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Wited by the whitefly 8. tabaci. The fact that it is encap-
sidated by coat protein that is immunogenically related
o begomovirus coat protein may mean that the nanovi-
rus has acquired the gene by recombination with gemi-
nivirus DNA during a co-infection event. Recombination
between species belonging to the same or different
Geminiviridae genera has been proposed (Stanley et al.,
1986, Hou and Gilbertson, 1996; Zhou et al,, 1997) and,
more significantly, this has been extended recently to
recombination between geminivirus and nanovirus-like
components (manuscript in preparation). However, if
DNA 1 represents one component of an autonomous
nanaovirus, the occurrence of both CLCuV DNA and DNA
1 in all symptomatic cotton plants that were sampled
must be fortuitous. This implies an extremely high inci-
dence of infection that has been maintained over a pe-
riod of several years (plants wefe sampled between 1992
and 1998) and throughout regions of Pakistan separated
by as much as 400 km. An alternative hypothesis, and
ane that we currently favour, is that the geminivirus and
nanovirus-like components are mutually dependent and,
hence, invariably occur together within infected plants.
We suggest that, although both CLCuV DNA and DNA 1
car replicate autonomously, DNA 1 relies on codt protein
encoded by CLCuV DNA for encapsidation and whitefly
rransmission (rather than having acquired the coat pro-
tein by a recombination event as suggested above). In
this respect, the nanovirus-like component would resem-
ble members of the Umbraviridae, which rely on a dis-
tinct helper virus for encapsidation and transmission by
aphids (Murant et al, 1886). In turn, CLCuV DNA must
rely on a gene product(s) encoded by either DNA 1 or
another nanovirus-like component. Preliminary infectivity
studies using cloned DNA components have demon-
<trated that DNA 1 moves systemically throughout cotton
when co-inoculated with CLCuV DNA but is unable to
confer typical leaf curl symptoms, suggesting that one or
ore additional viral components are associated with
ihe disease. Thus it is likely that the putative nanovirus-
like gene product will be an important pathogenic deter-
minant, 8s has been demonstrated for DNA B-encoded
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remains to be determined, but as many as 10
distinct components have been isolated for FBNYV and
MVDV (Katul et al, 1998; Sano et al, 1998). The aetiology
of these viruses has been complicated by the isolation of
components that may encode functionally related but
distinct gene products. Clearly, the next major advance in
nanovirus research will be to characterise the genome
by infectivity and transmission studies using cloned DNA
components. Currently we are attemnpting to isolate ad-
ditional nanovirus-like components associated with
symptomatic cotton plants for the purpose of defining the
causal agent of cotton leaf curl disease.

MATERIALS AND METHODS

Virus isolates, DNA extraction, and isolation of viral
scDNA

Cotton (Gossypium hirsutum L.) plants showing typical
symptoms of cotton leaf disease were originally col-
lected from fields near Multan, Pakistan in 1992 and have
been maintained at the John Innes Centre by grafting
onlo the susceptible cotton variety S-12. The disease
was transmitted from these plants to tobacco (Nicotiana
tabacum var. Samsun) using viruliferous whiteflies and
maintained at the John Innes Centre by grafting. Symp-
tomatic cotton plants originating from other locations
within Pakistan, and collected in 1997 and 1998, were
maintained at NIBGE, Faisalabad.

Virus particles were isolated from infected cotton
plants and purified by sucrose gradient centrifugation,
and DNA was extracted from purified virus using a mod-
ification of the method described by Czosnek et al. (1988)
(manuscript in preparation). DNA was extracted from
viruliferous whiteflies according to the method of Zeidan
and Czosnek (1991).

DNA was isolated from cotton plants growing in the
field and from cotton and tobacco plants maintained in a
glasshouse using a CTAB method (Doyle and Doyle,
1987). ScCDNA was purified from 25- to 60-g leaves by
cesium chloride density gradient centrifugation as de-
scribed by Stanley and Townsend (1985). Fractions col-
lected from the gradient were analysed on an agalose
gel, and those containing scDNA were identified by
Southern blotting using a probe produced by labelling
the full-length CLCuV DNA insert of clone pS1 (manu-
script in preparation) using the method of Feinberg and
Vogelstein (1983).

Construction of viral DNA clones

Attempts were made o clone additional genomic com-
ponents after digesting the sSCONA isolated from infected
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amplify fuil-length DNA 1 from infected cotton, which was
cloned into pGEM-T (Promega) to produce pGEM-CLCV1.
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Characterisation of DNA 1

The sequences of both strands of the pBS-CLCV1 and
PGEM-CLCV1 inserts were derived using an ABI PRISM
Big Dye Terminator, Cycle Sequencing, Ready Reaction
Kit (Perkin-Elmer) together with standard forward and
reverse sequencing primers and DNA 1-specific primers
based on established sequence. Sequences were estab-
lished using an ABI 373 automated sequencer. To ensure
that the pBS-CLCV1 insert represented a full-length copy
of the viral DNA, a DNA fragment was PCR-amplified
using primers PB1-F (nucleotides 1294-1321) and PB1-R
(complementary to nucleotides 1272-1299), both contain-
ing an additional GG dinucleotide mismatch at their 5’
termini. The sequence across the BamHl site of the
amplified fragment was determined. To determine the
arientation of the DNA sequence (virion-sense or com-
plementary-sense), viral DNAs were fractionated on aga-
rose gels, Southern blotted, and hybridised to strand-
specific riboprobes transcribed from either the T7 or the
SP6 promoter of pGEM-CLCV1. Sequences were anal-
ysed using version 7 of the program library of the Ge-
netics Computer Group (Devereaux et al, 1984). Nano-
virus sequences used for DNA and Rep protein compar-
cons (database Accession numbers in parentheses)
~ere coconut foliar decay virus (M29963), faba bean
necrotic yellows virus (AJO05968), subterranean clover
<tunt virus (U16735), milk vetch dwarf virus (AB000S20),
and banana bunchy top virus (S56276).

Analysis of encapsidated DNAs

N. benthamiana plants were infected by graft-inocula-
iion from tobacco. Virus particles were isolated from
infected N benthamiana extracts by immunotrapping
using polyclonal antiserumn raised against ACMV coat
~rotein that had been expressed in Escherichia coli (Liu,
1958). Microfuge tubes were coated with 200 ul anti-
-erum for 3 h at 37°C. An extract of an infected leaf,
orepared according 10 the methoﬂ of Harrison et al.
(1997), was incubated for 3 h at 37°C in treated and
untreated (control) tubes. Tubes were rinsed three times
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eluept‘was phenol extracted and nucleic acids were
Precipitated with ethanol. Nucleic acids were anal:«fs—m
by Southern blotting using DNA 1 strand-specific ’rub-.{
probes transcribed from either the T7 or the SP6 pro
moter of pGEM-CLCV1.

Detection of viral DNAs in plant extracts and insects

Samples (10 ug) of DNA isolated from cotton and
tobacco plants were fractionated by agarose gel electro-
phoresis in TNE buffer [40 mM Tris acetate (pH 7.5), 20
mM Na acetate, 2 mM EDTA] and transferred to Hy-
bond-N membranes (Amersham Life Science). Duplicate
blots were probed using radiolabelled inserts of either
pS1 or pBS-CLCV1. Full-length DNA 1 fragments were
PCR-amplified from extracts of plants and viruliferous
insects using partially overlapping primers DNA1-F
(TgGGGATCCTAGGATATAAATAACACGTC, nucleotides
1328-1366) and DNA1-R (CTAGGATCCgGACAAATTA-
CAAGCGTACC, complementary to nucleotides 1311-
1339). BamH| sites in these primers are underlined and
single base mismatches are shown in lower case.

Investigation of viral DNA replication

Clone pGEM-CLCV1 was linearised using BamH|, and
a full-length copy of DNA 1, amplified using primers
DNA1-F and DNA1-R, was inserted as a BamH| fragment
to produce a tandem repeat in pGEM-CLCV1d. To inves-
tigate replication of the cloned DNA, pGEM-CLCV1d and
a clone containing a partial repeat of CLCuV DNA
(pCLCV-Pak1; manuscript in preparation) were intro-
duced into tobacco leaf explants using a helium-driven
gun (PDS 1000, BioRad) with a 1100 psi rupture disc,
essentially as described by Kikkert (1993). The expres-
sion cassette pJIT166 (Guerineau et a/, 1992}, containing
the uvidA gene under the control of 35S promoter, was
included with the viral DNA clones to monitor the biolistic
delivery of the DNA. Leaf explants were incubated on MS
medium in a growth chamber at 28°C with 16-h day
length, and were harvested either after 24 h to assay /n
situ for GUS expression (Jefferson, 1987) or after 5 days
to assay for viral DNA replication. DNA was extracted
from leaf explants (Doyle and Doyle, 1987), and viral
DNAs were analysed by Southern blotting using probes
corresponding to full-length CLCuV DNA and DNA 1.
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