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Abstract The biological role of DNAT1, a nanovirus-like component shown to be associated with the
begomovirus/satellite complex, has not yet been identified. Here, we demonstrated that DNA1 of Tobacco
curly shoot virus isolate Y35 (TbCSV-Y35) attenuated leaf-curling symptoms induced by TbCSV-Y35 or
TbCSV-Y35 plus Y35 DNAR in the early stage of symptom development and induced leaf cluster at a later
stage of symptom development in Nicotiana benthamiana plants. The leaf disc assay demonstrated that
TbCSV-Y35 DNAI replicated autonomously. Southern blot analysis revealed that TbCSV-Y35 DNAT re-
duced viral DNA accumulation. Viral DNA accumulation was not reduced when plants were co-inoculated
with TbCSV-Y35 DNAP, but the TbCSV-Y35 DNAP level was dramatically reduced in the presence of
TbCSV-Y35 DNALI. To determine whether the interaction between TbCSV/satellite complex and DNA1 had
isolate specificity, DNA1 of TbCSV isolate Y132 was cloned and sequenced. It was found to have 75%
nucleotide sequence identity with TbCSV-Y35 DNAI. Infectivity tests showed that TbCSV-Y 132 DNAT1 had
no effect on the symptoms induced by TbCSV-Y35 or TbCSV-Y35 and Y35 DNAB in N. benthamiana

plants, although Y132 DNAT1 could replicate in these plants.

Key words

The viruses in the family Geminiviridae are divided into
four genera according to genome organization, host range
and vector transmission [1]. Most geminiviruses belong
to the genus Begomovirus, which are transmitted by
Bemisia tabaci and can infect dicotyledonous plants. The
majority of begomoviruses have two components, referred
to as DNA-A and DNA-B, both of which are essential for
systemic infection. Some begomoviruses have only a single
genomic component (resembling DNA-A) which is suf-
ficient to induce typical disease in plants [2,3]. However,
for some monopartite begomoviruses, such as Ageratum
yellow vein virus (AYVV), Cotton leaf curl Multan virus
(CLCuMYV) and Tomato yellow leaf curl China virus
(TYLCCNYV), a satellite molecule named DNAJ is required
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to induce typical disease symptoms in the plant species
from which they are isolated [4—6]. DNA depends on a
helper virus for replication, movement and encapsidation.
The begomovirus/satellite DNA molecule complexes
have a widespread distribution and pose a serious threat to
tropical and subtropical agro-ecosystems worldwide [7].
In addition to the DNAP component, a nanovirus-like
DNA component, referred to as DNA1, has been also
found to be associated with the begomovirus/satellite
complex [7-11]. DNA1 contains a single open reading
frame (ORF) for replication and depends on the helper
begomoviruses for spreading in plants and insect trans-
mission. However, its role in the development of disease
is not clear.

Tobacco curly shoot virus isolate Y35 (TbCSV-Y35) was
first isolated in Yunnan, China, and was found to be asso-
ciated with DNAP [6]. It is also associated with DNA1
[11]. Here, we report that the interaction between DNAT1
and the TbCSV/satellite complex can modulate viral symp-
toms and reduce viral DNA accumulation.
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Materials and Methods

Virus isolates

TbCSV-Y35 was collected previously [6]. TbCSV iso-
late Y132 (TbCSV-Y132), showing curly shoot, stunting,
leaf curl and vein-darkening symptoms, was collected from
a tobacco field in Baoshan, Yunnan Province, China.

Construction of infectious DNA clones

A full-length copy of the TbCSV-Y35 DNA1 was am-
plified using the primers Y35DNAI1F1 (5-GTCGAC-
CAGGGTACTGTAGCTG-3" a Sall site was introduced)
and Y35DNAIR (5-GAATTCTTCCTCCGCAAGCTTAG-
3’ an EcoRI site was introduced), and cloned into the
pGEM T-Vector (Promega, Madison, USA) to produce
pGEMT-Y35DNAI1-SE. The pGEMT-Y35DNA1-SE was
digested by Sall and EcoRI, and inserted into the binary
vector pBinPLUS [12] to produce pBinPLUS-Y35DNA1-
SE. Another full-length copy of the TbCSV-Y35 DNA1
genome was amplified using the primers Y35SDNAI1F
(5-GAATTCCAGGGTACTGTAGCTG-3', an EcoRlI site
was introduced) and Y35DNAIR, and cloned into the
pGEM T-Vector to create pGEMT-Y35DNAI1-E. pPGEMT-
Y35DNAI1-E was digested with EcoRI and the digested
fragment was inserted into pBinPLUS-Y35DNA1-SE to
produce pBinPLUS-2-mer-Y35DNAI1, containing the
dimer of full-length Y35 DNAI. pBinPLUS-2-mer-
Y35DNAI was introduced into Agrobacterium tumefaciens
strain EHA 105 by direct transformation or by triparental
mating. The infectious clone of Y132DNA1 was con-
structed by the same technique. The infectious clone of
TbCSV-Y35 and associated DNAP were constructed in
this lab previously (data not shown).

Agro-inoculation of plants

A. tumefaciens cultures were grown at 28 °C for 48 h
(4,,,=1). For co-inoculation, a mixture containing equal
volumes of separate bacterial cultures (TbCSV-Y35+Y35
DNAI1, TbCSV-Y35+Y35 DNAR, or TbCSV-Y35+Y35
DNA1+Y35 DNAP) was used. A 21-gauge needle was used
to inject 0.2 ml of the bacterial culture mixture into the
stem or petiole of plants at the 4—6 leaf stage. Inoculated
plants were grown in an insect-free cabinet with 16 h of
light per day.

Leaf disc assay for DNAI1 replication

The replication of DNA1 was investigated in N.
benthamiana leaf discs as described by Klinkenberg et al.

[13]. Leaf discs of 6 mm in diameter were incubated on
pre-callusing medium plates for 24 h at 25 °C under con-
tinuous lighting, then dipped into an overnight culture of
the appropriate transconjugant and returned to the plates
for a further 48 h. Leaf discs were then transferred to a
selective medium containing 100 pug/ml kanamycin and
500 pg/ml carbenicillin (Sigma, St. Louis, USA), incu-
bated at 25 °C, and then collected for isolation of viral
DNA at 2, 4 and 6 days post-inoculation (dpi).

Isolation and characterization of viral DNA forms in
plants

The total DNA was isolated from young leaves of sys-
temically infected N. benthamiana plants as described by
Zhou et al. [14]. Nucleic acids were fractionated by 0.8%
agarose gel electrophoresis in TBE buffer (90 mM Tris-
borate, 2 mM EDTA, pH 8.3), and transferred to Hybond-
N*membranes (Amersham Biosciences, Buckinghamshire,
England) after alkali denaturation and neutralization. The
membranes were then hybridized to [o-*?P]dCTP-labeled
probes specifically for TbCSV-Y35, Y35 DNAR and Y35
DNAI.

Cloning and sequencing of TbCSV-Y132 DNAL1

The total nucleic acid of TbCSV-Y 132 was extracted
as described by Xie ef al. [15]. A full-length copy of the
Y132 DNA1 was amplified using primers UNA101 (AAG-
CTTGCGACTATTGTATGAAAGAGG) and UNA102
(AAGCTTCGTCTGTCTTACGAGCTCGCTG) [11], and
the amplified fragment was cloned into the pGEM-T vec-
tor and sequenced using the automated Model 377 DNA
sequencing system (Perkin Elmer Inc., Wellesley, USA).
Sequence data was assembled and analyzed with the aid
of the DNASTAR program (DNASTAR Inc., Madison,
USA).

Results

Effect of ThCSV-Y35 DNAI1 on viral symptoms

To identify the biological role of TOCSV-Y35 DNAI, N.
benthamiana plants were agro-inoculated with TbCSV-
Y35, TbCSV-Y35 plus Y35 DNA1, TbCSV-Y35 plus Y35
DNAp and Y35 DNAL. The N. benthamiana plants inocu-
lated with only TbCSV-Y35 began to develop upward leaf-
curling symptoms at 7 dpi, while those co-inoculated with
TbCSV-Y35 plus Y35 DNA1 began to develop similar symp-
toms at 9 dpi. The upward curling symptoms of the newly
emerging leaves inoculated with TbCSV-Y35 plus Y35
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DNAT1 were milder than those induced with only TbCSV-
Y35 at the early stage of symptom development (9-30
dpi) [Fig. 1(A)]. At the late stage of symptom develop-
ment (60—90 dpi), the top leaves of the plants inoculated
with TbCSV-Y35 plus Y35 DNAI formed a cluster, while
the plants inoculated with only TbCSV-Y35 kept on grow-
ing upward and the top leaves never formed a cluster [Fig.
1(B)].

The N. benthamiana plants co-inoculated with TbCSV-
Y35 plus Y35 DNAP and Y35 DNATI developed down-
ward curling symptoms, which were indistinguishable from

(A)

Y35 Y35+DNAI

©)

Fig. 1
(A) TbCSV-Y35 only and TbCSV-Y35 plus Y35 DNA1 at 30 dpi. (B) TbCSV-Y35 only and TbCSV-Y35 plus Y35 DNA1 at 90 dpi. (C) TbCSV-Y35 plus Y35 DNAR
and TbCSV-Y35 plus Y35 DNAR and Y35 DNALI at 30 dpi. (D) TbCSV-Y35 plus Y35 DNAR and TbCSV-Y35 plus Y35 DNAP and Y35 DNAI at 90 dpi.

those co-inoculated with TbCSV-Y35 plus Y35 DNAP at
the early stage of symptom development [Fig. 1(C)].
However, at the late stage of symptom development, the
top leaves of the plants inoculated with TbCSV-Y35 plus
Y35 DNAP and Y35 DNAI formed a cluster. The cluster
symptoms were not observed in the plants inoculated with
TbCSV-Y35 plus Y35 DNAR [Fig. 1(D)].

Autonomous replication of TbCSV-Y35 DNALI in plants

PCR detection showed that DNAT1 alone could not in-
fect N. benthamiana plants systemically (data not shown).

(B)

Y35 Y35+DNALI

(D)

Y35+DNAP Y35+DNAB+DNAI

Symptoms of N. benthamiana plants inoculated
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In order to determine whether DNAT1 could replicate
autonomously, an N. benthamiana leaf disc assay was car-
ried out. Southern blot analysis showed that the leaf discs
infected with only TbCSV-Y35 DNA1 produced typical
single-stranded DNA forms, indicating that it can replicate
autonomously. A dramatic increase in the DNA1 accumu-
lation levels was found in the leaf discs co-inoculated with
TbCSV-35 plus Y35 DNA1 or with TbCSV-35 plus Y35
DNAT1 and Y35 DNAQ (Fig. 2).

Effects of TbCSV-Y35 DNA1 on the accumulation of
ThCSV-Y35 and Y35 DNAPB

To determine the effects of TbCSV-Y35 DNA1 on the
accumulation of TbCSV-Y35 and Y35 DNAP in infected
plants, nucleic acids were extracted from systemically in-
fected N. benthamiana plants at 30 dpi and analyzed by
Southern blot with probes specifically for TbCSV-Y35,
Y35 DNAP and Y35 DNAL. In the plants co-inoculated
with TbCSV-Y35 and Y35 DNALI, the single-stranded DNA
form of DNA1 was predominantly found in infected tis-
sues (Fig. 3). The viral DNA in the plants co-inoculated
with TbCSV-Y35 and Y35 DNA1 accumulated at obvi-
ously lower levels than those in the plants inoculated with
TbCSV-Y35 alone. In the plants co-inoculated with TbCSV-
Y35 plus Y35 DNAP and Y35 DNALI, the viral DNA level
was similar to that observed in plants co-inoculated with
TbCSV-Y35 plus Y35 DNAP. However, the level of DNAR
was significantly reduced in the presence of TbCSV-Y35
DNAI1. These results suggest that DNA1 is capable of
reducing the accumulation of both DNA-A and DNAS in
plants.

Interaction between TbCSV-Y35 and DNALI1 of a dif-
ferent TbCSYV isolate

To find out whether the interaction between TbCSV/

Inoculum Y35

satellite complex and DNALI is isolate-specific, DNA1 of
TbCSV-Y132 was cloned and sequenced. The complete
sequence of Y132 DNA1 consists of 1375 nucleotides (nt)
and encodes a conserved ORF that resembles Rep of
nanoviruses (accession No. AJ579349). Sequence analy-
sis revealed that Y132 DNA1 had 75% nucleotide sequence
identity with Y35 DNAT1, while the Rep protein they en-
coded had 91% amino acid sequence identity.

The infectious clone of Y132DNAT1 was constructed
and Y132 DNA1 was then co-inoculated with TbCSV-Y35
or with TbCSV-Y35 and Y35 DNAP in N. benthamiana
plants. The plants agro-inoculated with TbCSV-Y35 and
Y132 DNALI developed upward leaf-curling symptoms
which were indistinguishable from those inoculated with
TbCSV-Y35 alone. The plants co-inoculated with TbCSV-
Y35 plus Y35 DNAR and TbCSV-Y 132 DNAT1 developed
downward leaf-curling symptoms resembling those in-
duced by TbCSV-Y35 and Y35 DNASJ, indicating that
TbCSV-Y 132 DNAT has no effect on the symptoms in-
duced by TbCSV-Y35 or TbCSV-Y35 and Y35 DNAR.
Southern blot analysis showed that TbCSV-Y132 DNA1
could be easily detected systemically in leaves inoculated
with TbCSV-Y35 and Y132 DNATI or TbCSV-Y35, Y35
DNAJP and Y132 DNAI, indicating that the systemic move-
ment of TbCSV DNA1 from a different isolate can be
supported by TbCSV-Y35 (Fig. 4).

Discussion

In recent years, a satellite DNA} component has been
found to be associated with monopartite begomoviruses
and shown to be required for the induction of typical
disease symptoms. In addition to DNAJ, a nanovirus-like
component has also been found to be associated with

Y35+DNAI Y35+DNAB+DNALI

dpi 2 4 6

Fig. 2

«+— ssDNA

Southern blot analysis of the replication of TbCSV-Y35 DNAL1 in N. benthamiana leaf discs

Samples were extracted from leaf discs agro-inoculated with TbCSV-Y35, TbCSV-Y35 DNA1, TbCSV-Y35 and Y35 DNA1, or TbCSV-Y35 plus Y35 DNAR and Y35
DNALI and harvested at 2, 4 or 6 dpi. Equal amounts of nucleic acid (10 pg) were loaded in each lane. The blot was probed with the full-length sequence of Y35 DNAI.

The position of single-stranded DNA (ssDNA) forms is indicated.
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Inoculum Y35 DNAI1 Y35+DNA1 Y35+DN AB+ DNAI
1 2 3 4 5 6 7 8 9 10 11 12
L
DNA-A
«+— scDNA

Probes | DNAB
-<— ssDNA

DNAL1

L1 LI T

Fig. 3 Detection of viral DNAs in N. benthamiana plants
Samples were extracted from individual plants agro-inoculated with TbCSV-Y35 (lanes 1-3), TbCSV-Y35 plus Y35 DNAL (lanes 4-6), TbCSV-Y35 plus Y35 DNAR
(lanes 7-9), and a mixture of TbCSV-Y35, Y35 DNAR and Y35 DNAI (lanes 10-12). Equal amounts of nucleic acid (10 pg) were loaded in each lane. Blots were probed
with part of TbCSV-Y35 (top), the full-length sequence of Y35 DNAR (middle) or Y35 DNAI (bottom). The positions of single-stranded DNA (ssDNA) and supercoiled
DNA (scDNA) forms are indicated.

Inoculum Y35+ Y35+DNAP+ Y35+ Y35+DNAR+ Y35+ Y35+DNAR+
Y132DNALI Y132DNALI Y132DNALI Y132DNALI Y132DNAL1 Y132DNALI
1 2 3 4 5 6 1 2 3 4 5 6 1 2 3 4 5 6

ssDNA

ssDINA

DNA-A DNARB DNAI

Probes

Fig. 4 Detection of viral DNAs in N. benthamiana plants
Samples were extracted from individual plants agro-inoculated with ToCSV-Y35 plus Y132 DNAI (lanes 1-3) and a mixture of TbCSV-Y35, Y35 DNAR and Y132
DNALI (lanes 4-6). Equal amounts of nucleic acid (10 pg) were loaded in each lane. Blots were probed with part of ThOCSV-Y35 (left), the full-length sequence of Y35
DNASR (middle) or Y132 DNA1 (right). The positions of single-stranded DNA (ssDNA) forms are indicated.
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begomovirus/DNAB complexes [8]. In China, many
begomoviruses obtained from tobacco, tomato,
Malvastrum coromandelianum and Siegesbeckia orientalis
have been found to be associated with DNAP molecules
[6,16]. Phylogenetic analysis of DNAPB molecules and their
cognate begomoviruses suggest that DNA has co-evolved
with their cognate helper viruses [6]. DNA1 is also re-
ported to be associated with the TOCSV/DNA complex
[11]. TbCSV DNALI is approximately half the size of
TbCSV and it depends on TbCSV for encapsidation [11].
Our results show that TbCSV DNAI1 alone is unable to
systemically infect N. benthamiana plants, with its sys-
temic movement being mediated by TbCSV. The leaf
disc assay shows that TbCSV DNA1 can replicate
autonomously; this is probably attributable to the Rep pro-
tein encoded by DNA1. The accumulation level of the
single-stranded form of TbCSV DNA1 is much higher in
the presence of TbCSV or the TbCSV/satellite complex,
implying a direct effect of TbCSV or the TbCSV/satellite
complex on DNAI replication. Similar findings are also
reported for AYVV and CLCuMV [8,10].

We have demonstrated that DNA1 not only affects the
symptoms but also modulates the accumulation of TbCSV
and DNAP. DNA cannot auto-replicate and depends on
a helper virus for replication, movement and encapsidation.
There is an open reading frame (SC1) on the complemen-
tary strand, which is a key determinant of symptom in-
duction in many monopartite geminiviruses such as AYVV,
CLCuMV and TYLCCV [4-6]. Although TbCSV can
induce severe symptoms without DNAB, DNAP can en-
hance the symptoms induced by TbCSV (Li and Zhou,
data not shown). When the plants are co-inoculated with
TbCSV, DNAI and its satellite, a competition for replica-
tion between DNA1 and DNA may exist, as both of the
molecules depend on the helper virus for movement and
encapsidation. DNA1 can auto-replicate and it may have
the priority to replicate and use the helper virus for move-
ment and encapsidation. This may explain why the accu-
mulation of DNAP is dramatically reduced and the symp-
toms are attenuated in the presence of DNA1. Modulation
of the DNA levels of begomoviruses and DNAJ compo-
nents by DNAT is also reported for AYVV and CLCuMYV,
but the DNA1 associated with AYVV and CLCuMV plays
no direct role in the disease etiology [8,10]. These results
suggest that TbOCSV-Y35 DNA1 may functionally interact
with TbCSV-Y35 or the ThbCSV-Y35/DNA complex, re-
sulting in symptom alteration.

In contrast to TbCSV-Y35 DNAI1, TbCSV-Y 132 DNA1
has no effect on the symptoms induced by the TbCSV-
Y35/DNA complex, implying that the interaction between

DNAT1 and the TOCSV/DNA complex may have isolate
specificity. However, Southern blot analysis reveals that
the systemic movement of TbCSV-Y 132 DNAI1 can be
mediated by TbCSV-Y35. Saunders et al. [10,17] have
demonstrated that DNA1 of AYVV can accumulate in plants
when co-inoculated with the old- and new-world bipartite
begomoviruses, ACMV and TGMYV, and with the curtovirus
BCTV. These results suggest that DNAL is facilitated by
different helper viruses in its cell-to-cell and systemic
movement.

Our study shows that DNAT is associated with the
TbCSV isolates containing DNA. With the exception of
two isolates from the Far East, Briddon et al. [9] have
shown that all begomoviruses-DNA complexes investi-
gated are associated with a DNA1 component. The near-
ubiquitous association of DNA1 components with com-
plexes suggests that DNA1 may have a role to play. It has
been hypothesized that DNA1 may moderate infection by
“mopping up” cellular resources [9]. The reduction in the
level of viral DNA and DNAR in infected plants in the pre-
sence of DNA1 supports this suggestion. More studies
are required to elucidate the specific role played by DNA1
in disease development or in the virus life cycle.
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