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Abstract Geminiviruses are plant DNA viruses replicating by 
a rolling circle mechanism. We have investigated the specificity 
of replication origin recognition of two different isolates of to- 
mato yellow leaf curl virus (TYLCV). Here, we show that 
TYLCV-Sardinian and -Israeli replication proteins display a high 
degree of specificity for their respective origins. The DNA se- 
quences recognized are located on the left part of the intergenic 
region whereas the amino-terminal 116 amino acids of the Rep 
protein determine the specificity of origin recognition. 
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replication of  their cognate genome [13,14]. We have begun to 
analyse this replication specificity using two isolates of  tomato 
yellow leaf curl virus (TYLCV). These viruses have a common 
functional organization and 77% overall sequence identity 
[15,16]. Here, we show that the Sardinian (-Sar) and Israeli (-Is) 
isolates of  T Y L C V  exhibit strict specificity in the interaction 
between the trans-acting Rep protein and its cis targets, re- 
quired for their replication in vivo. This specificity is deter- 
mined by the first 116 amino acids of  the Rep protein and the 
left part of  the IR. 

2. Materials and methods 

1. Introduction 

Geminiviruses are a family of  plant viruses with a small, 
circular, single-stranded D N A  genome [1]. Their  genome is 
replicated in the nuclei of  infected cells via double-stranded 
intermediates by a rolling circle mechanism analogous to that 
used by ssDNA phages and plasmids [2,3]. Geminiviruses de- 
pend largely on host factors to mediate their transcription and 
replication. They encode a small number of  overlapping ORFs,  
but only a single viral protein (Rep), encoded by the A L l  or 
C1 gene, is required for their replication [4,5]. The O R F s  are 
arranged in two divergent clusters separated by an intergenic 
region (IR) of  about 300 nt. The intergenic region contains a 
GC-rich inverted repeat present in all geminiviruses, that has 
the potential to form a s tem-loop structure [1]. The Rep protein 
shares no homology to any known D N A  polymerase, but is 
related to proteins involved in the initiation of  D N A  replication 
of  s sDNA bacterial plasmids [6]. It was recently shown that this 
protein possesses a nicking-closing activity and initiates rolling 
circle replication by a site-specific cleavage within the loop of  
the conserved structure [7]. In addition, the specific binding of  
A L l  protein to a sequence in the IR has been reported, and its 
binding site has been localized to the left side of  the IR [8-10]. 
The interaction of  Rep with this high affinity binding site is 
essential for viral replication [10] as well as for transcriptional 
repression of  its own gene [11,12]. In spite of  the functional 
conservation between the trans-acting replication factors 
encoded by geminiviruses, these proteins show specificity for 
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Abbreviations. aa, amino acid; nt, nucleotide; ss, single-stranded; IR, 
intergenic region; ORF, open reading frame; BGMV, bean golden 
mosaic virus; SqLCV, squash leaf curl virus; TGMV, tomato golden 
mosaic virus; TYLCV, tomato yellow leaf curl virus. 

2.1. Plasmid constructs 
The plasmid pTY-Sst 14, containing the DNA of the Sardinian isolate 

of TYLCV cloned into the unique Sstl site of pUC118, has been de- 
scribed previously [15]. A modified version of pTY-Sstl4 with a dele- 
tion in the polylinker was obtained by digestion with KpnI and PstI 
restriction enzymes, filling in with T4 DNA polymerase and re-ligation, 
to create pTYAKP. The Israeli isolate of TYLCV cloned into the unique 
SphI site of pTZ18, pTYH20.6, was kindly provided by H. Czosnek 
[16]. Nucleotide numbering is according to [15]. For the sake of clarity, 
the same numbering was adopted for the clone pTYH20.6, the first 
nucleotide of the conserved TAATATTAC being defined as base 1. All 
DNA manipulations were performed using standard techniques [17,18]. 
Site-directed mutagenesis was performed using uridinylated ssDNA 
[191. 

2.1.1. Exchange of the 1R. In order to exchange the intergenic re- 
gions of the two isolates, restriction sites were engineered on both sides 
of the IR. In pTYAKP, a unique BamHI restriction site naturally occurs 
at nt 152, 2 amino acids after the initiation codon of the ORF V1. A 
BspEl restriction site was introduced by site-directed mutagenesis at nt 
2635, 4 amino acids downstream of the initiation codon of the ORF C 1, 
using the oligonucleotide AATGCCAAGATCCGGACGTTTTAGT- 
ATC to create the clone 8D. Identical restriction sites were introduced 
at similar positions in the clone pTYH20.6 using the oligonucleotide 
CAACATGCCTCGTTCCGGAAAAATATATGCC that creates a 
BspEI site at nt 2617 and the oligonucleotide CATTAAGAAGT- 
GGATCCCACATATTGC that introduces a BamHI site at nt 160 to 
create the clone 1E. 

With the exception of the BspEI site in the clone 1E that introduces 
2 amino acid changes in the sequence of the TYLCV-Is Rep protein, 
replacing Leu 3 by a Ser and Phe 4 by a Gly, none of the other changes 
alter the amino acid sequence of the proteins encoded by C1 and V1 
ORFs. 

The clone 20 that corresponds to TYLCV-Sar coding regions with 
an -Is IR was obtained by exchanging the BspEI-BamHI restriction 
fragment between 8D and 1E. This results in the production of a 
wild-type -Sar CI ORF. 

To obtain the reciprocical exchange corresponding to TYLCV-Is 
coding regions with a -Sar IR, the TYLCV-Is genome was first re- 
cloned in the SphI site ofa  pUC118 vector where the BamHI site from 
the polylinker had been first filled in with the Klenow fragment of DNA 
polymerase I and re-ligated, so that the resulting clone 9FI only con- 
tains the BamHI site artificially introduced into the V1 ORF. The clone 
5EN was then obtained by exchanging the BspEI-BamH! fragments 
between 9FI and 8D. Due to the presence of the BspEl site, the clone 
5EN contains 2 amino acids mutated compared to the wild-type 
TYLCV-Is C10RF.  These 2 amino acid changes were switched back 
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to the wild-type TYLCV-Is C 1 0 R F  sequence using the oligonucleotide 
AATGCCAAGATTATTTAAAATATAT to produce the clone 6FL. 

To ensure that the mutagenesis procedure had not caused any further 
mutation, the in tergenic regions of the clones 8D, 1 E, 20, 5EN and 6FL 
were entirely sequenced by the chain termination method using T7 
DNA polymerase on double-stranded templates and specific primers. 

2.1.2. Subdivision of the IR. To create clones with chimeric IR, we 
took advantage of the SspI site present in the conserved nonanucleotide 
sequence between the inverted repeats. Since this site is not unique in 
the TYLCV genome, we used the three-point ligation technique to 
assemble restriction fragments. Left and right halves ofTYLCV-Sar IR 
were obtained by digestion of the clone 8D with the restriction enzymes 
BspEI and SspI, and SspI and BamHI, respectively, and purification 
of the corresponding 172 and 152 nt fragments on 4% acrylamide gels. 
Similarly, left and right halves ofTYLCV-Is IR were obtained from the 
clone 1E by digestion with the same pairs of enzymes and purification 
of the corresponding 175 and 158 nt fragments. 

The clone 10FM was thus obtained by ligation between the 5579 nt 
BspEI-BamHI fragment from 8D, the 175 nt BspEI-Sspl fragment 
from 1E and the 152 nt SspI-BamHI fragment from 8D. In a similar 
way, the clone 41EP was obtained by ligation between the 5579 nt 
B37)EI BamHI fragment from 8D, the 172 nt BspEI-SspI fragment 
from 8D and the 158 nt SspI-BamHl fragment from 1E. 

The intergenic regions of the 10FM and 41EP clones were entirely 
sequenced by the chain termination method using T7 DNA polymerase 
on double-stranded templates. 

2.1.3. Domain exchange within the Rep protein. In order to exchange 
domains of the Rep protein between the two isolates, restriction sites 
were first engineered in the ORF C1. In pTYAKP, a unique BglII 
restriction site naturally occurs at nt 1523, in the ORF C2, downstream 
of the stop codon of the ORF C1. An XhoI restriction site was intro- 
duced by site-directed mutagenesis at nt 2242, 123 amino acids after the 
initiation codon of the ORF C1, using the oligonucleotide GGACG- 
ATCTGCTCGAGGAGGACAACAG to create the clone 9FQ. Identi- 
cal restriction sites were introduced at similar positions in the clone 
pTYH20.6 using the oligonucleotide GCGTGTAGATCTAGACTG- 
TGG that creates a Bg/II site at nt 1543, and the oligonucleotide 
GCAGATCAGCTCGAGGAGGTCAGC that introduces a XhoI site 
at nt 2265, 121 amino acids after the initiation codon of the ORF CI, 
to create the clone 6FR 

The clone 4FB was obtained by exchanging the XhoI BglII restric- 
tion fragment between 9FQ and 6FP. 3FA was then obtained by ex- 
changing the IR between 4FB and 20 using the BstBI and BamHI 
restriction sites. 

2.2. Replication in tomato suspension cells 
Protoplasts derived from a tomato suspension culture of Lycopersi- 

con esculentumX L. pennellii were obtained as previously described [20]. 
The cloned viral DNA was linearized at the cloning site (SstI for the 
constructs pTYAKE 20, 10FM, 4lEE 3FA, 4FB, and SphI for 
pTYH20.6 and 6FL) and 10 /lg was used for each transfection of 
2.5 × 105 protoplasts. Transfection and culture conditions were done 
according to [20]. 

2.3. Isolation and character&ation of viral DNA forms 
The isolation of DNA from protoplasts was done according to [21]. 

The presence of viral DNA was probed by Southern blotting on 
Hybond N (Amersham) using radiolabeled TYLCV DNA. Isolate- 
specific probes were obtained using fragments corresponding to the 
intergenic region of each isolate (fragment BspEI-BamHI from 8D and 
IE). For the constructs 10FM and 4lEE the 1371 nt fragment BglII- 
BamHI from pTYAKP covering the V1, V2 and C 3 0 R F s  was used as 
a probe. After hybridization and washing under stringent conditions 
(0.2 x SSC, 0.1% SDS at 65°C), the membrane was dehybridized and 
then rehybridized with a probe corresponding to the other isolate. 

3. Results and discussion 

Comparison of  the nucleotide sequences of  TYLCV-Sar  and 
-Is revealed that these viruses share about  77% sequence iden- 
tity. They display the same genetic organization, induce similar 
symptoms, and infect the same host plants [15,16]. However,  
it was not known whether TYLCV-Sar  and -Is display selectiv- 

ity in interaction between the c&- and trans-acting factors re- 
quired for their replication. 

To address this question, hybrid viruses containing the IR of 
the heterologous isolate were constructed. For  this purpose, 
unique restriction sites BspEI and BamHI were introduced on 
the right and left borders of  the IR and the fragments corre- 
sponding to the IR  were exchanged between the two isolates. 
This led to the clone 20 ,  corresponding to a T Y L C V  hybrid 
genome with all wild-type O R F s  from TYLCV-Sar  but an -Is 
IR (Fig. 1), and to the reciprocical clone 5EN. Due to the 
introduction of  the BspE 1 restriction site, 5EN does not encode 
for a wild-type -Is C 1 0 R F  but contains two mutated amino 
acids, Leu 3 being replaced by Ser and Phe 4 by Gly. To rule out 
a potential effect of  the mutations on the function of  the Rep 
protein, the clone 6FL (Fig. 1), in which these amino acids were 
switched back to TYLCV-Is  wild-type sequence, was con- 
structed by site-directed mutagenesis. D N A  of these constructs 
was introduced into protoplasts derived from tomato suspen- 
sion cells and assayed for their capacity to replicate autono- 
mously. Total D N A  was isolated after a 7 day culture period 
and analyzed by Southern blot by sequentially probing with 
isolate-specific radiolabeled D N A  under conditions that pre- 
vented cross-hybridization between the -Sar and -Is D N A  se- 
quences. Double- and single-stranded forms of  replicated viral 
D N A  were readily detected for TYLCV-Sar  (pTYAKP) and -Is 
(pTYH20.6) (Fig. 2A, lanes 1 and 4). In contrast, the hybrid 
constructs 6FL and 2 0  were not  able to replicate (Fig. 2A, lanes 
2 and 3). 

These results established that TYLCV-Sar  and -Is Rep pro- 
teins display a high degree of  specificity for their respective 
origins, hence, these two viruses are an appropriate system to 
investigate the molecular basis of  Rep-mediated replication 
specificity. 

To more precisely delineate the cis elements necessary for 
that specificity, the IR was subdivided into two parts using the 
SspI restriction site located in the stem of  the conserved puta- 
tive stem loop structure. The mutants 10FM and 41EP, both 
encoding wild-type TYLCV-Sar  ORFs  but containing hybrid 
intergenic regions (Fig. 1), were tested for their ability to repli- 
cate in the tomato protoplasts system. As shown in Fig. 2B, the 
mutant  41EP, in which the left half originated from TYLCV- 
Sar, replicated efficiently whereas 10FM did not. Since the 
D N A  sequence forming the putative s tem-loop structure is 
identical between the two T Y L C V  isolates it does not  represent 
a specificity determinant,  and the cis-acting sequences mediat- 
ing replication specificity are located within the 146 nt sequence 
encompassing the left half  of  the IR. 

These findings are in agreement with previous studies carried 
out with squash leaf curl virus (SqLCV) and tomato golden 
mosaic virus (TGMV),  [13], or T G M V  and bean golden mosaic 
virus (BGMV) [14] that revealed the incompatibility between 
the replication factors and a heterologous D N A  component.  
These studies had localized the specificity determinant of  the 
SqLCV replicon to a region of  about  90 nt that encompasses 
the s tem-loop structure and 60 nt of  5' upstream sequence. 
Recently, Fontes et al. [14] demonstrated that the stem loop 
structure does not  contribute an element of  specificity origin 
recognition, despite its requirement for replication. In addition, 
they showed that the sequence previously identified as the high 
affinity A L l  binding site [10] is necessary but not sufficient to 
direct specific origin recognition in vivo, and they suggest the 
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Fig. 1. Schematic diagrams of TYLCV strains and mutants .  The position of the six ORFs  are indicated along with restriction sites used to exchange 
D N A  fragments. The TYLCV-Sar genome is indicated by black bars whereas the TYLCV-Is genome is indicated by open bars. The conserved 
s tem-loop and the intergenic region (IR) are indicated. 

presence of a second specificity determinant of replication lo- 
cated between the ALl binding site and the stem-loop. More 
recently, Argiiello-Astorga et al. [22] identified iterative se- 
quence motifs arranged similarly between phylogenetically re- 
lated groups of geminiviruses, and suggested their involvement 

as specific binding sites for the geminiviral replication-associ- 
ated proteins. Additional experiments will be required to fur- 
ther define the cis-acting sequences required for specific in vivo 
recognition and precisely determine whether these iterative se- 
quences participate in specificity. 
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Fig. 2. Replication of TYLCV mutants in a single cell-based replication assay. (A) Specificity of interaction between the IR and the trans-acting factors. 
Tomato protoplasts were transfected with linear DNA from plasmids pTYAKP (lane 1), 6FL (lane 2), 20 (lane 3) and pTYH20.6 (lane 4). 7 days 
after transfection, total DNA was isolated and subjected to Southern blot analysis using TYLCV-Sar IR (lanes 1 and 2) or -Is IR (lanes 3 and 4) 
specific probes. (B) The cis-acting sequences involved in origin recognition specificity are located on the left half of the IR Tomato protoplasts were 
transfected with linear DNA from clones pTYAKP (lane 1), 10FM (lane 2), and 41EP (lane 3). 7 days after transfection, total DNA was isolated 
and subjected to Southern blot analysis using a TYLCV-Sar specific probe. (C) The specificity is mediated by the N-terminal 116 amino acids of 
the TYLCV Rep protein. Tomato protoplasts were transfected with linear DNA from clones pTYAKP (lane 1), 4FB (lane 2), 3FA (lane 3) and 
pTYH20.6 (lane 4). 7 days after transfection, total DNA was isolated and subjected to Southern blot analysis using TYLCV-Sar IR (lanes 1 and 
2) or -Is IR (lanes 3 and 4) specific probes. The positions of linear (input) DNA (lin), supercoiled double-stranded DNA (ds) and single-stranded 
DNA (ss) are indicated. 

The previous results demonstrate that the Rep proteins of the 
closely related geminiviruses TYLCV-Sar and -Is are not inter- 
changeable, even though there is strong sequence homology 
and functional equivalence between these proteins. The Rep 
proteins of these two isolates share 76% amino acid sequence 
identity (Fig. 3) and presumably have the same tertiary struc- 
ture. They show a high degree of similarity with consensus 
motifs of replication initiator proteins of bacterial plasmid fam- 
ilies [6], as well as DNA-dependent ATPases [23] (Fig. 3). 

In order to define the protein domain involved in the specific 
recognition of the origin, we exchanged domains between the 
TYLCV-Sar and -Is Rep proteins. This homolog-scanning 
mutagenesis is useful for identifying sequences that cause func- 
tional variation among homologous proteins [24]. The Rep 
protein was divided into two parts at amino acid 123 (amino 
acid 121 in TYLCV-Is) by the introduction of a unique XhoI 
restriction site, neutral for the Rep amino acid sequence. This 
part of the protein is conserved between the TYLCV Rep 
proteins as well as among the Rep proteins of bipartite gem- 

iniviruses, and hence can not be part of the specificity determin- 
ing domain. The XhoI and BglII restriction sites were used to 
replace the C-terminal part of the Rep protein of the constructs 
pTYAKP and 20  by the one of pTYH20.6. Due to the amino 
acid identity between the Rep proteins from the two isolates, 
this manipulation produced constructs in which the 116 N- 
terminal amino acids were identical to TYLCV-Sar Rep protein 
(Fig. 1). Due to the location of the XhoI and BglII sites, this 
exchange also affected the overlapping ORFs C2 and C4 (Fig. 
1). However, previous studies ([20, and unpublished results) 
have shown that none of the proteins encoded by these ORFs 
contribute to TYLCV replication. 

As shown in Fig. 2C, lane 2, the mutant 4FB, in which this 
chimeric Rep protein is associated with a TYLCV-Sar IR, 
replicated autonomously in protoplast-derived cells of tomato. 
This demonstrates the functionality of the chimeric protein, 
and proves that the domain exchange did not cause any struc- 
tural impairment. On the other hand, when the same hybrid 
Rep protein is associated with an -Is IR, as in the clone 3FA 
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Fig. 3. Schematic representation of the TYLCV Rep protein. Amino acids identical between TYLCV-Sar and -Is Rep proteins are represented by 
black bars. Regions I (aa 15 22), II (aa 55~3) and III (aa 10(~109) represent homologies with consensus Rep motifs [6], the putative nicking Tyr ~°3 
is indicated by an asterisk. Regions A (aa 217 231), B (aa 258-263), B' (aa 271-287) and C (aa 298-305) represent homologies with DNA-dependent 
ATPase [23]. The domain responsible for origin specific recognition is indicated. 
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(Fig. 2C, lane 3), no replication could be detected. The chimeric 
Rep protein is thus still specific for a particular IR, demonstrat- 
ing that the specific recognition of the origin is conferred by the 
116 N-terminal amino acids. This N-terminal domain contains 
several motifs conserved among the geminiviral Rep proteins 
in particular a 'PHLH'  motif, possibly involved in metal ion 
coordination [6], as well as the putative DNA-nicking Tyr ~°3 
[23] (Fig. 3). Due to the amino acid identity between the two 
isolates, the chimeric protein is 91% identical to the TYLCV-Is 
Rep protein, differing at 32 amino acid positions, but is still 
specific for the -Sar IR. Further experiments will define which 
of these amino acid differences are responsible for the origin 
recognition specificity. 

It is likely that the sequence-specific DNA binding of the 
replication protein to its cognate intergenic region contributes 
to the replication specificity. However, the Rep-ori  interaction 
differs from the common site-specific protein-DNA interac- 
tions because, in addition, it entails an enzymatic activity, the 
introduction of a site-specific nick in the viral strand [7]. In 
addition, sequence similarities had prompted speculation about 
a potential helicase activity of the geminivirus Rep proteins 
[23]. Indeed, TYLCV Rep protein has recently been shown to 
possess ATPase activity in vitro that is required for viral repli- 
cation (unpublished results). Whether the specificity of origin 
recognition is mediated through direct DNA-protein  interac- 
tion between the left half of the IR and the 116 N-terminal 
amino acids of the Rep protein, or whether it is modulated 
according to its catalytic activities, or through the interaction 
between Rep and host or other viral-encoded proteins, remains 
to be established. 
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