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Identification of DNA Components Required for Induction of Cotton Leaf Curl Disease
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Cotton leaf curl disease (CLCuD) is a major constraint to cotton production in Pakistan. Infectious clones of the

monopartite begomovirus cotton leaf curl virus (CLCuV),

associated with diseased cotton, are unabple to induce typical

symptoms in host plants. We have identified and isolated a single-stranded DNA molecule approximately 1350 nucleotides
in length which, when coinoculated with the begomovirus to cotton, induces symptoms typical of CLCuD, including vein
swelling, vein darkening, leaf curling, and enations. This molecule (termed DNA p3) requires the begomovirus for replication

and encapsidation. The CLCUV/DNA 1/DNA B complex, together with a similar

complex previously identified in Ageratum

conyzoides, represent members of an entirely new type of infectious, disease-causing agents. The implications of this finding

to our understanding of the evolution of new disease-causing agents are discussed,
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INTRODUCTION

The classification of the Geminiviridae divides the fam-
ily into four genera. The basis of this division rests upon
genome arrangement and the taxonomy of the insect
vector, either whitefly (Begomovirus), leathopper (Mas-
trevirus and Curtovirus), or treehopper (Topocuvirus). The
majority of the economically important geminiviruses fall
into the genus Begomovirus, which presently encom-
passes close to 100 distinct species which are all trans-
mitted by the whitefly B. tabaci and infect only dicotyle-
doncus plants (Briddon and Markham, 1995). Prominent
examples of begomoviruses that cause significant agri-
cultural losses include the cassava mosaic viruses (the
factor most limiting to cassava production across south
and central Africa (Thottappilly, 1992)) and Tomato yellow
leaf curl virus (TYLCV), a severe problem to tomato cul-
tivation across the Mediterranean region (Czosnek and
Laterrot, 1997), which has now spread to the Caribbean
(McGlashan et al, 1994), Florida (Polston et af, 1999),
and numerous other countries.

The vast majority of begomoviruses have genomes
consisting of two circular single-stranded DNA mole-
cules of approximately equal size (Stanley and Gay, 1983;
Rybicki, 1994). The genome component designated DNA
A encodes viral functions required for replication (Stan-
ley, 1983; Hanley-Bowdoin et a/, 1999), as well as the
coat protein, which plays an essential role in insect
transmission (Briddon et al, 1989; Azzam et al, 1994),
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The second component encodes two products involved
in movement within and between cells in host tissues
(Noueiry et al, 1994). A small number of begomoviruses
have genomes which consist of just a single component,
equivalent to DNA A of the bipartite viruses. The most
notable and economically most significant example of a
monopartite begomovirus is TYLCV (Navot et a/, 1991).

During the last decade the output of cotton from Paki-
stan has been seriously compromised due to an epi-
demic of cotton leaf curl disease (CLCuD), with losses
between 1992 and 1997 estimated at US$5 billion. The
disease has very characteristic symptoms, including leaf
curling, vein swelling, vein darkening, and enations on
the veins on the underside of leaves, which frequently
develop into leaf-like structures (Briddon and Markham,
2001). Although first described as early as the 1960s, the
present epidemic originated in 1986 in the vicinity of the
city of Multan (Hussain and Mahmood, 1988: Hussain et
al, 1991). Spreading mainly northeast under the influ-
ence of the prevailing winds, the disease crossed into
the state of Punjab, India in 1995,

CLCuD was initially assumed to be caused by a be-
gomovirus, due to its transmission by the whitefly B
tabaci. PCR-mediated amplification showed the pres-
ence of a begomovirus, named Cotton leaf curl virus
(CLCuwV), in CLCuD-infected cotton (Mansoor et al,
1993). Attempts to identify a second genomic component
(DNA B) were not successful, suggesting that CLCuV is
a monopartite begomovirus. However, full-length clones
of CLCuV, although infectious, were unable to induce the
symptoms typical of CLCuD in cotton and other host
plants. This indicated either that CLCuV plays no part in
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FIG. 1. Genome maps of CLCuV and and CLCuD DNA B showing the origins of sequences found in molecules CLCRO1 and CLCRO2. The fragments
are labeled as A-C (originating from CLCuV) and D and E {originating from CLCuD DNA B). The positions of abutting primers, designed to the
sequence of CLCRO1 (V4570/V4571) and sequence unique to DNA B (primers Beta01/Beta02), used to amplify CLCUV DNA B are shown. The region
of sequence on CLCRO2 (marked as b) originates from CLCuD DNA B but is inserted in the reverse crientation. The origin of two small segments

of DNA on CLCRO1 and CLCRO2 (marked as a) remains unclear.

causing CLCuD or that it requires some other factor(s) to
induce symptoms of the disease in plants (Briddon etal,
2000).

Subsequently a smaller (approx. 1350 nucleotides) sin-
gle-stranded DNA molecule (termed DNA 1) was shown
to be associated with CLCuD (Mansoor et a/, 1999). This
molecule, capable of self-replication in plant cells but
requiring CLCuV for spread in plants as well as insect
transmission, was shown ta play no part in inducing
symptoms. DNA 1 shows high levels of similarity to
nanovirus components which encode the replication as-
sociated protein (Rep). Nanoviruses are a genus of plant-
infecting, multicomponent, single-stranded DNA viruses
associated with diseases such as banana bunchy top
and faba bean necrotic yellows (Timchenko et al, 2000).

In this report we characterise an additional single-
stranded DNA molecule isolated from CLCuD-affected
tissue and demonstrate that the causative agent of the
disease is a complex between this novel molecule and
CLCuV.

s

RESULTS

A unique circular DNA molecule associated with
cotton leaf curl disease

We have previously shown the presence of a 1346
nucleotide recombinant molecule (EMBL Accession No.
AJ242974; which we shall henceforth refer to as cotton
leaf curl recombinant 01 (CLCRO1)), consisting of the
intergenic region of CLCuV (Fig. 1) with the remaining

sequence of indeterminate origin, in diseased cotton
(Briddon et al, 2000). A pair of nonoverlapping, abutting
primers (V4570/V4571) were designed to the sequence of
unknown origin of CLCRO1. These primers span a unique
Sall restriction endonuclease site present in the se-
quence of CLCRO1. PCR amplification with nucleic acids
extracted from CLCuD-infected cotton originating from
Pakistan utilising primer pair V4570/ V4571 amplified an
approximately 1360-bp fragment. The product of this PCR
was cloned into pGEM T-Easy vector (Promega), yielding
approximately 10 clones. Restriction endonuclease anal-
ysis of the 10 clones shown all to have the same restric-
tion pattern and to be different from CLCRO1 (results not
shown), possibly indicating that CLCRO1 is a minor com-
ponent of the DNA molecules in the plants analyzed. A
single clone (CLCBO1) was chosen at random for further
analysis. An additional primer pair (Beta01/Beta02), de-
signed to the sequence of CLCBO1 which is not present
in CLCRO1, also amplified an approximately 1350-bp frag-
ment. The amplified DNA was cloned into pGEM T-Easy
vector yielding 10 clones and a single clone (CLCB02)
was selected at random for further analysis.

Sequence analysis

The complete nuclectide sequences of clones
CLCBO01 and CLCPO2 were determined in both orienta-
tions and consist of 1351 and 1349 nucleotides, respec-
tively. These sequences are available in the EMBL,
DDJB, and GenBank databases under Accession Nos.
AJ292769 and AJ298903, respectively. The component
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FIG. 2. Genome map of CLCuV DNA B showing the positions of predicted open reading frames (shown by arrows within the circle) encoded in both
the virion-sense (left) and the complementary-sense (right) beginning in each case from an in-frame methionine codon. Only ORFs with a coding
capacity above 4 kDa are shown. The position of the A-rich region is shown as a double-headed arrow.

represented by clones CLCB01 and CLCB02 will hence-
forth be referred to as CLCuD DNA B, in line with the
nomenclature used for a similar molecule isolated from
Ageratum conyzoides (Saunders et al, 2000). Nucleotide
numbering for CLCuD DNA B, as for geminivirus
genomic components, proceeds from the 3' A in the
nonanucleotide sequence TAATATTAC. This motif, which
DNA B shares with geminiviruses, forms the loop of a
predicted stem loop structure which, for geminiviruses,
contains the nick site for initiation of virion-sense DNA
replication (Laufs et al, 1995; Stanley, 1995). This se-
guence differs from that of DNA 1 (and the majority of
nanovirus components, from which DNA 1 is proposed to
have evolved (Mansoor et al,, 1999)), which have a TAG-
TATTAC loop sequence. More recently some DNA 1 mol-
ecules have been identified with the geminivirus-like
(TAATATTAC) loop sequence (J. Stanley and K. Saunders,
unpublished results). The sequences of CLCuV DNA B
contain an A-rich region between nucleotides 766 and
984 (58% A; Fig:- 2) and show 96% overall nucleotide
sequence similarity with the majority of the nucleotide
changes occurring just downstream of the nonanucle-
otide motif in a putative noncoding region.

Analysis of the sequences of clones CLCBO1 and
CLCpBO02 identified four open reading frames (ORFs) with
a predicted coding capacity (beginning from an in-frame
methionine codon) above 4 kDa in each strand. These
ORFs are denoted as being encoded on the virion (V) or
complementary (C) strands (Fig. 2). Of these ORFs, only
two (V3 and C4) are predicted to be functional coding
regions by the program TESTCODE (results not shown).
This program predicts functional ORFs based on codon
usage. The coding capacities of these ORFs are listed in
Table 1.

A search of the EMBL nucleotide sequence databases
identified the presence of a fragment of DNA B among
the sequences of a number of defective CLCuV mole-
cules isolated by Liu et al. (1998a) from Nicotiana taba-
cum experimentally infected with CLCuD. The recombi-
nant molecule (EMBL Accession No. AJ222705; which
we shall henceforth refer to as CLCR02) consists of
mainly CLCuV DNA, but has a stretch of approximately
211 nucleotides of DNA B (nucleotides 555 to 354, cor-
responding to nucleotides 804 to 1004 of DNA B clone -
CLCPO1; Fig. 1). This finding demonstrates that DNA Bis
not unigue to the CLCuD isolate examined as part of this

TABLE 1

Features of CLCuD DNA B Open Reading Frames and Comparison to Those of AYVD DNA B

No. of amino acids
(CLCBO1/CLCB02) [%

Predicted molecular weight

Similarity to AYVD

ORF amino acid similarity]” (kDa) (CLCBO1/CLCBO2) DNA B ORFs (%)
Vi 61/81 [98.4] 7.5/9.8 —

Ve 39/40 [100] 4.3/4.4 56/56

V3 49/49 [93.8] 5.7/5.7 43/39

V4 65/65 [93.8] 7.5/7.6 25/23

c1 61/41 [92.7] 7.6/5.1 57/62

cz 49/49 [95.9] 5.8/5.8 =

Cc3 53/63 [94.3] 6.3/6.3 —

C4 118/118 [87.5] 13.7/13.7 46/46

* Percentage amino acid similarity (Schwartz and Dayhoff, 1978) between predicted products of clones CLCB01 and CLCBO2.
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study. The sequence contained in the database entry
AJ222705 is in the complementary sense and lacks the
nonanucleotide motif due to the design of the primers.

Comparison to DNA j associated with Ageratum
yellow vein disease

Comparisons of the sequence of CLCuD DNA B to the
DNA B molecule associated with Ageratum yellow vein
disease (AYVD) shows relatively low sequence identity
(63%) at the nucleotide level. A dot plot comparison (Fig.
3A) shows the sequences to have the highest levels of
similarity over a stretch of approximately 86 nucleotides
upstream of the predicted hairpin structure. An alignment
of this ‘conserved region" between the two DNA B mol-
ecules and its association to the TAATATTAC motif of the
hairpin structure is shown (Fig. 3B).

Alignments (conducted on the basis of position) of the
predicted amino acid sequences encoded by the ORFs
of CLCuD DNA B and AYVD DNA g identifies only limited
amino acid sequence similarity (Table 1). The highest
levels of similarity (57%) were detected between ORE C1
and the positional equivalent in AYVD DNA B. The rela-
tively high levels of sequence conservation identified
here may be due to the fact that these ORFs overlap the
A-rich region and are consequently lysine rich, probably
indicating that they are not translated. CLCuD DNA B
ORF C4 is positionally analogous to the ORF predicted by
TESTCODE to be functional for AYVD DNA B (Saunders
et al, 2000).

Infectivity and symptoms

Both CLCBO1 and CLCB02 were found to be infectious
to cotton following coinoculation with CLCuV. Subse-
quently all inoculations were conducted using CLCpBo2.
Following biolistic inoculation with CLCuV and DNA B,
symptoms in cotton appeared within 18 to 21 days posti-
noculation. The efficiency of infection to cotton following
biolistic inoculation was 16% (10 plants infected of 60
inoculated, the result of four independent experiments).
Inoculation of Nicotiana benthamiana with CLCuV and
DNA B was less efficient (10%, 5 plants infected of 50
inoculated, the result of five independent experiments)
with symptoms appearing within 10 to 15 days of inocu-
lation. This compares to 6 weeks for symptoms to appear
for inoculation of N. benthamiana with just CLCuV (Brid-
don et al,, 2000).

Symptoms induced in cotton by coinfection with
CLCuV and CLCuD DNA g are illustrated in Fig. 4. The
first leaf to develop symptoms exhibited deep downward
cupping 2 days prior to appearance of full foliar symp-
toms (Fig. 4D). The symptoms exhibited were downward
curling of the leaf margins, vein swelling, vein darkening,
and enations (Figs. 4A and 4B), which eventually devel-
oped into leaf-like structures on the main veins on the
undersides of symptomatic leaves (Fig. 4E). On a small

number of plants upward curling of the leaf margins was
evident (results not shown). These symptoms are typical
of the symptoms of CLCuD seen in the field and contrast
with the symptoms of infection of cotton with just CLCuV,
which consist of mild stunting and yellowing (Briddon et
al, 2000). N. benthamiana plants coinfected with CLCUV
and DNA B exhibit downward leaf curling, leaf crumpling,
and stunting indistinguishable from those of infection of
N. benthamiana by AYVV and AYVD DNA B (results not
shown). Although infected N. benthamiana plants flow-
ered, they set no seed. N. benthamiana plants infected
with just CLCuV exhibited mild stunting and yellowing
(Briddon et a/,, 2000).

Analysis of CLCuV and DNA B inoculated plants

Analysis of both cotton and N. benthamiana plants
inoculated with only CLCuD DNA B, by Southern blot
hybridization, was unable to show the spread of this
molecule in plants, nor its replication in inoculated
leaves (20 plants analysed for each species; results not
shown). Southern blot analysis of cotton plants infected
with both CLCuV and DNA B, compared to plants in-
fected with a wild isolate of CLCuD, is shown in Fig. 5.
Typical DNA forms indicative of replication are evident
for both CLCuV and DNA B, indicating efficient trans-
replication and/or trans-movement of DNA B by CLCuV in
cotton. For both probes some DNA forms (marked as
subgenomic; sg), migrating faster than the unit length
molecules, are detected. These bands most probably
represent defective forms of CLCuV and DNA B pro-
duced by errors in replication or by recombination.

Comparison of cotton plants coinfected with CLCuV
and CLCuD DNA B to cotton plants infected with only
CLCuV show an amplification of CLCuV in the presence
of DNA B (Fig. 6). In coinfected plants CLCuV shows
considerably higher levels of virus-specific subgenomic
DNA molecules.

Southern blot analysis of cotton plants coinoculated
with CLCuV and DNA B, which did not become symp-
tomatic, identified a small number of plants in which
CLCuV replication was evident without DNA B (3 out of
26 plants analysed; Fig. 6). The ability of CLCuV to infect
cotton, but inducing only very mild symptoms, has been
noted previously (Briddon et a/,, 2000). PCR amplification
with primer pair V4570/4571 from nucleic acid extracts
produced from the inoculated leaves of both N
benthamiana and cotton, which had been inoculated
with CLCB02, did not produce a DNA B-specific product,
indicating that CLCuD DNA B is not capable of autono-
mous replication (results not shown) but instead relies
on CLCuV for replication functions. Similar experiments
with leaves inoculated with both CLCuV and CLCBO2
yielded the expected full-length DNA B product.

Attempts at plant-to-plant transmission of progeny viri-
ons resulting from coinfection of cotton with CLCuV and
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FIG. 3. DOTPLOT comparison of the sequences of CLCUD DNA B (pCLCBO02) and AYVD DNA B with a window size of 21 and a stringency of 13
(A). The position of the A-rich region is shown for each sequence by a double-headed arrow. Alignment of the sequences of CLCuD DNA B and AYVD
DNA B surrounding the predicted hairpin structure (B). The position of the nonanucleotide sequence is shown within a gray box and nucleotide
number 1 is indicated by an asterisk. The ‘conserved region” between the two sequences is shown underlined.

CLCuD DNA B, using B. tabaci, were not successful imately 1000 insects per experiment). Southern blot anal-
(three independent experiments utilizing separate ysis of nucleic acids extracted from groups of 10 B.
source plants, three healthy test seedlings, and approx- tabaci which were given a 48-h acquisition access pe-
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FIG. 4. Symptoms induced by infection of cotton with clones of CLCuV and CLCuD DNA B by biolistic inoculation. (A) Comparison of a leaf from
an infected plant (left) with a leaf from a healthy plant (right) photographed with transmitted light. An infected (B) and a healthy plant (C) photographed
approximately 2 months after inoculation. (D) Initial symptoms on the upper leaves of a cotton plant occurring 10 to 15 days after inoculation. (E)
Leaf-like enations which develop on the main veins on the undersides of symptomatic leaves.

riod on cotton coinfected with CLCuV and CLCuD DNA B
showed that both these components could be acquired
(CLCuV and CLCuD DNA B ssDNA detected in four of
eight groups of 10 insect extracts examined), consistent
with DNA B being trans-encapsidated by the coat protein
of CLCuV.

DISCUSSION

Cotton leaf curl disease is the major constraint to
cotton production in Pakistan and is of increasing impor-
tance to the cotton industry of India. By analysing the
sequences of jndeterminate origin contained by recom-
binant, subgenomic DNA molecules associated with
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FIG. 6. Southern blot analysis of total nucleic acids extracted from
cotton plants showing CLCuD symptoms following coinoculation with
clones of CLCuV and CLCuD DNA B (lanes 1-7). Lanes marked as M1
and M2 were loaded with total nucleic acid extracts of an . benthami-
ana plant (infected with CLCuD by graft inoculation) and cotton plant
(field collected plant) showing symptoms of infection by CLCuD, re-
spectively. Approximately equal amounts of nucleic acids (10 ug) were
loaded in each lane. Duplicate blots were probed with radioactively
labeled, full-length clones of CLCuV (A) and CLCuD DNA B (B). The
positions of single-stranded (ss), supercoiled (sc), linear (lin), and
subgenomic (sg) DNA forms are shown.

CLCuD, we have identified a novel molecule essential for
symptom induction. CLCuD DNA B, in conjunction with
CLCuV, represents the infectious unit responsible for
CLCuD and is the first agriculturally destructive disease
conclusively attributable to a begomovirus/DNA B com-
plex.

CLCuD DNA B is approximately half the length of the
begomovirus component. Unlike DNA 1, a half-genomic
length molecule previously shown to be associated with
CLCuD which shows high levels of sequence similarity
to Rep encoding components of nanoviruses (Mansoor
et al, 1999; Saunders and Stanley, 1999), DNA B-shows
no significant similarity to sequences in databases, with
the exception of AYVD DNA B. CLCuD DNA B shares
little sequence homology with CLCuV, although it re-
quires the virus for trans-replication and encapsidation
as evidenced by the ability of B. tabaci, the vector of
begomoviruses, to acquire DNA B from plants coinfected
with CLCuV and DNA B. By analogy to the function of
DNA B of bipartite begomoviruses, which encodes two
gene products involved in virus movement (Noueiry et
al,1994), the product(s) encoded by DNA B may be in-

volved in cell-to-cell movement. Alternatively it may act
as a replication enhancer which manipulates the cellular
environment to make it favorable for virus replication,
possibly by overcoming host defense mechanisms such
as gene silencing. The results of the analysis of plants
infected with CLCuV alone and in conjunction with
CLCuD DNA B, showing the presence of CLCuD DNA 3
leading to an increase in the levels of viral nucleic acids,
is consistent with both these hypotheses.

Satellite RNAs of many plant RNA viruses have been
described (reviewed by Roossinck et al,, 1992). By defi-
nition satellites have no sequence homology to their
helper virus and are completely dependent upon their
helper viruses for replication but may encode their own
coat protein or rely on their helper virus for encapsida-
tion. Satellites may also affect the titer of the helper virus
in plants as well as alter the symptoms induced by the
helper virus. Thus DNA B molecules should be seen,
taxonomically, as DNA satellites of begomoviruses,
rather than true virus components.

The presence in both CLCuD DNA B and AYVD DNA B
of an A-rich region, which may have originated by se-
guence duplication to satisfy size requirement for encap-
sidation and/or virus movement (Saunders et a/, 2000),
may indicate that the progenitor molecule, from which
DNA B has evolved, was less than its present half-
geminivirus genomic compenent size (approx. 1350 nu-
cleotides). For the DNA 1 molecules identified for CLCuD
and AYVD, a similar size increase from that of nanovirus
components (from 1000 nucleotides to approx. 1350 nu-
cleotides) has been proposed (Mansoor et al, 1999;
Saunders and Stanley, 1999). It is possible that DNA 3
molecules originated with nanoviruses, although no mol-

M 123 456
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FIG. 6. Southern blot analysis of total nucleic acids extracted from
cotton plants coinfected with CLCuV and CLCuD DNA B. showing
typical CLCuD symptoms (lanes 1-3), and plants infected only with
CLCuV (lanes 4-6), showing very mild symptoms, probed with radio-
actively labeled CLCuV. The sample in lane M was extracted from a
field-collected cotton plant infected by CLCuD. The positions of single-
stranded (ss) and supercoiled (sc) viral DNA forms are shown,
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ecules with similarity to DNA B have been identified in
nanovirus-infected plants and the range of symptoms
induced by nanoviruses do not include those exhibited
by CLCuD and AYVD.

Although clearly related and of common ancestry, the
precise origin of the two DNA B molecules thus far
identified and characterised remains unclear. A
conyzoides exhibiting yellow vein symptoms not dissim-
ilar to those reported in Singapore occur throughout the
Indian subcontinent and have been shown to be asso-
ciated with a DNA 1 molecule (Mansoor et a/., 2000). It is
likely therefore that Ageratum yellow vein disease on the
Indian subcontinent is caused by a begomovirus—DNA
complex and is a possible source for the complex now
affecting cotton crops. There are however a number of
different plants species in Pakistan, India, and Nepal
which exhibit symptoms comparable to CLCuD, includ-
ing okra, Hibiscus spp., and hollyhock. Although shown
to be associated with begomoviruses, identification and
analysis of their possible DNA B components will be
required to determine their relationship to the complex
causing disease in cotton.

The two molecules which make up the genome of
bipartite begomoviruses, such as African cassava mo-
saic virus (Stanley and Gay, 1983), share a so-called
‘common region” of approximately 200 nucleotides. This
region contains cis-acting elements for replication and
gene expression, including the nonanucleotide motif (TA-
ATATTAC), which contains the nick site for initiation of
rolling circle replication (Laufs et a/, 1995), and the Rep
binding site (Fontes ef al,, 1994; Arglello-Astorga et al.,
1994). CLCuV and CLCuD DNA B do not share a common
region, although DNA B must have a functional Rep
binding site to allow trans-replication from CLCuV. It is
likely that the conserved region of DNA B molecules is
functionally analogous to the common region of bego-
moviruses. This region contains a nonanucleotide motif
and may also contain a cryptic Rep binding site. The high
levels of sequence conservation within the common re-
gion of such otherwise dissimilar DNA B components
may be due to the need to maintain the elements re-
quired for trans-replication and gene expression, possi-
bly being an adaptation for interaction with disparate
begomoviruses. Further analysis of the ability of other
begomoviruses, particularly of those also associated
with DNA B molecules, to trans-replicate DNA B mole-
cules may provide an answer to this question.

The reason for the failure to insect transmit the prog-
eny virions from plants coinfected with CLCuV and
CLCuD DNA B remains unclear. The fact that both com-
ponents can be acquired by B. tabaci shows that the coat
protein of CLCuV can encapsidate both the begomovirus
and the DNA B component and that these are able to
interact with receptors in whiteflies predicted to be in-
volved in virus acquisition (Liu et a/, 1998b). It is possible
that the coat protein of the CLCuV clone used here has

defective signal(s) for passage of the virus into the sali-
vary glands of insects, thus preventing transmission.
Further clones of CLCuV are being tested to investigate
this possibility. The role that DNA 1 may play in insect
transmission is also under investigation, although the
results obtained with AYVD would suggest that this com-
ponent is not required for insect transmission (Saunders
et al., 2000).

Although the origin of the DNA B molecules associ-
ated with CLCuD and AYVD remains unclear, the origin of
their DNA 1 molecules rests, almost certainly, with the
nanoviruses (Mansoor et al., 1999; Saunders and Stanley,
1999). CLCuD complex is thus the product of a reassort-
ment of virus genomic components, in this case a bego-
movirus (CLCuV), a component originating from nanovi-
ruses (CLCuD DNA 1), and a new component of un-
known origin (CLCuD DNA B), leading to a new disease.
This finding illustrates a mechanism of evolution, com-
ponent exchange, for single-stranded DNA viruses
(Saunders and Stanley, 1999). Recently Timchenko et &/,
(2000) have suggested that reassortment of genomic
components between different nanoviruses may be im-
portant in the evolution of new viruses and virus variants.
The findings with CLCuD and AYVD, of the presumed
capture of DNA 1 from nanoviruses, demonstrate that
even reassortment and exchanges between viruses of
different families are a factor in the evolution of these
viruses (Saunders and Stanley, 1999). The possibility that
DNA B originates with an, as yet, unidentified group of
viruses cannot be ruled out.

Recombination between components has been shown
to play a major part in the evolution of geminiviruses
(Briddon et al, 1996; Padidam et al, 1999). Evidence
presented here of intermolecular recombination occur-
ring between CLCuV and CLCuD DNA B (resulting in
molecules CLCRO1 and CLCR02) illustrates the possibil-
ity for further adaptation and evolution of the CLCuD
complex. It is interesting to note that CLCRO1 consists
essentially of the sequence of CLCuD DNA B with a
geminivirus origin of replication (intergenic region). We
have thus far not been able to show any biological
activity of CLCRO1, other than the ability to be trans-
replicated by CLCuV (results not shown), but this mole-
cule is not far removed from a begomovirus DNA B-like
component with a true common region.

Further examples of this type of begomovirus-DNA 8
complex are under analysis, including examples isolated
from honeysuckle and Eupatorium species, which
should provide further information on the function and
origin of the DNA B component. Recently Idris and Brown
(2000) reported a monopartite begomovirus associated
with cotton leaf curl disease originating from Sudan. It
will be interesting to see whether this also requires a
DNA B component to produce full disease symptoms in
cotton.

The evidence presented here demonstrates that the
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begomovirus CLCuV requires a unique single-stranded
molecule, which we have named CLCuD DNA B, to
induce symptoms of CLCuD in cotton. Thus CLCuD is a
member of new type of infectious agents. This new group
of pathogens consists typically of a monopartite bego-
movirus, a DNA 1 component originating from nanovi-
ruses and a single-stranded satellite-like molecule (DNA
B). which is approximately half the length of the bego-
movirus component and which has no sequence simi-
larity to either the helper begomovirus or the DNA 1.
CLCuD is the first crop disease attributable to this new
group of pathogens and also includes Ageratum yellow
vein disease (Saunders et a/l, 2000), a disease of weed
species.

MATERIALS AND METHODS

Virus collection and maintenance

The virus isolate (CLCV-C) was collected in cotton
from the district of Multan, Pakistan and was maintained
in cotton (Gossypium hirsutum cv. S12) both by insect
transmission, using the whitefly B. tabaci (Gennadius),
and by grafting infected scions to healthy cotton seed-
lings. Infected plants were maintained in insect-proof
glasshouses at 25°C with supplementary lighting to give
a 16-h photoperiod. Periodically the plants were trans-
ferred to a growth cabinet (Fisons) maintained at 35°C
with a 16-h photoperiod to maintain symptoms.

PCR amplification, cloning, and sequence analysis

The isolation and sequencing of clone pCLCUVO001, a
full-length infectious clone of the begomovirus CLCuV,
from virus isolate CLCuV-C has been described previ-
ously (Briddon et a/, 2000).

Full-length clones of the DNA B molecule were ob-
tained by PCR amplification with primer pair 4570/
V4571 (virion strand primer 5'-GTCGACTATGAACCT-
GACTCCCTCCTTG-3' and complementary strand primer
B'-GTCGACGTTCGCATCATGAAGAATATGAAG-3": these
primers are designed around a naturally occurring Sall
restriction endonuclease site (underlined) occurring in
both DNA B and CLCRO01) and cloning of products into
pGEM T-Easy vector (Promega) to yield clone CLCpBO1. A
further clone (CLCB02) was obtained with primer pair
Beta01/Beta02 (virion strand primer 5'-GGTACCAC-
TACGCTACGCAGCAGCC-3'; complementary  strand
primer 6'-GGTACCTACCCTCCCAGGGGTACAC-3'; these
primers introduce a unique Kpnl restriction endonucle-
ase site (underlined)), designed to sequence which
CLCp01 does not share with CLCRO1.

The complete nucleotide sequences of both DNA B
clones were determined by dideoxynucleotide chain-ter-
mination sequencing using the PCR-based BIG DYE kit
(Perkin-Elmer Cetus) and specific internal primers (Ge-
nosys). Reaction products were resolved on an ABI 377

automated .sequencer. Sequence information was
stored, assembled, and analysed using Version 7 of the
program library of the Genetics Computer Group (Deve-
reaux et al., 1984).

Inoculation of plants

The inserts of clones pCLCUV001, CLCBO01, and
CLCPBO2 were excised from their cloning vectors using
Hindlll, Sall, and Kpnl, respectively. DNA A and DNA B
inserts were mixed in equal proportions, coated onto
gold particles, and inoculated to N. benthamiana and
cotton (G. hirsutum cv. S$12) seedlings essentially as
described previously (Briddon et a/, 1998, 2000). Cotton
was inoculated into the growing tip and youngest leaf
upon the expansion of the first true leaf. Following inoc-
ulation, cotton seedlings were maintained in a growth
cabinet at a constant temperature of 35°C with a 16-h
daylength. N. benthamiana seedlings were maintained in
an insect-proof glasshouse at 25°C with supplementary
lighting to give a 16-h daylength.

Detection of CLCuV and CLCuD DNA 3 components

Nucleic acids were isolated from plants and insects (in
groups of 10) as previously described (Liu et a/, 1998)
and electrophoresed in 1% agarose gels in TNE buffer
(40 mM Tris acetate [pH 7.5], 20 mM sodium acetate, 2
mM EDTA). DNA was transferred to Hybond-NX (Amer-
sham Pharmacia) and hybridised to [a**P]JdCTP (New
England Nuclear)-labeled probes of full-length CLCuV
and CLCuD DNA B clones.
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