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Transcriptional Activator Elements for Curtovirus C1 Expression
Reside in the 3′ Coding Region of ORF C1
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Beet curly top virus (BCTV) and Beet severe curly top
virus (BSCTV), members of curtoviruses, encode seven
open reading frames (ORFs) within a ~3 kb genome. One
of these viral ORFs, C1, is known to play an important
role in the early stage of viral infection in plants during
initiation of viral DNA replication. We used promoter::
reporter (β-glucuronidase) gene fusions in transgenic Arabidopsis to identify the putative promoter region of BCTV
ORF C1. Unlike other geminiviruses, the intergenic region
of BCTV was not sufficient to promote C1 expression in
transgenic plants. When sequences extending into the coding region of C1 were tested, strong expression of the reporter protein was observed in vascular tissues of transgenic plants. This expression was not dependent on the
presence of the intergenic regions or proximal 5’ portions
of the C1 coding region. Transgenic plants expressing a
reporter gene under control of the putative complete C1
promoter were inoculated with virus to determine if any
viral transcript affected C1 expression. Virus inoculated
plants did not show any altered pattern or change in of
reporter gene expression level. These results suggest that
(1) important transcriptional activator elements for C1
expression reside in the 3′ portion of C1 coding area itself,
(2) C1 protein does not auto-regulate its own expression
and (3) C1 expression of two curtoviruses is controlled
differently compared to other geminiviruses.
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Introduction
Geminiviruses are a family of plant viruses with a singlestranded DNA (ssDNA) genome enclosed in a twin icosahedral capsid. This virus family is classified into four different groups based on their plant host range, insect vector
and genomic structure – Mastreviruses, Curtoviruses,
Topocuviruses and Begomoviruses (Fauquet and Stanley,
2005; Gutierrez, 2000; Hanley-Bowdoin et al., 1999;
Lazarowitz, 1992; Rybicki, 1994; Van Rogen Morten et al.,
1997).
Regardless of their group, all geminiviruses share a
similar genome structure – a conserved intergenic region
which serves as a divergent promoter for virion sense [(V,
R (rightward)] Open Reading Frames (ORFs) and complementary sense [C, L (Leftward)] ORFs. Each virus
encodes 1 to 5 different proteins from the complementary
sense direction and these are involved in viral DNA replication and symptom development. In the virion sense direction, most viruses encode coat proteins (CP) and
movement proteins (MP). One of the complementary
sense proteins, C1 (also known as a Rep, equivalent of
AL1 or AC1 of begomovirus) is required for viral replication (Boulton, 1993; Briddon et al., 1989; Etessami et al.,
1991; Lazarowitz et al., 1989; 1992; Timmermans et al.,
1992). It has also been shown that AL1 of Tomato golden
mosaic virus (TGMV) is sufficient to initiate replication
of the viral genome in the presence of host proteins (Hanley-Bowdoin et al., 1990). Since Rep is not a replicase,
Rep may function by recruiting the host replication machinery to the virus genome. It is known that Rep recognizes and binds to direct repeats of GGATG in TGMV
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Table 1. Primers used to amplify fragments of BCTV and BSCTV sequences from viral genome and their products.
Name of
primer
BCTV P1
BCTV P2
BCTV P3 (V3)
BCTV P4 (C4)
BCTV P5 (C1)
BSCTV P1
BSCTV P2
BSCTV P3
BSCTV P4 (C4)
BSCTV P5 (V3)
BSCTV P6 (E1)
BSCTV P7 (E2)
BSCTV P8 (C1)

Sequence
gcggatccTGGACTCCGATGACGAGGCT
gcagatctTTATAAGTACATATACATGTAAAAAAAATG
gcagatctTTACACCTCAGTAGCTTCTTCACTTCC
gcggatccCTTCTTCCCTGGTCTTGAATCACCCTC
gcggatccTTACAGGGTAGAGTCACCTTGCG
gcggatccATTGAATCGGGCTCTCTTCA
gcagatctTTATAAGTACATATACATGTAAAAATAACG
gcagatctCACATCAACATCTTTAGCTT
gcccgtacgTGTTTTACCAGTTCTTGAATCACC
gcccgtacgCGCCTCAGTAGCTTCTTCACTTCC
gcccgtacgTCTGAAAGGTCCCATAAAAGTTCG
gcccgtacgAAGGTGTATTTATAGCGAGGAGCT
gcccgtacgCAAGGAAGTTTGATCTTGCGAGGA

Restriction
site

Position in
viral genome

BamHI
BglII
BglII
BamHI
BamHI
BamHI
BglII
BglII
BsiWI
BsiWI
BsiWI
BsiWI
BsiWI

1-20
445-416
710-684
2355-2381
1962-1984
1-20
354-325
159-140
2253-2279
618-595
445-422
2835-2858
1866-1889

The nucleotide sequences added to the 5′ end to generate unique cloning site are indicated with lower case letters. The underlined sequences
represent actual restriction site. Numbers indicate the nucleotide position in each BCTV genome as defined by Choi and Stenger (1995).

(Fontes et al., 1994a). It has also been shown that Rep
nicks at the cleavage site of the 9 base hairpin structure
which is conserved among all geminiviruses to initiate
plus strand DNA replication (Heyraud et al., 1993; Laufs
et al., 1995; Orozco et al., 1996). The AG-motif and the
CA-motif in this region are also known to be required for
viral DNA replication. Rep has also been shown to induce
accumulation of a host replication factor, proliferating
cell nuclear antigen (PCNA) (Nagar et al., 1995). In biochemical studies, Rep has been shown to bind to dsDNA
(Fontes et al., 1992; 1994a), to cleave ssDNA at the hairpin structure (Lauf et al., 1995; Orozco et al., 1996) and
to hydrolyze ATP (Des biez et al., 1995; Orozco et al.,
1997) to execute its proposed function of replication initiator. In addition, recent studies have shown that Rep
interacts with a retinoblastoma protein (RB), a regulator
of the G1-S transition of cell division (Ach et al., 1997;
Kong et al., 2000). In the case of some animal DNA viruses, it has been known that virus-encoded protein interacts with RB to induce host cell replication (Damania et
al., 1996; Ecknet et al., 1996; Grada et al., 1993; Labrie
et al., 1995; Lee at al., 1991). Binding to RB is through
an LXCXE motif in the virus protein (Ludlow, 1993; Molan, 1993; Vousden, 1993). The Rep of Maize streak virus
(MSV) has this conserved motif (Ach et al., 1997).
TGMV Rep does not have the LXCXE motif but is still
able to bind to plant retinoblastoma proteins (Kong et al.,
2000). Considering the function of Rep in the virus life
cycle as a replication initiator in virus infected plant cells,
Rep should be expressed in plant cells in the early stages
of viral infection. The promoter region for Rep overlaps
with the replication origin in most geminiviruses. The
TGMV promoter, which is the most well characterized
geminivirus promoter, contains both a TATA box and G

box elements. Mutation of either of these two elements
leads to significant loss of promoter activity (Eagle and
Hanley-Bowdoin, 1997). Promoters of Rep in begomovirus have been studied using mostly transient systems. In
the case of TGMV, AL1 (Rep equivalent) is negatively
regulated both by itself and by AL4 (Groning et al., 1994;
Sunter et al., 1993). AL1 mediated repression is through
AL1 binding sites which reside in the AL1 promoter region (Eagle et al., 1997; Fontes et al., 1994b). In African
cassava mosaic virus (ACMV), it has been shown that the
AC1 (Rep equivalent) is negatively regulated by itself but
not by AC4 (Hong et al., 1995).
In curtoviruses, expression of C1 (equivalent of Rep) has
not been studied in detail. In this study, we used transgenic
Arabidopsis plants expressing C1 promoter::GUS constructs to observe C1 expression in plants and its regulation
in virus-infected plants. Our study shows that cis-elements
of the promoter reside within the coding region of C1 and
that C1 is not negatively regulated by itself or other virusencoded proteins.

Materials and Methods
Plant materials Arabidopsis thaliana ecotype Columbia wildtype plants were grown at 18−22°C, 50−80% relative humidity
in a growth chamber with a light cycle of 12 hr of dark and 12
hr of light. Other transgenic plants were grown under same
condition once they were transferred to soil from plates. Plants
were watered and fertilized as needed.
Construction of BCTV L1-promoter:: β-glucuronidase (GUS)
reporter gene Using primers listed in Table. 1, specific areas of
the BCTV and BSCTV genomes were amplified by the Poly
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Table 2. Viral fragments amplified to generate viral promoter::
GUS fusion.
Fragments

Primers used

Amplified area

BCTV 1-445

BCTV P1, BCTV P2

BCTV 1-445

BCTV 1-710

BCTV P1, BCTV P3

BCTV 1-710

BCTV 2355-445

BCTV P2, BCTV P4

BCTV 2355-445

BCTV 1962-445

BCTV P2, BCTV P5

BCTV 1962-445

BSCTV 1-359

BSCTV P1, BSCTV P2

BSCTV 1-359

BSCTV 1-159

BSCTV P1, BSCTV P3

BSCTV 1-159

BSCTV 1-618

BSCTV P1, BSCTV P5

BSCTV 1-618

BSCTV 2253-359

BSCTV P2, BSCTV P4

BSCTV 2253-359

BSCTV 1-445

BSCTV P1, BSCTV P6

BSCTV 1-445

BSCTV 2835-359

BSCTV P2, BSCTV P7

BSCTV 2835-359

BSCTV 1866-359

BSCTV P2, BSCTV P8

BSCTV 1866-359

Numbers indicate the nucleotide position in each BCTV genome as
defined by Choi and Stenger (1995).

and Fig. 1). pBI121 plasmids containing viral promoter::GUS
constructs were introduced into Agrobacterium tumefaciens
strain GV3101 by electroporation at 1.4 KV.
Fig. 1. Schematic illustration of constructs used for expression
of GUS reporter genes under viral promoter control. The intergenic region of each virus genome is marked with a shaded box
and open boxes are coding regions of BCTV and BSCTV. Open
reading frames are denoted with a solid line arrow. The numbers
indicate the nucleotide position in each BCTV and BSCTV genome as defined by Choi and Stenger (1995). Viral genomic
DNA fragments were amplified by PCR using appropriate sets
of primers (Table 1), verified by sequencing and ligated into
pBI121 (minus the CaMV 35S promoter) 5′ to the GUS reporter
gene. pBI121 plasmids containing viral genome fragments as
promoters for GUS reporter genes were introduced into Agrobacterium and used to generate stable transgenic lines of C1
promoter: GUS constructs.

merase Chain Reaction (PCR) using virus genomes - pMBSCTV
(Stenger et al., 1992) and pMBCTV (Stenger et al., 1990) - as
templates. PCR reactions were carried out in a 100 µl reaction
mixture containing 2 µl viral genome template (1 ng/µl), one set
of virus specific primers (Table. 1), 5 units of Taq Platinum®
polymerase (GIBCO BRL, USA), 2 mM Mg2Cl2 and 0.2 mM
dNTPs. Amplified fragments were cloned into a T-vector (CATT8 vector, made by K. Buckley) and verified by sequencing.
Fragments were digested with HindIII and SmaI or HindIII and
BamHI, depending on constructs, and ligated into pBI121 in
front of the β-glucuronidase gene replacing the 35S promoter.
Each construct was confirmed by checking restriction sites. A
specific name was given to each construct based on the viral
nucleotide numbers that each construct contains in it (Table 1

Arabidopsis transformation Five-week-old Arabidopsis plants
with several inflorescences were used for transformation with
Agrobacterium containing viral promoter::GUS constructs. Primary inflorescences of plants were cut to encourage formation
of multiple inflorescences. Plants were well watered 1 day prior
to transformation. Plants were transformed by dipping aerial
parts of plants in MS medium containing Agrobacterium (modified from Bechtold et al., 1993; Clough and Bent, 1998). For
preparation of media, Agrobacterium containing pBI plasmid
was sub-cultured in 5 ml LB medium for 1 day and used to inoculate 400 ml LB containing antibiotics (kanamycin and gentamycin). When the bacterial culture reached an OD600 of 2.4,
bacterial cells were harvested by centrifugation at 5000 rpm for
10 minutes and resuspended to an OD600 of 0.8 in MS medium
containing B5 vitamin, 5% sucrose and 400 μl per liter Silwet
L-77 as a surfactant.
Isolation of transgenic plants lines Individual plants were
transformed and seeds were collected from each plant to insure
that each isolated line was independent. Seeds were surface
sterilized with 100% commercial bleach and 0.03% Triton X100 for 8 min, then washed with double distilled water 5 to 6
times. Sterilized seeds were plated on MS medium containing
1% sucrose and kanamycin (50 µg/ml) and then placed in a
growth chamber. Transformants were transferred to soil and T1
seeds were harvested from each transformant.
Histochemical analysis of GUS activity in transgenic plants
Plants were harvested, either from plates or from soil, and GUS
activity was visualized after incubation with X-gluc following
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the protocol as described previously (Jefferson et al., 1987; Lee
et al., 2006).
Microscopic analysis of GUS activity in transgenic plants
After histochemical analysis for GUS activities, plants were
kept in sodium phosphate buffer and photographed with a dissection microscope equipped with a digital camera (Olympus,
SZH Research Stereo).
Viral infection of transgenic plants BCTV and BSCTV strains
(pMBCTV and pMBSCTV) were provided by Dr. D. Stenger.
Tandemly repeated dimers of the viral genomes in these in the
binary vector pMON521, were introduced into Agrobacterium
tumefaciens strain GV3111 containing pTiB6S3SE (Rogers et
al., 1986) by triparental mating (Stenger et al., 1994). At the
time of bolting (4−5 week after planting), plants were inoculated
with these infectious virus clones by agroinoculation (Stanley et
al., 1986; Stenger et al., 1992).
Plasmid construction of C1 5′ deletion Fragments of the 3′ portion of C1 were made by deleting portions of clone 1866-359 as
follows. For deletion of nucleotides 2510-2761, the unique NsiI
restriction site (at 2510) was changed into SphI using an adapter
oligo of 5′-GCTGCATGCAGCTGCA-3′. After changing the NsiI
site to a SphI site (which also cuts at nucleotide 2761), the plasmid was restricted by SphI and religated to delete the SphI fragment. Loss of the SphI fragment was confirmed by checking the
restriction fragment size change. For deletion of nucleotides
2510-31, the unique restriction site MfeI (at 31) was changed to
NsiI using the adapter oligo of 5′-AATTCATGCATG-3′. Sequences from nucleotides 2510-31 was removed by deletion with
NsiI, followed by religation. Nucleotides 31-291 were also deleted
using similar strategy by changing the MfeI site into BlpI. HindIII-SmaI fragments containing a specific deletion were cut and
ligated with pBI121-GUS, replacing the 35S promoter as before.

Results
Intergenic regions of BCTV and BSCTV are not sufficient to drive C1 expression in transgenic plants In
TGMV, the promoter region for AL1 was mapped to the
common region (intergenic region) of the virus genome
(Eagle et al., 1994). Deletion studies narrowed the promoter area to the 60 bp upstream of the start of transcription (Eagle and Hanley-Bowdoin, 1998). To identify the
promoter activity of the intergenic region of both BCTV
and BSCTV, we generated transgenic Arabidopsis lines
which contain the intergenic region fused to a GUS reporter
gene (BCTV445-1::GUS and BSCTV359-1::GUS, Fig. 1).
Transgenic plants were used rather than a transient cell
experiments in order to observe the promoter activity in
different tissue types. BCTV and BSCTV are phloem limited viruses and the promoters for C1 of BCTV and
BSCTV were expected to be expressed in this tissue in vi-
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Fig. 2. Histochemical localization of C1 promoter activity of
viral intergenic area and 5′ upstream region in transgenic Arabidopsis plants. 10 day-old seedlings were harvested from MS
media and stained with X-gluc as described in text. Seedlings
were observed and photographed by dissection microscope. A.
BSCTV359-1::GUS construct. B. BCTV445-1::GUS construct. C.
BSCTV445-1::GUS construct. D. BSCTV618-1::GUS construct. E.
BCTV710-1::GUS construct.

rus infected plants. To our surprise, the intergenic regions
of virus were not sufficient to drive significant reporter
gene expression in transgenic plants. Transgenic lines of
BSCTV359-1::GUS showed no reporter gene expression in
any tissues (Fig. 2A). Transgenic lines of BCTV445-1::GUS
showed weak reporter gene expression in roots, shoot
apexes and newly developing leaves (Fig. 2B). This weak
expression diminished as plants matured (data not shown).
5′ Upstream regions do not contain cis-elements that
control C1 expression in transgenic plants Since the intergenic region was not sufficient to drive expression of
viral C1 protein in transgenic plants, we extended the putative promoter region into the 5′ upstream region of the viruses. To determine if 5′ upstream region of the virus has
positive elements that can contribute to expression of C1,
constructs containing the intergenic region and 5′ upstream
region were made (BCTV710-1::GUS, BSCTV445-1::GUS
and BSCTV618-1::GUS, see Fig. 1). Transgenic plants containing these constructs were generated. For BSCTV,
BSCTV 445-1 was made to test the possibility that a regulatory element resides within the same distance range as for
BCTV (BCTV intergenic region stretches from 1-445 and
BSCTV intergenic region stretches from 1-359). Adding an
additional 86 bp onto the 5′ end did not activate reporter
gene expression with the BSCTV construct. Moreover,
extending the 5′ upstream region did not activate reporter
gene expression for either BSCTV (BSCTV 618-1::GUS, Fig.
2D) or for BCTV (BCTV 710-1::GUS, Fig. 2E). In the case
of BCTV 710-1::GUS, the activity of the reporter gene disappeared with the longer construct (compare Figs. 2D and
2E) suggesting that there might be a negative regulator
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Fig. 3. Histochemical localization of C1 promoter activity of viral
intergenic region and C1 coding region in transgenic Arabidopsis
plants. Seedlings were grown on MS media in growth chamber
and harvested 10 days after germination. Harvested plants were
stained with X-gluc and observed and photographhed with dissection stereo microscope. A. BSCTV359-2835::GUS. B. BSCTV359D. BCTV445-2355::GUS. E.
2253::GUS. C. BSCTV359-1866::GUS.
BCTV445-1962::GUS. F. BCTV445-1962::GUS.

Fig. 4. Reporter gene expression in virus infected and mock
inoculated full-length C1 promoter reporter gene transgenic
plants. Transgenic plants containing C1 promoter:reporter gene
constructs were grown in soil and agroinoculated with virus.
Plants were harvested and stained with X-gluc 3 weeks after
infection. Left panel: mock-inoculated transgenic plants; Right
panel: virus-infected transgenic plants. (A) and (D), Leaf; (B)
and (E), Flowers; (C) and (F), Stalk of leaves.

between BCTV sequences 445 to 710.

structs than for BCTV constructs. It is BSCTV which is the
more virulent of the two viruses and is known to accumulate to higher levels in infected plants (Lee et al., 1994).

The C1 promoter extends into the coding region of C1
Neither the intergenic region nor the 5′ upstream region of
the virus had detectable promoter activity in plant tissues
where C1 would be expected to be expressed. Since C1
functions as a replication initiator in virus infected cells,
C1 should be expressed in virus infected cells before any
viral products become abundant in plant cells. Since
BCTV and BSCTV are typically phloem limited viruses,
the expression of C1 should be found in vascular tissues.
To test whether sequences within C1 itself are required
for proper expression of C1, constructs containing coding
regions of C1 were made and used to generate transgenic
plants (see Fig. 1). A BCTV construct, which including
the entire C4 coding and the N-terminal half of the C1
coding region, (BCTV 445-2355::GUS) only showed promoter activity in the root tip area (Fig. 3D). When the
constructs were extended to include the C-terminal coding
region of C1 (BCTV 445-1962::GUS), the reporter gene expression was seen in the vascular tissues of roots (Fig. 3E)
and leaves (Fig. 3F). With BSCTV, the change was more
dramatic. Adding an extra 86 bp (BSCTV359-2835::GUS) or
the entire C4 coding region and C1 N-terminal coding region (BSCTV 359-2253::GUS) did not activate reporter gene
expression in transgenic plants (Figs. 3A and 3B). However,
adding the C-terminal coding region of C1 (BSCTV3591866::GUS) activated reporter gene expression in the vascular tissues of transgenic plants, a region where C1 should
be expressed in virus infected plants (Fig. 3C). This pattern
was consistent for more than ten independent lines and
reporter gene expression was stronger for BSCTV con-

C1 is not negatively controlled by itself or by other
virally encoded proteins In other geminiviruses, it has
been shown that C1 expression is down regulated by either
C1 itself or C1 and C4 (Eagle et al., 1997; Hong et al.,
1995; Sunter et al., 1993). To find out if C1 is regulated by
any viral proteins, we inoculated the transgenic lines with
BSCTV and BCTV virus. In previous studies it was observed that viral infection transactivated expression of late
gene products (J. Hur and K. Davis, unpublished data).
Mock inoculated BSCTV 1866-359::GUS and BSCTV inoculated BSCTV 1866-359::GUS showed similar patterns of reporter gene expression (Fig. 4). Newly formed inflorescences, vascular tissues and roots showed plants did not show
any reduction of reporter gene expression in these tissues.
In most cases, virus infected plants showed slightly stronger
expression of reporter gene than mock-inoculated plants.
Neither the 5′ coding region of C1 nor intergenic region
is required for C1 promoter activity By extending the
promoter regions into the coding region of C1, it was clear
that the 3′ coding region of C1 is required for C1 promoter
activity in transgenic plants. This result suggested that C1
could be a positive regulatory factor for its own expression
or that C4 was required for C1 expression. To find out if
the entire C1 coding region and/or the intergenic region are
required for C1 promoter activity, deletion constructs derived from the full length constructs were made (Fig. 5. I).
Δ 2510-2761::GUS construct was made by deleting BSCTV
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Fig. 5. Schematic illustration of BSCTV C1 5′ deletion constructs used for expression of reporter genes under truncated C1
viral promoter control and the histochemical localization of
reporter activity in transgenic plants. I. C1 5′ deletion truncated
promoter construct. The numbers indicate the nucleotide position in the BSCTV genome as defined by Choi and Stenger
(1995). Deletion construct was made from the full length C1
promoter construct (BSCTV359-1866::GUS). Numbers in each
clone name corresponds to deleted BSCTV sequences. II. Hisotochemical localization of truncated C1 promoter activity. A.
Full length C1 promoter, BSCTV359-1866::GUS. B. Δ 25102761::GUS. C. Δ 2510-31::GUS. D. Δ 31-291::GUS.

nucleotide 2510-2761 (251 bp) from the full length C1
promoter. Δ 2510-31::GUS construct was made by deleting
BSCTV nucleotides 2510-2927 and 0-31 (448 bp) from the
full length promoter. These two constructs were deleted for
part of the 5′ C1 and C4 coding region and showed the
same reporter gene expression as full length promoter in
transgenic plants (compare Fig. 5. II A with B and C). The
third construct, Δ 31-291::GUS, was made by deleting the
intergenic region of BSCTV (31-291, 260 bp). This deletion construct also retained the same promoter activity as
the full length promoter in transgenic plants (Fig. 5. II D).
These results show that neither C4 or the 5′ portion of the
C1 coding regions, nor the intergenic region of BSCTV is
required for C1 promoter activity.

Discussion
In this study, we characterized the promoter region of the

85

curtovirus ORF C1. The proposed role for C1 in virus
infection is as a replication initiator. C1 recognizes the
replication origin and nicks at a specific sequence to initiate viral genome replication. Since the virus is found in
non-dividing cells, the virus needs to induce synthesis of
host DNA replication enzymes in the early phase of virus
infection in order to replicate its genome. It has been proposed that C1 is also involved in this process. The fact the
AL1 of TGMV is able to induce accumulation of the host
replication machinery supports the notion that C1 also
functions in similar manner (Nagar et al., 1995). C1 has
also been shown to interact with the host protein retinoblastom related protein (RBR), which controls the G1-S
transition of the cell cycle (Grafi et al., 1996; Horvath et
al., 1998; Kong et al., 2000; Liu et al., 1999; Xie et al.,
1996).
It has been shown that BCTV generates 4 distinct sized
complementary-sense polyadenylated RNA corresponding
4 ORFs (Frischmuth et al., 1993). But, no further information about mechanism of complementary –sense gene
expression of BCTV in virus infected plants has been reported. We used promoter-reporter gene fusion expressing
transgenic Arabidopsis lines to characterize the expression pattern of C1 in plants and identify the promoter
elements. The promoter for AL1, which is equivalent to
C1, has been well studied in TGMV (Hanley-Bowdoin et
al., 1999). The promoter region of AL1 overlaps with the
replication origin. The essential elements for the AL1
promoter are the Rep binding site, TATA box and G-box
elements. These elements are clustered at the base of the
hairpin structure in the common region of TGMV, along
with elements required for viral replication (Eagle and
Hanley-Bowdoin, 1997). For BCTV, the C1 promoter
mapped to an entirely different region. The result of studies in transgenic plants showed that the common region is
not sufficient to direct expression of C1 in tissues where
C1 should be expressed (Fig. 2). Neither the BSCTV nor
the BCTV common region conferred expression of the
reporter gene in vascular tissues where the virus replicates.
Our extended constructs which include the common region and 5′ upstream region also did not drive expression
of the reporter gene (Fig. 2). Constructs encompassing the
entire C1 coding region did show expression of the reporter gene in vascular tissues (Figs. 3C, 3E, and 3F). The
expression pattern was consistent in ten independent lines
and BSCTV constructs showed stronger expression and
had a more consistent expression pattern in their vascular
tissues than did BCTV constructs. This expression pattern
of reporter genes in transgenic plants remained the same
even after deletion of the 5′ portion of the C1 coding region or the intergenic region from the construct (Fig. 5. II
B, C, and D).
Begomovirus AL1 (AC1) promoter studies showed that
expression of AL1 is self regulated through binding of AL1
to the AL1 binding site (Eagle et al., 1997; Fontes et al.,
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1994; Hong et al., 1995; Sunter et al., 1993). Reporter gene
expression level of our transgenic plants that contained the
full length C1 promoter was not reduced upon viral infection (Fig. 4). This shows that the C1 promoter of curtovirus
is controlled differently from that of begomoviruses. In
both mock-inoculated plants and virus-inoculated plants,
the expression pattern of the reporter gene was the same.
Therefore, curtovirus C1 or other viral proteins do not
down-regulate C1 expression. On the other hand, expression of C1 is likely controlled by some host protein in a
tissue specific manner. All of our transgenic lines with the
full-length C1 promoter-reporter gene construct expressed
the reporter gene exclusively in vascular tissues. This suggests that there is a promoter element in the coding region
of C1 for C1 expression and that this element interacts with
a host protein in a tissue specific manner.
Since BCTV and BSCTV encode both four different
complementary proteins from a small region of the genome
(ca 1.5 kb), most of its ORFs are closely spaced or overlap
with each other. A gene for a second complementary sense
protein, C2, starts where the full-length C1 promoter ends.
Therefore, there is a possibility that the promoter activity
seen with full-length C1 promoter might be due to a C2
promoter. C2, a positional homologue of TGMV transcriptional activator (TrAP), is not a TrAP functional homologue
(Sunter and Bisaro, 1997). Information about C2 expression in plants and its function is not very clear. To test the
possibility that expression from the full length C1 construct
is due to a C2 promoter, the fusion between the full length
C1 fragment and the reporter gene was made both as a
C1::GUS and a C2::GUS transnational fusion. If the previous results with the C1::GUS fusion are simply due to the
presence of a C2 putative promoter, then the C2::GUS fusion should show a similar expression pattern. The C2::GUS
construct showed no expression of reporter gene activity in
transgenic plants. This suggests that C2 expression in plants
requires virus-encoded protein. Thus, the expression pattern
that we saw with the full-length C1 promoter did not appear
to represent expression from a C2 promoter.
In the TGMV AL1 promoter, the Rep binding site is located upstream of the TATA box and the G-box is located
between the TATA box and the conserved hairpin. In BCTV
and BSCTV, repeat sequences similar to Rep binding site
of TGMV are located in the same relative region from the
conserved hairpin structure. The Rep binding sites of
BCTV and BSCTV show strain specificity for viral replication with the specificity residing in the aminoterminal of
C1 (Choi and Stenger, 1996). In TGMV, all of the known
host protein binding cis elements –TATA Box and G-Box are located between these the Rep binding site and the
hairpin structure. For both BCTV and BSCTV, the G-box is
located on the other side of the hairpin structure and no
conserved TATA box motif was found in the vicinity. All of
this, combined with our viral infection study of the C1
promoter-reporter transgenic plants, clearly suggests that

C1 expression is regulated quite differently than AL1 in
begomovirus. It will be interesting to determine if C1 of
BCTV and BSCTV is interacting with a host protein which
is specific to vascular tissues of plants and if this protein is
interacting with cell cycle regulating proteins like pRBR.
Since curtovirus encodes another protein, C4, which is
known to be involved in symptom development and the
begomovirus equivalent of C4, AC4 and AL4, lacks this
function, the C1 proteins of the two virus groups, besides
sharing similar functions, might also have functions unique
to its group.
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