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Geminiviruses and their satellites have circular single stranded DNA genomes, infecting many crops
and weeds across the globe. To successfully invade new hosts, break host resistance, move virus par-
ticles within and between plants, geminiviruses and their satellites have evolved a coordinated net-
work of protein interactions, showing a possible evolutionary path. Humans have played an
important role in the last century to promote the emergence of many geminivirus diseases, thereby
impacting their evolution. The greatest molecular diversity of geminiviruses and their satellites
resides in Southeast Asia revealing a possible center of origin. This minireview leads us to a possible
general grand scheme of their evolution.
� 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
1. Introduction

Geminivirus genomes are either monopartite (one circular sin-
gle stranded (ss)DNA component also called as DNA-A) or bipartite
(two circular ssDNA components of equal sizes-DNA-A and DNA-
B), but in many instances they are accompanied by circular ssDNA
alphasatellites and betasatellites. Therefore, we will consider in
this minireview the whole ‘‘geminivirus” complex extended to
these satellites, as the evolution of geminiviruses is intimately
linked and dependent upon the existence and evolution of their
satellites. It is probable that domestication of crops promoted the
spread of geminivirus diseases from reservoir plants, but it is a
reality that extensive cultivation of crop plants, promoted the
explosion of many ‘‘geminivirus” diseases in the last century. On
the functional and biological levels, it is increasingly clear that
the level of inter-dependence between the viruses and their satel-
lites is more complex than initially thought and it demonstrates
the close relationships built over time of these different molecules
and thereby their impact on their co-evolution [1]. We will firstly
review the genetic elements of ‘‘geminiviruses” that are playing to-
gether to respond to natural changes over time. We will then re-
view the environmental changes impacting ‘‘geminiviruses” and
finally we will consider their diversity in the world. Adding all this
information together, it is possible to offer a credible scenario for
‘‘geminivirus” evolution, from plasmids to monopartite geminivi-
chemical Societies. Published by E
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ruses infecting monocots and dicots, with satellites in the Old
World (OW), to strict bipartite geminiviruses infecting dicots with-
out satellites in the New World (NW).
2. The ‘‘geminivirus’’ actors

2.1. Geminiviruses

Viruses belonging to the family Geminiviridae are circular ssDNA
molecules encapsidated in a twinned icosahedral capsid. Geminiv-
iruses have been classified into four different genera: Mastrevirus,
Topocuvirus, Curtovirus and Begomovirus based on their genome
organization, hosts, and insect vectors [2].

Mastreviruses (type species Maize streak virus) are transmitted
by leafhoppers in a non-propagative, persistent and circular man-
ner and have a single genome component (monopartite) of
2.7 kb. Members of the genus Mastrevirus have been found only
in the OW (Eastern Hemisphere, Europe, Africa, Asia and Australia)
where they largely infect monocots such as maize, sugarcane and
panicum, though there are some members that also infect dicots
[2]. The genome of mastreviruses encodes four different genes.
The open reading frames (ORFs) in the virion strand, V1 and V2, en-
code the coat protein (CP) and the movement protein (MP), respec-
tively. The complementary sense strand encodes the replication
associated C1 (Rep-A) and C2 (Rep-B) genes. The genes on sense
and complementary sense are separated by a long intergenic re-
gion (LIR) and a short intergenic region (SIR) (Fig. 1).
lsevier B.V. All rights reserved.
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The genus Topocuvirus (type species Tomato pseudo curly top
virus) contains a single monopartite virus nearly 3 kb in size, trans-
mitted by treehoppers. Topocuviruses have been found only in the
NW and appear to result from a recombination between mastrevi-
ruses and begomoviruses [3] (Fig. 1).

Curtoviruses (type species Beat curly top virus) are monopartite
leafhopper transmitted geminiviruses. Curtoviruses have a genome
size of nearly 3 kb and mainly infect dicot plants [2].

Begomoviruses (type species Bean golden mosaic virus) are
whitefly transmitted (Bemisia tabaci) and only infect dicots. The
genus Begomovirus includes monopartite (DNA-A genome of
2.8 kb, with six ORFs), bipartite (a DNA-B, equal in size to DNA-A,
is also present) [2] (Fig. 1).

The genomes of topocuviruses, curtoviruses, and begomovirus-
es have similar features and genome organization. Based on their
functions, their proteins have been named: pre-coat protein (V2/
AV2), coat protein (CP, V1/AV1), replication enhancer protein
(REn, C3/AC3), transcription activation protein (TrAP, C2/AC2), rep-
lication-associated protein (Rep, C1/AC1) and uncharacterized C4
or AC4 protein [2]. DNA-B components (only found in bipartite
begomoviruses) encode only two proteins: movement protein
(MP, BC1) and nuclear shuttle protein (NSP, BV1) (Fig. 1).

Based on the genome organization, the genetic diversity and the
geographical distribution, begomoviruses have been divided into
two groups: OW (Europe, Africa, Asia and Australia) and NW
(America) begomoviruses (Figs. 1 and 2). All geminiviruses share
a conserved nona-nucleotide (TAATATT/AC) where initiation of
replication takes place [4]. Both DNA-A and DNA-B components
of bipartite begomoviruses are essential for successful systemic
infection where replication and transcription functions are pro-
vided by the DNA-A and movement functions are provided by
the DNA-B. In some few cases among OW bipartite begomoviruses,
DNA-A alone is sufficient for systemic infection and movement
while the DNA-A component of NW begomoviruses are strictly
dependent on the DNA-B component [2,3].

2.2. Alphasatellites

Begomovirus-associated alphasatellites (previously called DNA-
1) are self-replicating satellite-like molecules, dependent on the
Fig. 1. Genome organization of geminiviruses. The family is composed of four genera:
simplest genome with only four ORFs (V1, V2, C1, C2) coded by a single molecule. The vir
coded by a single molecule. While begomoviruses have six or eight ORFs (AV1, AV2, AC1
associated with satellite molecules such as alphasatellites, betasatellites and their recomb
LIR; Large intercistronic region, SIR; Small intercistronic region, IR; intercistronic region
helper virus for movement, encapsidation and vector transmission.
There is no known specific function attributed to alphasatellites.
They have been shown to be associated with monopartite OW
begomovirus diseases such as cotton leaf curl disease in Pakistan
and India, tomato yellow leaf curl disease in China and ageratum
yellow vein disease from South East Asia [5]. Alphasatellites have
a highly conserved genome organization, encompassing a replica-
tion-associated protein of nearly 36 kDa, an adenine-rich region
of nearly 200 nts and an origin of replication (Ori) (including a con-
served nona-nucleotide TAGTATT/AC), similar to nanoviruses
(Nanoviridae; another family of circular ssDNA viruses) [5].
2.3. Betasatellites

Betasatellites are pathogenicity determinant molecules associ-
ated with various plant diseases exclusively caused by monopartite
begomoviruses in the OW [1]. Betasatellites are completely depen-
dent on the helper component (DNA-A) for their replication,
encapsidation and transmission by whitefly vectors. Unlike alpha-
satellites, betasatellites are clearly associated with their specific
helper component irrespective of hosts and geographical distribu-
tion [6]. In their composition, betasatellites, encode a single gene,
BetaC1 (13 kDa protein), in the complementary strand of their gen-
ome, and contain an adenine-rich region of nearly 240 nts as well
as a satellite-conserved region (SCR) of nearly 220 nts, which is
highly conserved among all betasatellites known today [6] (Fig. 1).

Betasatellites share no sequence homology with the helper
components except a similar nona-nucleotide (TAATATT/AC).
Although some level of specificity exists for trans-replication of
betasatellites, they generally have a loose specificity of trans-repli-
cation by different helper components. For example, Cotton leaf
curl Multan virus (CLCuMuV) cannot trans-replicate Ageratum yel-
low vein betasatellite (AYVB), whereas Ageratum yellow vein virus
(AYVV) can trans-replicate Cotton leaf curl Multan betasatellite
(CLCuMuB) [7]. On the other hand, Tomato leaf curl betasatellite
(ToLCB, a defective form of betasatellite, which lacks any ORF in
its genome) has been reported to be trans-replicated by the African
cassava mosaic virus (ACMV) and Beet curly top virus (BCTV),
which are highly diverse in terms of their geographical distribution
Mastrevirus, Topocuvirus, Curtovirus and Begomovirus. Mastreviruses represent the
uses of the genera, Topocuvirus, Curtovirus have 6–7 ORFs (V1, V2, V3, C1, C2, C3, C4)
, AC2, AC3, AC4, BV1 and BC1) coded by one or two molecules. Begomoviruses are
inants or defectives molecules, coding respectively for one ORF (Alpha-Rep, BetaC1).
; CR; Common region, SCR; satellite common region.



Fig. 2. Geographical distribution of geminiviruses. Based on the percentage of species for each type of molecule, eight different centers of diversification have been identified
(A–H). The percentages in circles represent the percentage of geminivirus species, percentages in boxes represent the percentage of betasatellite species, and percentages in
triangles represent the percentage of alphasatellite species. To differentiate the types of viruses and satellites, boxes and circles have been highlighted with different colors. A
– Australia, B – Japan, C – China, D – Indian subcontinent, E – Africa, F – Mediterranean-European region, G – Central America, H – South America.
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and molecular diversity, with BCTV belonging to Curtovirus, a dif-
ferent genus [8].
3. Common features between geminivirus components and
satellites

The unique common features for all geminiviruses and their
satellites is the rolling circle replication (RCR) mechanism and
the presence of a stem loop with the nona-nucleotide origin of rep-
lication (TAATATT/AC or TAGTATT/AC for alphasatellites). RCR is a
basic replication mechanism, for the replication of bacterial and
archaeal plasmids as well as bacterial, human, animal and plant
viruses, which depends on a replication-associated protein, pos-
sessing nicking and ligation functions of double stranded (ds)DNA
replicative forms [9]. The geminivirus encoded Rep protein has
been shown to perform the same functions as prokaryotic plasmid
replication-associated proteins during the RCR [10].

Although geminiviruses and their satellites are highly diverse in
nucleotide sequence of their genomes and ORFs [11,12], the genet-
ic architecture, localization, length of individual genes at specific
locus and the function of individual proteins are highly conserved
among the members of each genus. For example, members of the
genus Mastrevirus have four ORFs in their genomes, LIR and SIR
and a Rep protein interrupted by an intron, irrespective of the spe-
cies considered, monocot or dicot hosts and geographical distribu-
tion [2].

The TrAP proteins of the OW Tomato yellow leaf curl China
virus (TYLCCNV-C2), African cassava mosaic virus (ACMV-AC2),
Mungbean yellow mosaic virus (MYMV-AC2), and the NW Tomato
golden mosaic virus, (TGMV-AC2) have all been associated with a
transcription activator function of late viral genes [13–17].
Although small differences are present in their mode of action
and regulation of genes, all TrAPs of these diverse viruses share
the trans-activation of viral genes and nuclear localization. Similar
conclusions can be drawn for all geminivirus and satellite genes.

4. Variable features of geminivirus components

All the NW bipartite viruses lack the AV2 ORF in their DNA-A
component. Moreover, NW begomoviruses have a N-terminal nu-
clear localizing signal (NLS) PWRsMaGT in their CP, which is absent
in OW begomoviruses [18]. The strong link between the absence of
the AV2 ORF and NW begomoviruses suggest that all the NW
begomoviruses evolved from a single parent after the Gondwana
continental separation. The fact that OW and NW begomoviruses
have a very similar genome organization, with the exception of
AV2 ORF, shows that all begomoviruses have a common origin irre-
spective of their geographical distribution.

5. Genetic effects on ‘‘geminivirus’’ evolution

As for all viruses, the evolution of geminiviruses is subject to
point mutations and recombination. The impact of point mutations
has been studied for three different geminiviruses, Tomato yellow
leaf curl China virus, East African cassava mosaic virus, and Maize
streak virus and showed to be similar as for RNA viruses (�10�4

substitutions per site per year) [19–21]. In addition it was con-
cluded that the most commonly observed substitution mutation
is the transition mutation type rather than deletion or insertion
mutations. The study demonstrates that the mutation rate of gem-
iniviruses is dependent on the type of virus, host plant, age of the
inoculated plant and inoculum homogeneity. More importantly, it
is believed that recombination among different DNA-A compo-
nents is the main source of molecular variation among geminivi-
ruses [22] and can result in gain of virulence for the helpers and
acquisition of new satellite molecules. A family recombination



1828 M.S. Nawaz-ul-Rehman, C.M. Fauquet / FEBS Letters 583 (2009) 1825–1832
analysis for a wide variety of geminivirus DNA-A components sug-
gests that the CR is a hotspot of recombination, irrespective of their
geographical origin, while the coding regions of geminiviruses are
less vulnerable to recombination [22]. Furthermore, the CR of DNA-
A component is not only exchanged between members of different
geminivirus species, but is also exchanged with heterologous mol-
ecules such as betasatellites or DNA-B component [23,24]. In nat-
ure, exchange of CRs has been recorded for the Potato yellow
mosaic virus (PYMV) and Potato yellow mosaic Panama virus
(PYMPV) [24], where a simultaneous acquisition of a new CR oc-
curred for both components. In another example, the DNA-A CR
of Sri Lankan cassava mosaic virus (SLCMV) recombined with the
DNA-B CR of Indian cassava mosaic virus (ICMV) [25]. Experimen-
tal evidence demonstrated that the recombination between DNA-A
and DNA-B results in gain of virulence due to the increase of rep-
lication and systemic movement of DNA-A molecules [26].

In recent years, several begomoviruses showed a re-assortment
of DNA-B components with DNA-A molecules of different diseases.
This re-assortment has not only resulted in the gain of virulence,
but also shifted the host range for the newly assorted combination.
Melon chlorotic leaf curl virus (MCLCuV) can infect species within
the families Cucurbitaceae, Fabaceae, and Solanaceae in the NW.
Bean calico mosaic virus (BCaMV) is a bean-restricted virus and
does not infect cucurbits in laboratory conditions. Interestingly,
interaction of either DNA-A or DNA-B components of BCaMV with
MCLCuV resulted in infection to many cucurbit species [27].

Recombination of DNA-A CR is not only limited to DNA-B com-
ponent or other DNA-A molecules, but is also subject to recombi-
nation with satellites. CR recombinant betasatellites have been
characterized for AYVV and TYLCCNV [23,28]. Similarly DNA-A re-
combinant CLCuMuB have also been found in non-cultivated cot-
ton species in Pakistan (Nawaz-ul-Rehman et al., Unpublished).
Such recombinant betasatellites lack the normal SCR but encode
a functional BetaC1 gene responsible for pathogenicity. ToLCV-
associated satellite from Australia lacks BetaC1 gene but comprise
an A-rich region and SCR. Systemic infection in this case does not
require the BetaC1 gene [1,8]. The presence of molecules with a Be-
taC1 deleted, or an SCR betasatellite replaced by a geminivirus CR,
may represent evolutionary links between geminiviruses and beta-
satellites. Such recombinations might have resulted in the evolu-
tion of the most virulent betasatellites comprising an SCR, an A-
rich region and a BetaC1 gene (Fig. 1).

Although DNA-B components associated with NW begomovi-
ruses are crucial for systemic infection, the DNA-B component
among some OW begomoviruses is not essential and is exchange-
able between geminiviruses, and with betasatellites, resulting in
severe infection. For instance, the AYVB can be trans-replicated
by SLCMV DNA-A alone and shows systemic and successful infec-
tion on ageratum plants [25]. Presence of an alternative movement
function provided by betasatellites and exchange of CR with differ-
ent helper components (DNA-A) therefore re-enforce the concept
to consider DNA-B as a captured satellite-like molecule.
6. ‘‘Geminivirus’’ movement, a conserved and coordinated
network of viral DNA transport system

In order to be replicated inside the nucleus, to spread from one
cell to another cell and to disseminate from one plant to another
plant, geminiviruses and their satellites have evolved a coordi-
nated network of different movement associated proteins. Depend-
ing upon the type of virus, V1, V2 or AV1, C4, BV1 (NSP), BC1 (MP)
and BetaC1 proteins have been reported for geminivirus movement
functions [29,30]. A movement model for bipartite begomoviruses
has been proposed for MP and NSP of Abutilon mosaic virus
(AbMV), Cabbage leaf curl virus, Bean dwarf mosaic virus (BDMV)
and Squash leaf curl virus (SLCV), which relies on the coordinated
functions of NSP and MP. This model indicates that NSP shuttles
the ssDNA from the nucleus to the plasma membrane at the
periphery of the cell from where MP takes over and transfers the
viral DNA to adjacent cells through plasmodesmata [29–34]. The
complex of viral DNA movement in begomoviruses has the ability
to bind ss-DNA or dsDNA and can transport the viral DNA to neigh-
boring cells [32,33]. Additionally, BC1 and BV1 have limitations to
bind with specific size and form of viral DNA [32]. Although, BV1-
BC1 interaction is vital for virus movement, for some bipartite
viruses such as SLCV, in the presence of defective or mutated
BV1 gene, the CP can provide an alternative function to BV1 gene
of DNA-B components [35]. The CP of monopartite begomoviruses
such as TYLCV, are nuclear-targeted proteins and perform viral
DNA movement functions in combination with C4 protein [33].
Thus for monopartite begomoviruses CP and C4 may act similar
to BV1–BC1 interaction for virus movement.

The MSV encoded MP(AV2) does not directly bind to ssDNA but
rather interacts with CP for viral DNA movement function [36]. The
CP in this case localizes in the nucleus just like the NSP of begom-
oviruses. These examples illustrates that geminiviruses movement
is mainly performed in coordinated fashion, which relies on the
interaction of a nuclear targeting and cell membrane trafficking
proteins.

Recently it has also been shown that the BetaC1 protein en-
coded by betasatellites can be an alternative to DNA-B component
[29] although more experimental evidence is needed to determine
whether a coordinated action of CP and BetaC1 results in the
movement of viral DNA, or whether BetaC1 alone can perform
virus movement functions. Nonetheless the BetaC1, like any other
geminivirus DNA-binding MP, can bind both to dsDNA and
ssDNA in a sequence-independent manner and localizes in the nu-
cleus [14].
7. RNAi and ‘‘geminiviruses’’: evidence of differential evolution
of ‘‘geminiviruses encoded gene silencing suppressors

The universal mechanism of RNA degradation by a specific
mechanism called RNA interference (RNAi), or post-transcriptional
gene silencing (PTGS) is also present in plants. RNAi is used as a de-
fense mechanism against plant viruses. The key mechanism in-
volves the conversion of viral transcripts into dsRNAs followed
by the production of short interfering RNAs of varying lengths
(21–24 nts) by different RNA cutting enzymes, called dicers [37–
39]. Despite the fact that there is a priori no dsRNA molecules in
the geminivirus cycle of infection, it has been clearly established
that geminiviruses are target of the PTGS [40]. Different models
have been presented to explain the possible phenomenon of short
RNA production by begomovirus genomes [39]. Evidence for
geminivirus gene silencing suppressor activity suggests that at
least 4 proteins have this capacity, such as V2 of TYLCV; AC2 of East
African cassava mosaic Cameron virus (EACMCV), TGMV, and TYL-
CCNV; AC4 of ACMV and SLCMV; and satellite encoded BetaC1
from AYVB and Tomato yellow leaf curl China betasatellite (TYL-
CCNB) [37,40–42]. Surprisingly, the PTGS suppressor function of
these proteins is not conserved among all geminiviruses. For exam-
ple, C2 of TYLCCNV is a suppressor of gene silencing, while C2
of TYLCV, another tomato infecting monopartite, is not [16].
Interestingly, none of these suppressors has been characterized
as being as strong as those encoded by RNA viruses, such as P19
[37], which may in part support the choice of a multiprotein strat-
egy adopted by geminiviruses. The existence of a range of molecu-
larly unrelated suppressors of PTGS for geminiviruses illustrates
the differential evolution of geminivirus encoded suppressors of
gene silencing.
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8. Environmental effects on ‘‘geminivirus’’ evolution

Insect vectors responsible for the spread of geminiviruses play
an important role in geminivirus evolution. Persistent and circula-
tive mode of virus spread within adult insects and physical interac-
tion between insects and geminiviruses show the co-evolutionary
adaptation between geminiviruses and their insect vectors.

Beet leafhoppers (Circulifer tenellus) are responsible for curly top
disease spread in western areas of the United States during their
annual migration period. A close relationship has been established
between the seasons, the weeds, the crops and the insects [43–45].
Feeding the viruliferous beet leafhoppers on non-hosts such as
corn still maintains the virus but the transmission ability is lost.
Similarly, MSV can be detected and maintained in head, hemo-
lymph and gut of the viruliferous leafhoppers up to 28 days after
exposure to an infected plant [46].

Studies on the whitefly ( B. tabaci) transmitted begomovirus,
TYLCV, also showed the persistent and circulative mode of trans-
mission [47]. Interestingly, in the unique case of TYLCV some viral
propagative activities were found in whitefly, demonstrating a pos-
sible closer interaction between insects and geminiviruses [47]. A
study done on cassava and cassava mosaic disease (CMD) in India
and Africa indicated that there was co-adaptation of the virus and
the vector, demonstrated by a higher fitness for transmission of the
local viruses [48]. The CP of TYLCV and AbMV have been shown to
directly bind with an homolog of GroEL protein, produced by an
endosymbiotic bacteria in the whitefly hemolymph. Geminivirus
evolution through their natural vector occurred only with the CP
gene, which interacts with the insects for virus transmission [49].

Different surveys conducted for whitefly population on cassava
plants in Africa revealed that the CMD pandemic is correlated with
high population densities and high fecundity of B-biotype whitefly
adapted to cassava [50]. CMD dissemination occurs not only
through whitefly, but also through the spread of infected plant
material by human migrations due to instability and wars, result-
ing in the CMD pandemic in Africa [50].

Studies conducted on the interaction of an infected host plant
and invasive B-biotype whitefly indicated that there is a strong link
between whitefly proliferation and virus infection on the host
plants. Comparison of introduced and invasive B-biotype whitefly
in China with indigenous non-invasive ZHJ1 whitefly revealed that
B-biotype whitefly population density increases many fold com-
pared to indigenous whitefly population when fed on TYLCCNV
or Tobacco curly shoot virus (TbCSV) infected plants [51].

These examples highlight the biological fitness of virus-vector
interactions, which by mutual interaction can benefit the invasive
virus vectors over the non-invasive vectors when they share the
same biological niche [51].

More evidences of geminivirus and insect vector co-evolution
have been demonstrated by the artificial exchange of CPs between
the members of two different genera. Exchange of the whitefly
transmitted ACMV–CP with leafhopper transmitted BCTV–CP re-
sulted in the successful transmission of the chimeric ACMV by leaf-
hoppers [49], demonstrating a close adaptation and co-evolution
between vectors and viruses.
9. Human impact on ‘‘geminivirus’’ diseases

Humans play a major role in geminivirus disease spread either
by transferring crops from their centers of origin to other ecologi-
cal areas, by introducing new germplasm in different environ-
ments, by spreading viruses in the form of infected plants or by
promoting the explosion of viruliferous insect vectors. The global
spread of begomoviruses and invasion of local viruses on intro-
duced crops such as tomato, cotton or cassava suggests that the
current epidemics were a result of the sudden encounter of exist-
ing begomoviruses with newly introduced hosts or vectors rather
than a rapid evolution of geminiviruses.

Geminiviruses have been emerging as a worldwide problem
since the 1960s, and frequently, epidemics can be linked to human
activities. Begomovirus spread is directly correlated with the wide
spread of the B-biotype of B. tabaci Gennadius. The whitefly B-bio-
type, by colonizing more than 1000 host plants, has an enhanced
capacity to maintain its populations and reproduce in new envi-
ronmental conditions compared to the Q-biotype [52]. During the
late 1980s, with the spread of silverleaf whitefly or sweet potato
whitefly (B. tabaci) in the United States, a large number of crops
such as tomato, cotton, cucurbits and beans have been devastated
by geminivirus infections [53,54].

The worldwide dissemination of tomatoes exemplifies one of
the best examples of human impact on geminivirus emergence
and spread. Export of tomato seedlings from Israel to the Caribbean
during the early 1990s resulted in the introduction of TYLCV in the
NW [55,56]. Within 10 years, TYLCV spread throughout all the to-
mato growing areas of Central and North America and later in the
rest of the world [55–57].

Similarly, introduction of cassava plants from South America
(center of origin for cassava) to Africa in the 16th century resulted
in several epidemics of CMD. These viruses have not been found in
South America, therefore it is unlikely that they were moved along
with cassava. The accepted concept is that cassava geminiviruses
evolved from unidentified indigenous hosts in Africa and exploded
on cassava [58].

Introduction of cotton crops from Mexico to the Indian sub-con-
tinent occurred in 1818. From 1818 to 1967, there was no notice-
able incidence of CLCuD in the Indian sub-continent [59,60]. In the
meantime, due to high yield of NW cotton and an increase in tex-
tile industry, areas of cotton also dramatically increased. The first
incidence of CLCuD in Pakistan was recorded in 1967, subsequently
the disease spread to central Pakistan as observed in 1985 [59,60].
Within 5 years, the disease appeared in epidemic proportions in
Pakistan and in 2000 it was found in neighboring countries such
as India and China. Today there are seven known species of gemin-
iviruses associated with CLCuD, prevailing mainly in Pakistan and
India [11].

As a result of natural selection by human interference, a dra-
matic adaptation of geminiviruses to new hosts and new ecological
zones was observed in the 20th century.
10. World distribution of ‘‘geminiviruses’’ and center of
diversification

According to the modern concepts of crop diversification, there
are at least eight major centers of plant origin [61]. There is an
enormous diversity of particular plant families in the centers of
origin, and less diversity on the periphery. Geminivirus centers of
diversification can be identified from the phylogenetic tree built
from all sequences available [11] and can be described as the areas
where a maximum number of geminivirus species have been iden-
tified so far, and a similar evaluation can be done for their satel-
lites. We identified eight different geographical locations as
centers of diversification for ‘‘geminiviruses” (Fig. 2). These centers
are: A- Australia, B- Japan, C- South China, D- Indian subcontinent,
E- Sub-saharan Africa, F- Mediterranean-European region, G- South
America and H- Central America. Together, the Chinese and Indian
centers host more than 46% of geminivirus species, 94% of betasat-
ellite species and 98% of alphasatellite species (Fig. 2). The pres-
ence of this enormous diversity for geminiviruses and associated
satellites points towards designating Indo-China as a center of ori-
gin for these viral and subviral entities.
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It is also noteworthy that Corchorus yellow vein virus (CoYVV)
and Corchorus golden mosaic virus (CoGMV), recently identified in
Vietnam and India, have all the features of NW begomoviruses in
spite of being the most remote viruses in this cluster [18]. These
viruses also lack the AV2 ORF and have the PWRsMaGT motif in
their CP gene. This strongly suggests that ancestors of NW-like
begomoviruses were present in the OW even before the Gondwana
separation.

Surprisingly, the diversity centers for geminiviruses do not
match perfectly with those of host crops [61]. There is an overlap
between the crop and virus centers for five out of the eight gemini-
virus centers, with only the Australian, African and South American
centers differing. However, considering the tomato example, which
originated from South America, only 15 different begomoviruses
infect tomato there compared to the African continent, where 20
different representatives of begomovirus species infect tomato.
Similarly, cultivated cotton in its native place of origin (Central
America) is infected by a single bipartite begomovirus called Cot-
ton leaf crumple virus (CLCrV) [62]. On the other hand, varieties
of NW cultivated cotton in the Indian subcontinent are infected
by members of at least seven species of begomoviruses [11]. Fur-
thermore, neither cotton nor tomato are infected by the same spe-
cies of viruses in their native place and their introduced
geographical areas, pointing towards the invasion of imported
virus-free crops by local geminiviruses. All of this data strongly
support the theory that local viruses invaded endemic or intro-
duced crops, suggesting rapid host changes.

11. ‘‘Geminivirus’’ evolution proposal

Because there are no fossils for viruses, it is very difficult to
ascertain how old geminiviruses or their ancestors could be? The
oldest record for symptoms of geminivirus infection is 1257 years
old. A Japanese poem written in 752 AD describes the beauty of
Fig. 3. Possible scenario of geminivirus (DNA-A and DNA-B) and satellite evolution, in sp
domains. One hundred MY represents the estimated time of continental drift between t
eupatorium plants in Japan. The yellow color of this plant is now
attributed to a satellite associated begomovirus infection [63].

Because of the RCR mechanism that is common to geminivirus-
es and their satellites, to circoviruses and anelloviruses infecting
animals, to microviruses infecting bacteria and to plasmids repli-
cating in bacteria, archaea and algae, it has been hypothesized that
the evolution of geminiviruses originated from these plasmid mol-
ecules [3]. Plasmids act as an extra chromosomal molecule in pro-
karyotes (such as bacteria) and ancient eukaryotes (such as red
algae). It is generally admitted that the Rep protein has been the
sole common protein throughout this long evolutionary process.
This is seconded by the discovery of a very significant homology
(>31% over 55 amino acids) between the Rep protein of the mastre-
virus Wheat dwarf virus (WDV) and a Rep-like sequence encoded
by a red algae (Porphyra pulchera) plasmid (Fauquet. CM; personal
communication). As reviewed by others, if algae plasmids are con-
sidered to be the ancestors of geminiviruses, then geminivirus evo-
lution can be dated back at least to 450 million years. It is unclear
how a replicated plasmid in an algae evolved into an independent
virus capable of movement between cells, tissues and plant hosts
and it is a mystery how this pro-virus acquired de novo genes such
as AC2, AC3, AC4, AV1 and AV2 to constitute the genome of today’s
geminiviruses. Once the efficient movement and insect transmis-
sion ability via the CP was obtained, geminivirus spread occurred
at an alarming rate. Furthermore, human interference resulted in
an unbalanced ecosystem, which resulted in the invasion of gemin-
iviruses onto introduced domesticated crops.

Taking into consideration all the information available about
geminiviruses and their satellites, it would be possible to propose
that the evolution of geminiviruses followed the path shown in
Fig. 3. Replicated plasmids in red algae and other primitive life
forms, managed to acquire new genes, allowing this molecule to
become more independent from its host and eventually capable
of infecting plants, probably monocots first, as a pre-mastrevirus.
ace and time. The horizontal and vertical bars represent time, geographical or host
he Old World and the New World.
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This evolution must have coincided with acquisition of insect
transmission. At some point in time, they managed to infect dicots
but still had the same type of leafhopper vector, then acquired new
genes to become a pre-monopartite and a monopartite, transmit-
ted by whiteflies. This monopartite begomovirus, having the capac-
ity to capture other molecules, acquired an alphasatellite from a
pre-nanovirus, or a betasatellite from an unknown source. In the
meantime, hybrids were formed through recombination between
a mastrevirus infecting dicots and a monopartite begomovirus to
form the ancestors of curtoviruses and topocuviruses. In a subse-
quent period, a monopartite managed to capture an ancestor of
what is today a B-component, and this combination of two compo-
nents was extremely successful to the point where such bipartite
begomoviruses are only present on the American continent, fol-
lowing the drift of the continents around 125 million years ago.

Although such a scenario for the evolution of geminiviruses is
generally satisfactory and supported by others [3], there are many
questions left unanswered, such as why we have not been able to
identify any of the possible precursors of these different phases,
why there is only one category of begomoviruses and none of the
satellites present on the American continent, and why there are
no mastreviruses present on the American continent neither? It
is probable that in the near future some of these questions will
be answered thanks to the extended capacity in virus sequencing.

12. Conclusion

Evolution of viruses is difficult to explain because there are no
ancient records that can be used to trace the biological activity of
these molecules, therefore we must rely on existing viruses to re-
build their possible history. Plant geminiviruses are so small that
most probably their genome, through mutation and recombina-
tion, has been rebuilt numerous times in the past, however their
structure and size are remarkably stable, probably due to the accu-
mulation of numerous biochemical, biophysical and biological con-
straints on very small proteins. Although there are molecular
records for only a mere 25 years, there are indications that their re-
mote ancestors existed 450 million years ago.

As time passes, we discover individual cases with intermediate
characteristics, such as the NW-like bipartite begomoviruses iso-
lated in Vietnam and India. These viruses possess all the features
of NW begomoviruses while being the most remote of them on
the NW branch of the phylogenetic trees, clearly indicating that
they are ancestors of NW begomoviruses, and not a recent expor-
tation of NW viruses into the OW. We can predict that new viruses
isolated from remote places or remote hosts in the Tree of Life will
unravel new intermediates in the geminivirus tree.

A fundamental question in virus evolution is: what is the origin
of all the viral genes that have no homology to any of the genes
known so for in the Tree of Life? What is the mechanism by which
viruses acquire new genes? Furthermore, many of these genes are
coding for multifunctional proteins, adding another level of com-
plexity in their interaction with host proteins, and their de novo
‘‘creation”. Geminiviruses and their satellites have at least four
gene silencing suppressor proteins that are not related to each
other and have complementary functions. It is now obvious that
viral proteins are multifunctional with variable level of activities.
The PTGS suppressors AC2 and AC4 of begomoviruses can vary
from no suppressor activity to very high suppression activity. At
least these features provide indications of different evolutionary
potentials and re-enforce the concept that viruses are in a constant
exploratory mode for survival.

Geminiviruses are instrumental in demonstrating that a virus
molecule can capture another related molecule to the point where
we consider them a segmented genome. The discovery of alphasat-
ellites gave us the evidence that a satellite can ‘‘jump” from a nano-
virus to a geminivirus, and the betasatellites gave us the concept
that a satellite can turn a non–infectious virus to a super virulent
virus. The co-evolution evidence between betasatellites and their
helpers clearly demonstrates that two physically independent mol-
ecules can conserve, for a very long period of time, a close relation-
ship based on synergistic molecular interactions [64]. Finally, this
leads to the possible idea that the DNA-B of bipartite begomovirus-
es might have been an unrelated satellite until it became, through
recombination, a recognized segment of a geminivirus divided
genome.
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