic analysis (NJ), resolving five distinct ‘core’ groups of
species, at> 70% bootstrap support (1000 iterations) (Fig. 3). By NJ
analysis, the betasatellite sequences resolved four betasatellite ‘core’
groups (clades), namely, CLCuMuB, CLCuGeB, OLCuB and ChLCuB. Of
these, the CLCuMuB and CLCuGeB betasatellites were considered for
specific primer design herein (Fig. 4).

3.3. Estimated mean between-clade evolutionary similarity

The mean between- and within-clade evolutionary similarities were
estimated for the begomoviral and betasatellite sequences. The bego-
movirus NJ tree showed within-clade similarities, spanning 92.6–98.9%
(Fig. 3), with the lowest and highest within-clade similarity observed
for the CLCuGeV and the CLCuMuV-Hib clades, respectively. Notably,
all within-clade similarity values exceeded the species demarcation
threshold of ≥91%.

By comparison, the between-clade similarities ranged from 61.4 to
92.6% (Table 1), with the lowest and highest similarities obtained for
the CLCuGeV species from Africa, and the highly prevalent CLCuMuV,
endemic to India and Pakistan, respectively.

Analogously, the within-clade betasatellite similarities spanned
81.3–92.1%, with the lowest and highest values represented by the

Fig. 2. Pairwise nucleotide identity plot for CLCuD begomoviruses (a) and betasatellites (b). Analysis was performed using Sequence Demarcation Tool v1.3 (Muhire et al., 2004), and
included 451 full-length sequences (228 GenBank references and 223 sequences obtained during the 2011–2013 survey in Pakistan, unpublished), for Cotton leaf curl Kokhran virus, Cotton
leaf curl Multan virus, and Cotton leaf curl Gezira virus. For betasatellites 974 haplotypes were selected from among 506 GenBank and 468 field sequences. The arrow shows the ICTV
working cutoff for begomovirus species demarcation, at ≥91%, and for betasatellites ≥78% for all isolates included in the analyses.
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Fig. 3. Phylogenetic tree (NJ, MEGA7;> 70% bootstrap; 1000 bootstrap iterations) showing relationships between begomoviruses from Asia and Africa, illustrating extreme diversity
among the Asian begomoviruses of cotton by comparison. The tree was reconstructed using the complete genome sequences for 233 Genbank accessions and 219 genome sequences from
field samples collected in Pakistan during a survey conducted during 2011–2013. Different shades of grey or outlines indicate the five ‘core’ leaf curl species, at≥91% nucleotide identity,
represent the five ‘core’ leaf curl virus species from the Eastern Hemisphere (Brown et al., 2015) that include Cotton leaf curl Gezira virus, Cotton leaf curl Banglore virus, Cotton leaf curl
Multan virus, Cotton leaf curl Alabad virus and Cotton leaf curl Kokhran virus.

Fig. 4. Phylogenetic tree (NJ, MEGA7;>70% bootstrap, 1000 bootstrap iterations) showing the relationships between the four ‘core’ betasatellites associated with cotton leaf curl virus
disease. The four clades represent 506 sequences downloaded from the GenBank database, and 469 sequences from 2011 to 2103 field samples (minus the 100% identical, redundant
sequences), leaving 975 sequences. Based on the accepted species cutoff at ≥78% shared nt identity, the between-clade variability is extensive. Colors indicate the four ‘core’ cotton leaf
curl associated betasatellites, Chilli leaf curl beta (ChLCuB), Cotton leaf curl Gezira beta (CLCuGeB), Cotton leaf curl Multan beta (CLCuMuB), and Okra leaf curl beta (OLCuB). The
percentages show within-clade evolutionary similarities, calculated from within-clade distance using the Maximum Composite Likelihood model (Tamura et al., 2004), in Mega7).
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ChLCuB and CLCuMuB group, respectively (Fig. 3). Collectively, the
values exceeded the species demarcation threshold of ≥78%. By
comparison, the between-clade similarity values for the betasatellites
spanned the range of 42.5–61.4% (Table 2). Here, the groups that
shared the greatest similarity were OLCuB and CLCuMuB (both from
Asia), whereas, the most divergent groups were CLCuGeB (from Africa)
and ChLCuB (from Asia).

3.4. Sequence diversity in cotton leaf curl viruses and betasatellites

The SNPs analysis indicated greater sequence diversity within the

Table 1
Mean between-clade evolutionary similarity for begomoviruses, estimated by neighbor-joining, implemented, in MEGA 7.

1 2 3 4 5 6 7 8 9 10 11 12 13

1 CLCuAlV-Al
2 CLCuAlV-Mu 87.2
3 CLCuBaV 75.6 75.7
4 CLCuGeV 61.4 60.8 67.2
5 CLCuKoV-Bu 71.4 74.3 80.6 67.2
6 CLCuKoV-Ko 68.8 69.5 77.4 68.6 89.2
7 CLCuKoV-Sha 74.0 78.0 82.0 67.7 89.7 90.1
8 CLCuMuV-Dar 81.7 85.9 83.5 66.6 81.3 76.6 84.4
9 CLCuMuV-Fai 80.3 85.1 82.0 66.2 85.5 76.1 83.2 91.3
10 CLCuMuV-Hib 78.0 83.1 81.6 63.8 79.4 75.7 83.3 89.7 90.3
11 CLCuMuV-His1 78.9 83.6 83.6 66.7 85.8 81.0 88.4 90.3 89.9 87.7
12 CLCuMuV-His2 80.9 84.9 83.1 66.0 81.6 75.9 83.8 92.1 91.9 89.3 92.6
13 CLCuMuV-IN 77.1 80.9 79.8 66.0 81.9 86.7 89.9 86.6 85.9 85.4 91.1 86.0
14 CLCuMuV-PK 79.0 84.5 79.4 65.2 78.6 79.0 88.1 90.2 89.1 88.9 88.7 89.5 89.9

Table 2
Mean between-clade evolutionary similarity for betasatellites, estimated by neighbor-
joining, implemented in MEGA 7.

1 2 3

1 CLCuGeB
2 ChLCuB 42.5
3 CLCuMuB 56.9 53.6
4 OLCuB 49.6 45.1 61.4

Fig. 5. A comparison of single nucleotide polymorphisms, and the number of variants per genome sequence for Cotton leaf curl Gezira virus and Cotton leaf curl Kokhran virus-Burewala and
their most commonly associated betasatellite, Cotton leaf curl Gezira and Cotton leaf curl Multan, respectively. The predicted begomoviral proteins are shown as AV2, coat protein (CP or
AV1), replication enhancer protein (REn), transcriptional activator protein (TrAP), replication associated protein (Rep), and AC4. The predicted protein encoded by the betasatellite is
beta C1. The non-coding region of begomoviruses is shown as the intergenic region (IR), and for betasatellites, as the A-rich region (A-rich) and satellite conserved region (SCR) are also
labeled.
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CLCuGeV genome sequences compared to the CLCuKoV-Bu genomes.
The CLCuGeV genome sequences harbored 276 SNPs, whereas, the
CLCuKoV-Bu genomes contained only 57 SNPs (Fig. 5). Based on a 200
nucleotide BIN for each genome, the minimum and maximum range of
SNPs was 6–47 for CLCuGeV, and 0–12 for CLCKoV-Bu. These results

were supported by the analysis of variants per kilo base (kb) of genome
sequence, which shown 30–235 variants per kb for CLCuGeV, compared
to CLCuKoV-Bu, which had from 0 to 60 variants per kb. In CLCuGeV
the majority of SNPs were observed in coat protein region and the N-
terminal region of replication-associated protein (Rep), indicating that

Fig. 6. Primer pairs designed for the specific amplification of Cotton leaf curl Kokhran virus-Burewala, Cotton leaf curl Gezira virus, Cotton leaf curl Multan betasatellite, and Cotton leaf curl
Gezira betasatellite are shown in relation to the corresponding sequence alignment. The sequences that are 100% conserved are highlighted, and the primer coordinates are shown in
round brackets.

Table 3
Universal and species-, and strain-specific primer sequences, first coordinate, expected size, and annealing temperature for detection of Cotton leaf curl Gezira virus, Cotton leaf curl Kokhran
virus-Burewala (strain), Cotton leaf curl Multan betasatellite, and Cotton leaf curl Gezira betasatellite.

Forward (F) and reverse (R)
primer name

Sequence 5′ to 3′ First coordinate Product size in bases Annealing temp (°C) Virus/
Betasatellite

Beta-F GGTACCGCCGGAGCTTAGCWCKCC 1324 1370 54.5 All betasatellites
Beta-R GGTACCGTAGCTAAGGCTGCTGCG 1329
CLCuGeV_F23 TCTCTGCACGTGAAGGCTAC 1498 613 55.0 CLCuGeV
CLCuGeV_R19 AGGAGCCTCCAGCTCCTTAT 2111
CLCuKoV-Bu-F TTAATACTGACAATTCCTAAG 1156 514 48.0 CLCuKoV-Bu
CLCuKoV-Bu-R CAGTTATAATGAATTCCTCA 1670
CLCuMuB_F11 GGTCCCACTGCTTGTCTTGA 36 481 52.0 CLCuMuB
CLCuMuB_R33 GGTTCATAGTCGACGTTCGC 517
CLCuGeB-4F TTGGTGGGTCCCAGCTATTG 30 1068 58.1 CLCuGeB
CLCuGeB-2R ACGGAACGGTAAACAGTAACAC 1098

Legend: CLCuGeV = Cotton leaf curl Gezira virus; CLCuKoV-Bu = Cotton leaf curl Kokhran virus-Burewala strain; CLCuMuB = Cotton leaf curl Multan betasatellite; CLCuGeB = Cotton leaf
curl Gezira betasatellite.
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multiple genomic ‘hot spots’ are potential candidates for ongoing
diversification (Fig. 5).

In contrast, between the two groups of betasatellites, CLCuMuB
harbored a higher SNPs density than CLCuGeB. The CLCuMuB genome
sequence harbored 319 SNPs, compared to177 SNPs for the CLCuGeV
genome (Fig. 5). The SNPs count per 100 nucleotides per BIN for the
betasatellite genomes showed that CLCuMuB had a range of 3–43 SNPs,
while CLCuGeB had 4–25 SNPs. And, among the CLCuMuB variants, the
per kb range was 30–430, compared to 40–250 for CLCuGeV. Thus,
begomovirus helper-betasatellite components of each complex har-
bored extensive SNPs in one but not both partners. Notably, CLCuMuB
associated with the helper begomovirus implicated in the ‘second’
cotton leaf curl pandemic in Pakistan, by far, is undergoing extensive
diversification, while its helper virus genome appears to be much more
stable than CLCuGeV from Africa, indicating a prospective role of the
betasatellite in adaptation to the present ‘genetic’ climate in Pakistan.

3.5. Begomovirus and betasatellite primer design and amplification

For the design of PCR primers, the Primer Blast software (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/) predictions indicated that
the optimal targets for specific amplification were represented by some
of the most highly conserved sequence regions, and further that they
were regions resistant to primer-dimer formation. These ‘predicted
most-optimal’ PCR primer pairs were tested over a range of possible
annealing temperatures (based on predicted Tm) using the cloned viral
genomes and/or betasatellites, representing homologous and hetero-
logous species, strains, or isolates with respect to each primer pair, to
determine optimal annealing temperature and assess annealing-ampli-
fication specificity.

Ultimately, after numerous attempts, it was feasible to design
species-specific primers for CLCuGeV, strain-specific primers for
CLCuKoV-Bu, and group-specific primers for the two betasatellites,
CLCuMuB, and CLCuGeB. The consensus sequence obtained from the
MUSCLE alignment for each species, at ≥91% and ≥78% nucleotide
pairwise identity for begomoviruses and betasatellites, respectively,
was useful for primer design using Primer Blast (https://www.ncbi.nlm.
nih.gov/tools/primer-blast/). The ‘specificity-check’ input file for each
was created by compiling sequences for different cotton-infecting

begomoviruses or betasatellites, minus the intended ‘target sequence’
for each primer pair. The primers were assessed by alignment in
MUSCLE, and those that were predicted to correspond (target) to the
most conserved sequences regions were selected. The B2GO PRO
software was used to check each primer for prospective target sequence
coverage. Primers sequences were further mapped to diverse target and
non-target sequences, from among the competing begomovirus and
betasatellite sequences, to assess their predicted specificity (Fig. 6). In
addition, for CLCuKo-Bu and CLCuMuB, a priori knowledge of the
recombination breakpoints was useful for selecting coordinates for
strain-specific primers that could feasibly distinguish the recombinant
from the parental begomoviral genome or betasatellite component.

3.6. Primer validation using cloned begomovirus genomes and betasatellite
molecules

The sequences of the forward and reverse primers, the first
nucleotide coordinate, optimal annealing temperature, and the ex-
pected size PCR product for each are summarized in Table 3. For PCR
amplification reactions, 2 ng of plasmid vector containing the viral or
betasatellite insert DNA was used as a PCR template, and amplification
was carried out using the respective, optimal annealing temperature
(Table 3).

Primers for CLCuKoV-Bu strain were designed and validated using
selected cloned, full-length homologous and heterologous begomoviral
genomes (Fig. 5). The results indicated that the CLCuKoV-Bu primers
amplified the CLCuKoV-Bu clone, and did not amplify the non-homo-
logous, cloned begomoviral species tested herein. The expected ampli-
con size of 514 bp was observed only for CLCuKoV-Bu, indicating that
the primers were strain-specific (Table 4, Fig. 7). Similarly species-
specific primers for CLCuGeV were designed and tested in PCR
amplification using cloned genomes for representative leaf curl bego-
moviral species and distant relatives from Asia, and one mastrevirus.
The primer pair sequence, first nucleotide coordinate, and optimal
annealing temperature for each are shown in Table 3. The primers
locations within each of the viral genomes are shown in Fig. 5. The
results at the optimal annealing temperature of 55 °C indicated that the
primers amplified CLCuGeV effectively, and did not amplify hetero-
logous species (Table 4, Fig. 7).

Table 4
Results of polymerase chain reaction amplification using Cotton leaf curl Gezira virus (CLCuGeV)-species specific and Cotton leaf curl Kokhran virus-Burewala strain (CLCuKoV-Bu)-specific
primers and cloned begomoviral genomes as template, at an annealing temperature of 48 °C and 58 °C for CLCuGeV and CLCuKoV-Bu amplification, respectively. The PCR negative
control was double-distilled water instead of template DNA, and the experimental negative controls were total DNA isolated from virus-free tomato and cotton plants.

Legend: BYVMV = Bhendi yellow vein mosaic virus; CLCuGeV = Cotton leaf curl Gezira virus; CLCuKoV-Bu = Cotton leaf curl Kokhran virus-Burewala; CLCuMuV = Cotton leaf curl Multan
virus; CpCDV = Chickpea chlorotic dwarf virus.
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Similarly, primers designed for PCR-amplification of the most
abundant CLCuD betasatellite, CLCuMuB and isolates within this group
(≥73% nt identity), were highly specific. The predicted and actual
primer specificity among diverse betasatellites of the CLCuMuB and
CLCuGeB groups, with two virus-free plant DNA controls, is shown in
Figs. 6 and 7, and Table 5. In all instances the primers successfully
amplified the target betasatellite, and for the CLCuMuB, three different
strains were detectable. The amplicon obtained for the CLCuMuB
isolate from kenaf was of the expected size, but the band intensity
was not robust, possible owing to sequence differences observed
between the kenaf (possible recombinant) isolate, and the group of
more closely related CLCuMuB isolates. No PCR amplification was
observed for any of the cloned, heterologous begomoviral or betasa-
tellite species tested here.

4. Discussion

Here we report the analyses of all available (March 2017) begomo-
viral-betasatellite sequences associated with leaf curl disease of cotton,
available in the GenBank database, and sequences obtained from field
surveys conducted in cotton-growing regions of Pakistan during
2011–2013. Selection of these collective species for diagnostics devel-
opment was based on recent field surveys using genomic surveillance
involving Sanger and Next-generation DNA sequencing, that indicated
they are the predominant, extant begomoviral pathogens associated
with leaf curl disease, thereby, the ‘core’ species and strains most likely
to predominate in cropping systems in the Indian Subcontinent or
Africa, where they are endemic, respectively, and in China and the
Philippines to where CLCuMuV has spread most recently, apparently on
plant material and/or by viruliferous whiteflies originating in the
Indian subcontinent. Further, CLCuGeV from the Sahel region of

Fig. 7. (a) Amplicons obtained by polymerase chain reaction (PCR) using the Cotton leaf curl Kokhran virus-Burewala (CLCuKoV-Bu) specific primers. In each reaction, 2 ng of cloned
begomoviral genome (and plasmid vector) DNA were used as template. The PCR was performed at an annealing temperature of 48 °C. Lanes: M, 1 Kb Plus DNA ladder (Invitrogen), Lane
1, Cotton leaf curl Gezira virus (CLCuGeV) (AF260241); lane 2, CLCuGeV (AY036007); lane 3, Cotton leaf curl Multan virus (CLCuMuV) (China); lane 4, BYVV; lane 5, Chickpea chlorotic
dwarf virus (CpCDV) (cotton, Pakistan); lane 6, CLCuKoV-Bu (cotton, Pakistan); lane 7, healthy cotton; and lane 8, water negative control. The arrow shows the expected size product, at
514 base pairs (bp); (b). Amplicons obtained by PCR using the CLCuMuB-specific primers and 2 ng of DNA cloned betasatellite component (and plasmid vector) were used as a template,
and the PCR was performed with an annealing temperature of 52 °C. Lanes: M, 1 Kb Plus DNA ladder (Invitrogen), lane 1, Cotton leaf curl Multan betasatellite (CLCuMuB) (cotton, China
isolate); lane 2, CLCuMuB (cotton, Pakistan); lane 3, CLCuMuB (kenaf, Pakistan); lane 4, Cotton leaf curl Gezira betasatellite (CLCuGeB) (cotton, Sudan); lane 5, Okra leaf curl betasatellite
(OLCuB) (cotton, Pakistan); lane 6, Okra leaf curl betasatellite (OLCuB) (okra, Pakistan; lane 7, BYVB (eggplant, Pakistan); lane 8, Chilli leaf curl betasatellite (ChLCuB) (cotton, Pakistan);
lane 9, healthy (virus-free) cotton; lane 10, healthy (virus-free) tomato; and lane 11, ddH20 water instead of DNA template, as the negative PCR control. The arrow indicates the expected
size product, at 481 bp in size. (c). Amplicons obtained with the CLCuGeV-specific primers using 2 ng of cloned viral genome (and plasmid vector) DNA as template. The PCR was
performed at an annealing temperature of 55 °C. Lanes: M, 1Kb Plus DNA ladder (Invitrogen); lane 1, ddH20 water instead of DNA template, as the negative PCR control; lane 2, pGEM3
(negative control); lane 3, healthy (virus-free) tomato DNA; lanes 4–6, healthy (virus-free) cotton DNA; lane 7, CLCuKoV-Ko (cotton, Pakistan); lane 8, CLCuKoV-Bu (cotton, Pakistan);
lane 9, CLCuMuV (cotton, Pakistan); lane 10, Bhendi yellow vein virus (BYVV) (eggplant, Pakistan); lane 11, CpCDV (cotton, Pakistan); lanes 12–14, CLCuGeV. The arrow indicates the
expected size, 613 bp. (d) PCR products obtained with CLCuGeB primers. 2 ng of plasmid DNA were used as a template, and the PCR was performed with an annealing temperature of
58 °C. Lanes: M, 1 Kb Plus DNA ladder (Invitrogen), lane 1, water negative control; lane 2, healthy cotton; lane 3, healthy tomato; lane 4, CLCuMuB (China); lane 5, CLCuMuB (Pakistan);
lane 6, CLCuMuB (kenaf, Pakistan); lane 7, OLCuB (cotton, Pakistan); lane 8, OLCuB (okra, Pakistan); lane 9, Bhendi yellow vein betasatellite (BYVB) (eggplant, Pakistan); lane 10,
ChLCuB (cotton, Pakistan); and lane 11, CLCuGeB (cotton, Sudan). The arrow indicates the expected size, at 1068 bp.
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Africa has recently been identified as an introduction into Pakistan
(Amin et al., 2006) and certain locales in the Arabian Peninsula (Idris
et al., 2014). The extensive SNPs apparent within these genomes
appears to be indicative of diversification and perhaps genetic expan-
sion, albeit, this group is poorly represented based on number of
sequence in the public databases, and so requires additional attention.

After removing all sequences that shared 100% nt identity, the
remaining haplotypes were used for the design of PCR primers.
Molecular diagnostics tests that rely on PCR amplification for virus-
betasatellite detection, were developed by designing primers with a
basis in the most conserved regions of begomoviral genomes and
betasatellite molecules, representing sequences for several hundred
helper viruses/betasatellite field samples (herein), and those available
in the GenBank database, collectively, ∼450 viral and>900 betasa-
tellite sequence haplotypes of< 100% nt identity.

The ICTV approved species cut-off, at ≥91%, was found to be
reasonably appropriate for the begomovirus sequence grouping
(Fig. 5a) albeit, several examples of isolates that grouped together
shared a lower percentage nucleotide identity, and at ≥73% (Fig. 5b) a
more inclusive grouping was obtained for the betasatellite sequences,
which is somewhat inconsistent with the currently accepted ≥78%
nucleotide identity species cut-off (Briddon et al., 2008)

A number of different primer pairs were tested under different
conditions using a somewhat restrictive concentration of cloned
begomoviral or betasatellite components as template, in several differ-
ent concentrations (data not shown), and temperatures, resulting in
several validated candidates at the level of cloned viral genomes or
betasatellite components, with no amplification in purified plant DNA
(cotton or tomato), thus, accomplishing the first step toward validating
primers for the specific detection the two most prevalent begomoviral
strain or species associated with the leaf curl disease of cotton. The first
is the CLCuKo-Bu strain endemic to Pakistan and India (Mansoor et al.,
2006), and now present in China and the Philippines (Dolores et al.,
2014; Mao et al., 2008), and the causal agent of the second pandemic in
Pakistan, beginning in 2004 to the present. The second virus, CLCuGeV,
endemic to the African Sahel region, and long known there for
outbreaks leading to disastrous crop failure, has recently spread to
the Arabian Peninsula and southern Pakistan (Al-Saleh et al., 2015;
Idris et al., 2013; 2014; Tahir et al., 2011).

Analysis of the nucleotide sequences for the Eastern Hemisphere
cotton leaf curl ‘core’ viruses and betasatellites to locate regions
containing extensive nucleotide polymorphisms, or SNPs, provided
evidence that certain viral genomes or their associated satellite are
undergoing rapid diversification. This observation was used to discount

regions of the viral genomes or betasatellite components as least
conducive to primer design, aiding in eliminating major regions as
potential priming sites for PCR amplification. Phylogenetic (within- and
between-clade), pairwise nt, and evolutionary (similarity) analyses of
begomovirus and betasatellite sequences further confirmed high viral
genomic and satellite variability for certain species or groups over
others, respectively. This increased variability in certain begomovirus
and betasatellites genome sequences over others is of evolutionary
interest, despite their making diagnostic primers designing more
challenging. Whether these instances of extensive diversification signals
for certain begomoviruses and betasatellites are due to the continued,
widespread planting of highly genetically uniform cotton germplasm, in
one instance, to which disease resistance has been broken by CLCuKoV-
Bu strain, and/or a possibly expanding host range, remains to be
determined. In addition, selection (through mutation, recombination,
and reassortment) with resultant host range shifts and or changes in
virulence might be expected to occur due to the widespread co-
infection of cotton, vegetables, ornamentals, and wild host species by
the leaf curl complex, accompanied by the whitefly-transmitted,
bipartite ToLCNDV, and leafhopper transmitted mastreviruses, the
latter previously known to infect primarily solanaceous species and
chickpea, respectively. Nonetheless, these collective signatures point to
extensive, inherent genomic variability that could lead to rapidly
evolving leaf curl species/strains owing to a number of also dynamic
factors, not-withstanding the potential role of the whitefly B. tabaci
vector to enhance transmission of certain members of the complex over
others. Indeed, two whitefly haplotypes also show evidence of genetic
expansion (Masood et al., submitted; Paredes-Montero et al., sub-
mitted), and together with the leaf curl complex are apparently
expanding geographically in Pakistan cotton growing areas as well.

In this study, primers were designed for detection of (1) the
begomovirus, CLCuKoV-Bu and its associated satellite CLCuMuB, the
predominant complex associated with leaf curl disease of cotton in
Pakistan and the Punjab region in India. Species-specific primers have
been designed and tested for detection of CLCuGeV, the predominant
African/Middle Eastern species, and its associated betasatellite,
CLCuGeB. Additional optimization and assessment of primer specificity
and sensitivity against known quantities of viral DNA and in plant
samples where effective virus titer may vary substantially are needed to
define the accuracy and limits of detection. To accomplish this, next
steps will involve validation with additional representative homologous
and heterologous begomoviral species and strains, with respect to
specificity of the most promising primer pairs (among those tested so
far; data not shown) in both conventional PCR and the AmplifyRP

Table 5
PCR results for Cotton leaf curl Multan betasatellite (CLCuMuB)- and Cotton leaf curl Gezira betasatellite (CLCuGeB)-specific primer pairs and cloned betasatellite DNA as template.
Negative controls were water (no template), virus-free tomato and cotton plant total nucleic acid extract (results not shown). The annealing temperatures were 52 °C and 58 °C for
CLCuMuB and CLCuGeB primers, respectively. The “+” symbol indicates the presence of the expected size amplicon, and “-” indicates a negative result.

Legend: BYVV = Bhendi yellow vein beta; ChLCuB = Chilli leaf curl beta; CLCuGeB = Cotton leaf curl Gezira beta; CLCuMuB = Cotton leaf curl Multan beta; OLCuB = Okra leaf curl
beta.
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platform, an isothermal PCR technology for which preliminary results
are also in hand (data not shown). In addition, specific primers for the
amplification of additional CLCuD-associated species, including
CLCuMuV, CLCuKoV-Kokhran strain, ChLCuB, and OLCuB, will be
validated. All of these species/strain groups represent potential sources
of leaf curl complex that could spread to uninfected cotton-growing
areas of the world, including Australia, Brazil, and the US cotton belt.
Ornamental plants are of particular concern as vehicles of leaf curl
spread because many serve as hosts of begomoviruses and the whitefly
vector, but often show only mild symptoms or none at all, and so are
overlooked during inspections, making them high-risk mediators of
global spread.
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