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Abstract 

Geminiviruses are plant pathogens that replicate by a rolling-circle mechanism, analogous to that used 
by several prokaryotic ssDNA replicons. Recent reports provide important progress in understanding 
the structure and functioning of replication origin from these viruses. We have used these data to pro- 
pose models for the initiation of replication in dicot- and monocot-infecting geminiviruses. 

Geminiviruses (GVs) are a large family of plant 
viruses with genomes of one or two circular 
single-stranded DNA molecules, which replicate 
via dsDNA intermediates in the nuclei of plant 
cells. Due to their simple genomic organization, 
and to the fact that their replication and tran- 
scription greatly rely on host factors, GVs are an 
excellent model to study such processes in plants. 

Several lines of evidence have shown that GVs 
replicate by a rolling circle (RC) mechanism. 
Moreover, it has been suggested that the viral 
protein essential for the replication of GVs [ALl 
in dicot-infecting geminiviruses (D-GVs) and 
L 1'/L 1" in monocot-infecting geminiviruses (M- 
GVs)] is related to the RC replication initiation 
proteins of some ssDNA bacterial plasmids [1]. 

Our understanding of the structure and func- 
tion of geminiviral replication origin (ori), located 
in the intergenic region (IR), is relatively limited. 
However, recent reports from several laboratories 
have provided the first pieces of the puzzle. One 
of the first clues came from Lazarowitz and co- 

workers, who recently established that the ori of 
two D-GVs, tomato golden mosaic virus (TGMV) 
and squash leaf curl virus (SqLCV), contains at 
least two different elements: (1) a 30 nt conserved 
sequence with the potential to form a stem-loop 
structure, and (2) sequences upstream of this con- 
served element, which function as specificity de- 
terminants of replication [2]. The first element, 
the so-called 'structurally conserved element' 
(SCE), includes in the loop of the potential hair- 
pin the invariant sequence 5'-TAATATTAC-3'. 
It has been reported that replication associated 
proteins from M-GVs (L 1'/L 1 ") produce a nick 
in this sequence to initiate replication [3]. 

More recently, Hanley-Bowdoin and cowork- 
ers reported the experimental identification of the 
specific binding sites of the ALl proteins of two 
D-GVs, TGMV and bean golden mosaic virus 
(BGMV) and proposed that geminivirus ori has a 
modular organization [4, 5]. In a more theoreti- 
cal approach involving a phylogenetic and struc- 
tural analysis of the IR of 30 GVs, a similar con- 
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clusion was reached [6]. The data from both 
approaches can be combined to provide impor- 
tant clues for the definition of the geminivirus 
origin of replication. Here we shall discuss the 
implications of these reports to propose a model 
for the initiation of replication in geminiviruses. 

Specific binding sites for ALl protein 

The ALl  proteins show high specificity for their 
cognate ori and cannot replicate heterologous ge- 
nomes (although there are few reported excep- 
tions). Therefore, a great heterogeneity in the 
DNA sequences recognized by this protein fam- 
ily is expected. The structural analysis of the IR 
from 22 D-GVs revealed the presence, in all of 
them, of a series of sequence elements 8-12 nt in 
length, which are repeated 3-6 times within the 
region where the ori's of SqLCV and TGMV were 
mapped (Fig. 1). The nucleotide sequence of the 

iterated elements (iterons) is generally virus- 
specific, but their arrangement (relative position, 
orientation and spacing) is highly conserved 
between the members of the major lineages of 
D-GVs (as defined by the amino acid sequence of 
ALl  proteins). Based on theoretical consider- 
ations and an analysis of published data, we 
proposed that these iterons are the ALl  binding- 
specific sites [6]. Our model explains experimen- 
tal results where the ability for replicative com- 
plementation (pseudorecombination) between 
different D-GVs was explored: viruses that 
complement in replication have identical iterons 
(e.g. tomato mottle virus and bean dwarf mosaic 
virus, ToMoV and BDMV, both have the iteron 
TATTGGAG),  whereas viruses that do not 
complement have iterons with different sequence 
(e.g. Brazil and Guatemala isolates of bean golden 
mosaic virus, BGMV-BZ and -GA; AATCG- 
GTG and AATTGGAG,  respectively). 
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Fig. i. Arrangement of iterons in different lineage of geminiviruses. Symbols are as follows: arrows, individual iterons; ellipse, 
putative TATA boxes; TE, transcriptional cis-regulatory element; hairpin, the SCE. The consensus sequence of iterons is shown 
for some geminiviruses of each branch. ACMV, African cassava mosaic virus; BCMoV, bean calico mosaic virus; BGMV-BZ and 
-PR, Brazil and Puerto Rico isolates of bean golden mosaic virus; DSV, Digitaria streak virus; ICMV, Indian cassava mosaic virus; 
MiSV, Miscanthus streak virus; MSV, maize streak virus; PJV, pepper jalapefio virus; PYMV, potato yellow mosaic virus; SqLCV, 
squash leaf curl virus; TYLCV-I and -S, Israel and Sardinia isolates of tomato yellow leaf curl virus; WDV, wheat dwarf virus. 



The reported TGMV and BGMV ALl  protein- 
binding sites consist of elements that contain two 
5 bp direct repeat motifs [4, 5]. When these ele- 
ments are compared with the iterons that we de- 
scribed for those viruses [6], they correspond to 
the two conserved iterons found in tandem next 
to the ALl  TATA box (Fig. 1). Fontes et  al. also 
concluded that at least an additional element (be- 
sides the SCE and their reported ALl-binding 
sites) is required for replication, and suggested a 
modular organization for the replication origin 
[5]. Whether or not that third element corre- 
sponds to one of the extra elements found in our 
analysis, remains to be tested. 

Based on their similarity and the conservation 
of their arrangement, the iterons found in all 
D-GVs constitute a series of phylogenetically re- 
lated elements and, therefore, their function is 
expected to be equivalent. Thus, experimental 
data obtained for the functional role of iterons 
from one virus could be extrapolated to other 
viruses of the same phylogenetic group. In this 
way, and supported by the data from Fontes 
et  al., our model establishes simple structural rules 
for the identification of the ALl-specific binding 
sites of any D-GV included in the 3 lineages de- 
fined until now. This notion has important bio- 
logical and biotechnological implications in terms 
of the understanding of geminivirus replication 
and evolution and for the development of GV- 
resistant transgenic plants. 

Putative binding sites of the M-GV LI' /L1" pro- 
tein 

Since the nucleotide sequence of the SCE is al- 
most identical among D-GVs, it was initially pre- 
dicted, and later experimentally confirmed, that 
this element could not be part of the replication 
specificity determinants of those viruses [2, 5]. In 
contrast, the analysis of the IR of M-GVs led to 
the opposite conclusion for this group of GVs. 
This conclusion is based in two major consider- 
ations: (1) the 'stem' region of the SCE in M-GVs 
is different for each virus, and (2) a singular struc- 
tural organization common to all M-GVs exam- 
ined has been identified ([6]; Fig. 1). The under- 
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lying hypothesis is that the 7-9 nt elements 
present in the stem of the SCE and repeated 
25-35 nt downstream of the putative L I ' / L I "  
gene TATA box, are the specific binding sites of 
the M-GVs L I ' / L I "  protein. Like the D-GVs 
iterons, the nucleotide sequence of M-GV iterons 
is virus-specific and has a defined arrangement 
within the IR. Heyraud et al. [7] have recently 
reported experimental data that supports this 
hypothesis. These authors mapped the initiation 
of replication in wheat dwarf virus (WDV) in two 
distinct sites separated by 170 nt. The first site is 
located in the SCE and the second one in the 
5' end of a 15 nt sequence highly homologous to 
the right half of the SCE. Both sites correspond 
well to the iterons found for WDV in our struc- 
tural analysis. 

Functional organization of geminivirus ori 

The experimental identification of ALl-specific 
binding sites in TGMV and BGMV, and the pu- 
tative equivalent elements predicted by our model 
for the remaining D-GVs, raises an important 
question: how is the ALl  protein able to produce 
a nick in the loop of the SCE, when its specific 
binding sites lie at a considerable distance away 
(from 27 to more than 80 nt)? Two alternative 
models have been proposed in order to answer 
this question. The first model suggests that the 
ALl  protein binds to its cognate sequence, melts 
adjacent dsDNA, translocates along the ssDNA 
further unwinding the origin until it reaches the 
invariant sequence in the SCE. There, the ALl  
protein produces a nick to initiate plus-strand 
replication [4]. The second model is suggested by 
two structural features that we found are com- 
mon to most D-GVs: (1) the association of iter- 
ons with the ALl  gene TATA box, and (2) the 
intimate association of lineage-specific conserved 
sequences with the 5' end of SCE. These se- 
quences are very similar to well-known plant cis- 

regulatory elements (a G-box-like element in 
American D-GVs, and an AT-rich element in 
Eurasian-African D-GVs). In this model, a host 
transcription factor bound near the SCE interacts 
with a TATA-binding protein (TBP) or other 
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TBP-associated factor. This interaction forces the 
looping out of the intervening DNA, thus bring- 
ing together the SCE and the ALl  proteins bound 
to the TATA-proximal iterons ([6]; Fig. 2). 

Our structural analysis suggests a different or- 
ganization of M-GVs ori. In this case, consider- 
ing the close association of the putative L I ' / L I "  
binding and cleavage sites (the invariant se- 
quence), it can be expected that the L1 ' /L1" mol- 
ecule bound to its cognate site, is also in an ad- 
equate position to perform the nick on the viral 
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Fig. 2. Hypothetical model for the functional organization of 
the replication origin in dicot geminiviruses (see text). TBP, 
TATA-binding protein; TE, transcriptional cis-regulatory ele- 
ment; TF, host transcription factor; SCE, putative stem-loop 
structure; filled arrows: iterons. 

DNA. Conserved sequences lying next to the SCE 
borders, as the well-characterized rpel transcrip- 
tional activator element of maize streak virus 
(MSV) [8], could play an auxiliary (essential?) 
role in the viral replicative process, by binding 
host transcription factors whose main function 
could be the creation of a nucleosome-free region 
in the vicinity of the SCE to allow the access of 
the L I ' / L I "  protein to their cognate sequences 
within this element. 

Although our model is based mostly on theo- 
retical considerations and is highly speculative, it 
is consistent with the experimental data published 
to date and can be experimentally tested. 
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