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Summary
Following the conceptual development of virus resistance strategies ranging from coat 

protein-mediated interference of virus propagation to RNA-mediated virus gene silencing, 

much progress has been achieved to protect plants against RNA and DNA virus infections. 

Geminiviruses are a major threat to world agriculture, and breeding resistant crops against 

these DNA viruses is one of the major challenges faced by plant virologists and 

biotechnologists. In this article, we review the most recent transgene-based approaches that 

have been developed to achieve durable geminivirus resistance. Although most of the 

strategies have been tested in model plant systems, they are ready to be adopted for the 

protection of crop plants. Furthermore, a better understanding of geminivirus gene and 

protein functions, as well as the native immune system which protects plants against viruses, 

will allow us to develop novel tools to expand our current capacity to stabilize crop 

production in geminivirus epidemic zones.
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Introduction

Geminiviruses are rapidly becoming major plant pathogens in

tropical and subtropical countries (Moffat, 1999; Boulton,

2003; Mansoor et al., 2003), affecting an increasing number

of crops with a disastrous impact on productivity (Table 1).

The recent spread of geminivirus-associated diseases has been

linked to the emergence of new virus strains and the increas-

ing abundance of viruliferous whitefly vectors, possibly as a

result of enhanced insecticide resistance and global warming

(Seal et al., 2006). Breeding for resistance to geminiviruses in

plants faces many challenges, such as the availability of gem-

inivirus resistance genes from wild relatives or cultivars, the

development of dominant molecular markers linking with the

pathogen resistance and the rapid introgression of resistance

into susceptible cultivars. So far, variable levels of geminivirus

resistance in plants have been achieved by traditional breed-

ing or genetic engineering (Lapidot and Friedmann, 2002).

Approaches to achieve any geminivirus resistance by genetic

engineering require a knowledge of its genome organization,

gene functions, infection process and life cycle. This informa-

tion provides important clues for efficient interference with

the geminivirus reproductive cycle and for the elaboration of

a strategy for durable resistance in plants.

On the basis of differences in genome organization, host

range and insect vectors of geminiviruses, four different genera,

namely Mastrevirus, Curtovirus, Begomovirus and Topocuvirus,

are recognized (Fauquet and Stanley, 2003). The leafhopper-

transmitted mastreviruses are quite distinct from all other

geminiviruses in terms of genomic organization and host range,

and are largely confined to monocotyledonous plants. The

whitefly-transmitted begomoviruses, leafhopper-transmitted

curtoviruses and treehopper-transmitted topocuviruses have

a comparable genomic organization. They differ only little in

gene content and function, suggesting a more recent common

evolutionary origin in dicotyledonous hosts (Briddon and

Stanley, 2006). The genus Begomovirus comprises 117 of the

133 officially recognized geminiviruses (Stanley et al., 2005).

Begomoviruses cause most of the economically important

geminivirus diseases of crops (Table 1). Their single-stranded

DNA (ssDNA) genome is either bipartite or monopartite (Brid-

don and Markham, 2001). A typical example of a bipartite

begomovirus is cassava mosaic geminivirus (CMG), the causal

agent of cassava mosaic disease (CMD), which is the most
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important viral disease of cassava in Africa and the Indian

subcontinent (Legg and Thresh, 2000). Because of their eco-

nomical importance and the rapid spread and evolution of

CMGs, in the following we discuss CMGs and CMD as an

illustrative example.

Geminiviruses require insect vectors for transmission. Once

delivered into plant cells, geminiviruses enter a life cycle of

DNA replication, DNA accumulation and virus assembly, as

well as virus spread in the host (Figure 1). Proteins encoded

by begomoviruses can be classified into four groups: DNA

replication-associated proteins Rep and REn, proteins with

host gene regulation and silencing suppression activity (TrAP

and/or AC4), the structural protein (CP) and movement

proteins (MP, NSP). The first three groups are encoded by the

DNA A component, and the coding sequences for movement-

associated proteins are found on the DNA B component.

The function and regulation of these viral proteins and their

interaction with plant cell factors have been reviewed recently

(e.g. Hanley-Bowdoin et al., 1999, 2004; Gutierrez, 2000;

Gutierrez et al., 2004).

Any successful resistance strategy must provide protection

against infection under natural conditions, i.e. against natu-

rally occurring virus populations and under natural infection

pressures. Recombination of geminiviruses in their host plants

and vectors allows for rapid evolution and the emergence of

new geminivirus-associated diseases. Pseudo-recombination,

recombination and synergism of geminiviruses are key factors

in the epidemic of geminivirus-associated diseases. For example,

recombination-associated replacement of an East African

cassava mosaic virus (EACMV)-like virus coat protein (CP) gene

with an African cassava mosaic virus (ACMV) gene sequence

was responsible for the severe epidemic of CMD in Uganda

(Deng et al., 1997; Zhou et al., 1997). Field testing for virus

resistance gives the opportunity to place plants under natural

virus pressure. It can also ensure that the resistance is effec-

tive against the emerging virus combinations. However, virus

transmission, symptom development and yield losses are

highly variable in the field. The incidence of the disease depends

on several parameters, such as vector population, environ-

mental conditions, such as rainfall, cycle of the year (Legg

and Thresh, 2000) and plant development stage at which

virus transmission occurs. The elaboration of reliable infection

tests in the field is certainly a challenge for the release of newly

developed cultivars with proven and durable virus resistance.

So far, approaches to achieve geminivirus resistance by genetic

engineering have been mainly tested in the model plants

Nicotiana tabacum and Nicotiana benthamiana at either the cell

(protoplasts) or plant level. As detailed below and illustrated

in Figure 1, these experiments targeted key steps of viral pro-

pagation, such as replication, encapsidation or movement. In

most cases, strategies of pathogen-derived resistance have

included the expression of viral proteins or nucleic acids,

sometimes in modified form, to interfere with the ordered

progression through the replication cycle (Baulcombe, 1996).

Increased resistance by the expression of 
proteins

Viral proteins

The first improved virus resistance by the expression of a viral

protein was reported for transgenic tobacco expressing the

Table 1 List of the economically important viral diseases caused by geminiviruses

Disease name Virus genus Virion structure Host crop Epidemic region Yield loss Reference

Maize streak disease Mastrevirus Monopartite Maize Sub-Saharan Africa Average 20%, 

up to 100%

Bosque-Perez (2000)

Cassava mosaic disease Begomovirus Bipartite Cassava Africa, India Overall 15–24%,

up to 90%

Legg and Fauquet (2004) 

Patil et al. (2005)

Cotton leaf curl disease Begomovirus Monopartite 

(associated 

β-component)

Cotton Pakistan Average 30%, 

up to 80%

Briddon and Markham (2000)

Bean golden mosaic 

disease/bean golden 

yellow mosaic disease

Begomovirus Bipartite Bean Florida, Central and

South America

10%−100% Blair et al. (1995) Faria and 

Maxwell (1999)

Yellow mosaic disease Begomovirus Bipartite Grain legumes India 10%−90% Malathi et al. (2005) 

Rouhibakhsh and Malathi (2005)

Varma and Malathi (2003)

Tomato leaf curl 

disease/tomato 

yellow leaf curl disease

Begomovirus Monopartite Tomato Europe, Asia, 

Americas, Australia

20%−80%, 

up to 100%

Moffat (1999) 

Moriones and Navas-Castillo (2000)
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Figure 1 Four major strategies applicable to the engineering of geminivirus resistance in transgenic plants interfering with the geminivirus life cycle in 
plant cells. Top: four different strategies in numbered boxes. Middle: summary of the life cycle of geminviruses in plant cells. Bottom: endogenous 
silencing-related responses to viral infection and the potential of RNA interference to implement these pathways.
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CP of tobacco mosaic virus (TMV; Abel et al., 1986). Since

then, CP-mediated plant virus resistance has been widely

used to engineer resistance to RNA viruses. In the case of

TMV, resistance was caused by interference with viral uncoat-

ing (Powell et al., 1990; Beachy, 1999). In other cases, the

resistance mechanisms are largely unknown. CP is required

for systemic infection by monopartite geminiviruses (Briddon

et al., 1989; Rojas et al., 2001), and tomato plants expressing

the CP of the monopartite begomovirus tomato yellow leaf

curl geminivirus (TYLCV) exhibited delayed symptom develop-

ment that was dependent on the expression levels of

transgenic CP (Kunik et al., 1994). In contrast, the CP of

bipartite geminiviruses is not absolutely necessary for the

systematic spread of the virus, as NSP can substitute for the

function of CP in transport (Ingham et al., 1995; Pooma et al.,

1996). Therefore, it has been assumed that a CP-mediated

strategy against bipartite geminiviruses will not produce

a high level of resistance. Consistently, neither transgenic

beans expressing the CP of bean golden mosaic virus

(Azzam et al., 1996) nor N. benthamiana plants expressing

ACMV CP (Frischmuth and Stanley, 1998) displayed any

resistance. Occasional resistance of CP transgenic tobacco

plants to tomato mottle geminivirus (TMoV) was not corre-

lated with CP expression (Sinisterra et al., 1999). Neverthe-

less, geminivirus CPs may have the potential for transgenic

interference as they control specific interactions with the virus

vector (Briddon et al., 1990; Azzam et al., 1994; Hofer et al.,

1997; Noris et al., 1998; Morin et al., 2000). A CP-deficient

ACMV-KE clone lost its systemic infection capacity in cassava

plants and showed reduced functional interaction with its

vector Bemisia tabaci (Liu et al., 1997). Hohnle et al. (2001)

have shown that begomovirus Abutilon mosaic virus CP has

a minimal transmission domain followed by a region for effi-

cient transmission by B. tabaci. These results suggest that the

vector specificity determinants reside in the CP. Expression

of a mutated non-functional CP for vector interaction could

therefore potentially impede the virus spread amongst its

vectors in geminivirus-infected fields.

The geminivirus Rep protein regulates transcription

from the bidirectional promoter of geminivirus DNA A and

mediates origin recognition and DNA cleavage/ligation to

begin and end rolling circle replication (Fontes et al., 1994;

Heyraud-Nitschke et al., 1995). It can form complexes with

itself and other proteins. Rep is a key regulator in the inter-

action with plant cell cycle regulatory factors (Kong et al., 2000;

Kong and Hanley-Bowdoin, 2002). The interaction between

geminivirus Rep and host retinoblastoma-related protein

(pRBR) is involved in the modulation of components of the

pRBR/E2F transcription regulatory network. It can eventually

induce quiescent plant cells to regain the capacity to support

viral DNA replication (Hanley-Bowdoin et al., 2004). Rep also

interacts with other cellular proteins (Morilla et al., 2006) and

with the geminivirus REn protein (Settlage et al., 2005),

which induces the cellular genes required for geminivirus

DNA accumulation (Selth et al., 2005). These crucial func-

tions in the replication cycle and its multiple interactions

make Rep an excellent target for interference by the expres-

sion of mutant proteins. As at least some of these functions

are virus non-specific, the targeting of Rep may also provide

broader resistance against different geminiviruses. Indeed,

virus replication was repressed in N. benthamiana protoplasts

expressing N-terminally truncated Rep (T-Rep) (Hong and

Stanley, 1995; Brunetti et al., 2001), and T-Rep transgenic

plants showed a certain level of resistance (Hong and Stanley,

1996; Noris et al., 1996). T-Rep expression in tomato plants

also conferred resistance to the homologous virus by tightly

repressing the viral Rep promoter, whereas it affected a

heterologous geminivirus by the formation of dysfunctional

complexes with the Rep of the heterologous virus (Lucioli

et al., 2003). Similar observations have been reported for the

expression of the N-terminal region of tomato leaf curl New

Delhi virus, encompassing the DNA binding and oligomeriza-

tion domain, in N. benthamiana plants and protoplasts. This

led to a decrease of more than 70% in DNA accumulation of

the homologous virus, but also afforded a 20–50% decrease

with heterologous ACMV, pepper huasteco yellow vein virus

and potato yellow mosaic virus (Chatterji et al., 2001). Resist-

ance under field conditions was observed with tomatoes

expressing parts of the Rep gene with the intergenic region

of TYLCV (Yang et al., 2004a), but, in this case, expression of

the Rep protein was not necessary for resistance. It is believed

that the double-stranded RNA (dsRNA) hairpin loops tran-

scribed from the inverted repeats of the intergenic region

trigger post-transcriptional gene silencing (PTGS), a gene

silencing mechanism presented later in this article.

As mentioned above, a potential drawback of Rep expression

in transgenic plants could be the recovery of phenotypically

normal plants, because its interaction with pRBR or other

plant proteins may alter the cell cycle and differentiation

programmes (Kong et al., 2000; Shen, 2002). To overcome

this problem, a tomato golden mosaic virus (TGMV) Rep

mutant that reduces viral replication by more than 95% and

pRBR binding activity by up to 75% has been identified (Kong

et al., 2000; Arguello-Astorga et al., 2004). As geminivirus

REn protein can interact with Rep protein and plant factors

through the formation of multimeric complexes (Selth et al.,

2005; Settlage et al., 2005), expression of its mutated form

in transgenic plants may also confer resistance to the
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geminivirus. Thus, we suggest that strong and stable

geminivirus resistance could be achieved by developing a

dual strategy that involves the co-expression of interfering

mutated Rep with reduced pRBR binding activity and REn

mutants.

Viral TrAP proteins play a role in host gene activation and

gene silencing suppression (Hanley-Bowdoin et al., 1999;

Voinnet et al., 1999; Vanitharani et al., 2004; Trinks et al.,

2005). Similarly, geminivirus AC4 protein of Sri Lankan CMV

(whose coding sequence lies within the Rep sequence on

DNA A) also has silencing suppressor activity (Vanitharani

et al., 2004). Expression of TGMV and beet curly top virus

(BCTV) TrAP proteins increased the susceptibility to these

geminiviruses in N. benthamiana and tobacco plants (Sunter

et al., 2001; Hao et al., 2003). Expression of the ACMV AC4

caused developmental abnormalities in Arabidopsis (Chellap-

pan et al., 2005), which were similar to those observed after

the expression of an RNA virus silencing suppressor, most

probably caused by interference with the miRNA pathway

(Kasschau et al., 2003). Interference with the viral mechan-

isms controlling host defence reactions may provide a useful

strategy for virus resistance, but further studies of TrAP and

AC4 functions and their active domains are required to develop

mutation-based strategies in order to avoid interference with

host plant development.

The B component of bipartite geminiviruses encodes two

proteins, NSP and MP, which are required for cell-to-cell and

long-distance movement, respectively (Noueiry et al., 1994).

Partially defective or incompatible MPs have been shown to

disrupt the systemic spread of RNA viruses (Heinlein, 2002).

In geminiviruses, TGMV MP had a deleterious effect on sys-

temic infection of ACMV DNA A in N. benthamiana plants

(Von Arnim and Stanley, 1992). Tobacco plants expressing

a mutated version of TMoV MP also showed resistance to

TMoV and cabbage leaf curl geminivirus (CaLCuV) infection

(Duan et al., 1997). Redirection of squash leaf curl geminivirus

(SqLCV) NSP from the nucleus to the cell periphery by MP has

been demonstrated in protoplasts and yeast (Sanderfoot

and Lazarowitz, 1995, 1996; Sanderfoot et al., 1996; Hehnle

et al., 2004), and the physical interaction has been extended

to viral DNA by electron microscopy studies (Hehnle et al.,

2004). Non-functional MPs may compete for NSP interaction

or oligomerization (Frischmuth et al., 2004), and this could

explain the resistance previously observed in mutated MP-

expressing plants. Although the B DNA component of the

bipartite geminiviruses is not required for virus replication,

strategies based on B component proteins may still have

some effect on the pool size of viral DNA produced in the

host by freezing the mobilization of geminiviruses.

Expression of non-viral proteins with antiviral effects

Plants often resist viruses by mounting a hypersensitive

reaction to induce cell death at the initial site of infection. To

engineer virus-inducible cell death mechanisms to confine

ACMV to the primary infection site, attempts have been

made to express cell death-inducing agents controlled by the

ACMV DNA A virion strand promoter, which is transactivated

by ACMV TrAP on infection (Figure 1; Haley et al., 1992;

Hong et al., 1997). Expression of dianthin, a ribosome-

inactivating protein, under this promoter in transgenic N.

benthamiana plants reduced the susceptibility to infection by

ACMV isolates originating from widely separated locations

(Hong et al., 1996). As homologous and heterologous TrAP

proteins (TGMV, ACMV, Texas pepper geminivirus and

SqLCV) are able to activate virion strand expression of the

TGMV promoter (Sunter et al., 1994), this strategy may confer

resistance to a broad spectrum of geminiviruses. However,

this approach would only be of agronomic usefulness if

residual transgene expression in the absence of infection did

not cause any detrimental effects on plant performance.

To counteract the unwanted activities of cell death-inducing

agents in the absence of infection, we have taken advantage

of further regulatory properties of ACMV proteins on the

DNA A promoter, which is not only activated by about 15-

fold by the TrAP protein (AC2) in the virion sense direction,

but is also repressed two- to fivefold by the Rep protein (AC1)

in the complementary strand orientation (Frey et al., 2001).

The barnase and barstar coding sequences from Bacillus amy-

loliquefacien were cloned under the control of the sense and

complementary promoters from ACMV, respectively (Zhang

et al., 2003). Theoretically, in the absence of geminivirus

infection, the barnase and barstar transgenes should be

expressed at similar levels and no active RNase is produced.

During infection, the Rep (AC1) and TrAP (AC2) proteins

increase the barnase/barstar ratio, leading to the production

of active RNase, local cell death and, finally, inhibition of virus

spread. The required precision of promoter regulation is

difficult to achieve in transgenic cassava, but may be possible

in other plants, for which larger numbers of transformants

can be generated. As an alternative, virus-induced host pro-

moters, such as the AC2-induced promoters in Arabidopsis

(Trinks et al., 2005), may be used to engineer virus-induced

hypersensitivity, provided that they have a very low basal

expression during plant development.

The expression of antibodies against viral proteins, such as

the RNA-dependent RNA polymerase (RdRP) or CP, has pro-

vided resistance to Nicotiana plants against RNA viruses

(Zimmermann et al., 1998; Boonrod et al., 2004). Antibodies
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against geminivirus viral proteins may be efficient factors for

the impairment of key functions of these proteins when they

target their active sites (Figure 1). The respective epitopes are

highly conserved between virus families, and therefore this

may be a promising technology for broad-spectrum resist-

ance. For instance, antibodies directed against active sites

of geminivirus Rep protein could interfere with the functions

of Rep, which generally acts at low concentration for viral

DNA replication and transcription (Hanley-Bowdoin et al.,

1999). Another highly conserved sequence motif is a 38-

amino-acid region of NSP, which is involved in the interaction

between CaLCuV NSP and an Arabidopsis nuclear acetyl-

transferase (AtNSI). Inhibition of AtNSI activity by NSP

interaction contributes greatly to virus infection and patho-

genicity (Carvalho and Lazarowitz, 2004; Carvalho et al.,

2006). Expression of a single-chain antibody targeting the

38-amino-acid conserved region of NSP should impede

this interaction, required for the nuclear export of the viral

ssDNA–CP complex, leading to broad-spectrum geminivirus

resistance.

The replication of geminiviruses requires controlled DNA–

protein interactions in the small intergenic region. The

sequence-specific dsDNA binding activities of geminivirus

Rep have a role in origin recognition and transcriptional

repression, whereas the ssDNA binding activity of Rep is

involved in DNA cleavage (Hanley-Bowdoin et al., 1999). Sera

and Uranga (2002) have produced artificial zinc finger pro-

teins (AZPs) with a high affinity and selectivity for the Rep

dsDNA binding site in the viral replication origins of TGMV

and beet severe curly top virus (BSCTV). Expression of a six-

finger AZP with a nuclear localization signal (NLS) under the

control of a Cestrum yellow leaf curling virus promoter in

Arabidopsis thaliana also produced transgenic lines with

reduced or no replication of BSCTV (Sera, 2005). This

approach is likely to generate stable resistance as the virus

needs to evade the AZP effect by simultaneously mutating

both the Rep sequence and the origin of replication.

All other known interactions of DNA with geminiviral

proteins, such as TrAP/C2, CP, MP and NSP, are sequence

nonspecific (Sung and Coutts, 1996; Rojas et al., 1998; Kirthi

and Savithri, 2003; Van Wezel et al., 2003; Hehnle et al.,

2004), and thus may not provide specific targets for the appli-

cation of AZPs. However, non-specific DNA binding activities

may also be used for resistance engineering. Padidam et al.

(1999) reported that the expression of the Escherichia coli

G5 protein, which binds to ssDNA, competed with CP and

affected geminivirus movement. Moreover, the expression of

proteins with non-specific DNA binding activity will not have

deleterious effects on host plant development.

Several proteins involved in the RNA silencing pathway

have important roles in protecting plants against viruses

(Lecellier and Voinnet, 2004). Their characterization is now

allowing virologists to interpret the susceptibility to viruses of

certain cultivars by the absence and/or deficiency of certain

key components of the RNA silencing pathway. The expression

of endogenous RdRP genes in many plants is greatly stimu-

lated during virus infection. In N. tabacum, a virus-inducible

host RdRP gene has been identified, which displays anti-RNA

virus function. This RdRP is also induced by salicylic acid (SA),

which stimulates generalized antiviral and antimicrobial

defence responses (Xie et al., 2001). The extreme suscep-

tibility of N. benthamiana to viruses has been associated with

a lack of an active SA- and virus-induced RdRP. Expression of

an RdRP orthologue from Medicago trunculata restored resist-

ance to tobamoviruses in N. benthamiana (Yang et al., 2004b).

Geminiviruses have different replication intermediates from

RNA viruses, and it is unclear what kind of role plant endo-

genous RdRPs may play in the antiviral defence system, and

how they interact with their targeted sequences. Increased

expression of an RdRP (SGS2/SDE1) in Arabidopsis resulted in

reduced viral symptoms on CaLCuV infection (Muangsan et al.,

2004). Investigation of the related orthologues for the virus

response and silencing pathways in geminivirus-susceptible

species may provide an interesting tool for understanding the

variable levels of virus susceptibility observed amongst different

cultivars.

DNA interference

ACMV-infected plants contain, in addition to the two

genomic DNAs, small amounts of DNA of approximately

twice and half the genomic DNA length (Figure 1; Stanley

and Townsend, 1985). The function of these DNA forms is

still unclear, but ACMV multiplication in N. benthamiana host

plants has been negatively correlated to the concentration of

so-called defective interfering (DI) DNA B (half of the DNA B

size). N. benthamiana plants transformed with a tandem

repeat of subgenomic defective ACMV DNA B showed

reduced symptoms compared with untransformed plants on

ACMV infection (Stanley et al., 1990). This phenomenon was

virus specific because no resistance phenotype could be

observed when the transgenic plants were challenged with

other geminiviruses (BCTV and TGMV). This specificity was

further confirmed in transgenic N. benthamiana plants with

a DI-based BCTV (Logan strain) resistance, which were not

resistant to other strains (Stenger, 1994). However, no other

investigation of the mechanism of such interference, or of

the DI molecules associated with the different cassava
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geminivirus species, has been reported. Whether the integration

of several DI sequences isolated from the different cassava

geminiviruses in cassava could protect against the infection

by these viruses is still unknown. The function of other sub-

viral agents of geminiviruses (reviewed by Briddon and

Stanley, 2006) during infection has not yet been elucidated.

Integration of Ageratum yellow vein disease (AYVD) DNA-β
into the N. benthamiana genome produced severe develop-

mental abnormalities in transgenic plants (Saunders et al.,

2004). This may be a result of open reading frames (ORFs) in

the subviral agent coding for viral proteins, such as βC1 from

TYLCV DNA-β, which acts as a silencing suppressor (Cui

et al., 2005). Nevertheless, their potential negative effect on

virus accumulation may provide a novel strategy for most

geminivirus diseases, provided that they do not trigger dele-

terious effects when integrated in the host genome. The

appropriate mutagenesis of the subviral components could

expand the interference technology to all geminivirus species

whose replication level is affected by subviral components.

Increased resistance by RNA interference

RNA interference (RNAi) in eukaryotes is a sequence-specific

gene silencing mechanism that may have evolved initially as

a defence against viruses and transposons through transcrip-

tional gene silencing (TGS) and PTGS. RNAi was inadvertently

evoked in many of the previous successful attempts to en-

gineer plant virus resistance by introducing virus-derived

sequences into plants. As the mechanism of RNAi is now

better understood, it has been developed into a widely used

technique for studying gene function and for engineering

virus resistance (Tenllado et al., 2004). RNAi is triggered

by the expression of ‘artificial’ dsRNAs homologous to viral

sequences, which can be most easily achieved by fusion of the

respective regions in sense and anti-sense orientation within

one transcript (Figure 1). Several vectors have been developed

for the efficient expression and processing of such hairpin

dsRNA in plants (Wesley et al., 2001; Miki and Shimamoto,

2004). Linking the sense and anti-sense sequences by an

intron, which is eventually spliced, resulted in the most efficient

silencing in plants (Smith et al., 2000; Wesley et al., 2001).

The dsRNA region is processed into small interfering RNAs

(siRNAs), which guide silencing complexes to target regions

on RNA or DNA. In plants, the predominant action of silencing

complexes on RNA seems to be cleavage (Meister and Tuschl,

2004), leading to PTGS, whereas targeted DNA regions often

become methylated (Mette et al., 2000; Sijen et al., 2001;

Cao et al., 2003; Zilberman et al., 2003) and transcriptionally

silenced (TGS). RNA viruses can only be affected by PTGS,

whereas, for geminiviruses, both silencing mechanisms may

be applicable, as reviewed by Vanitharani et al. (2005).

Targeting viral promoters with dsRNAs

TGS of a transgene can be induced by infection with a virus

carrying a sequence homologous to the promoter of the

transgene. Silencing can be mediated by cauliflower mosaic

virus, a pararetrovirus with a DNA and an RNA phase (Al-Kaff

et al., 2000; Covey and Al-Kaff, 2000), and by potato virus X,

an RNA virus (Jones et al., 1999). In both cases, TGS was cor-

related with increased methylation of the transgene promoter

in the infected plants (Jones et al., 1999; Al-Kaff et al., 2000).

Similarly, methylation of a tomato leaf curl virus (TLCV)-derived

transgene promoter and consequent transgene silencing

have been observed on TLCV infection (Seemanpillai et al.,

2003), strongly suggesting that virus-derived siRNAs are also

generated during geminivirus infection. Such siRNAs have

been detected for transcribed regions of the genome (see

below), but also for the theoretically non-transcribed intergenic

region, which harbours the viral promoters and replication

origin (Akbergenov et al., 2006). Double small RNA-directed

methylation of geminivirus bidirectional promoters may

down-regulate the transcription of viral genes, resulting in

inefficient virus replication. Recovery of Vigna mungo yellow

mosaic virus-infected Vigna mungo plants has indeed been

reported after bombardment with DNA constructs express-

ing dsRNAs homologous to the bidirectional viral promoter

(Pooggin et al., 2003). We have also observed that the repli-

cation of ACMV DNA A can be impaired in leaf discs from

transgenic cassava plants expressing dsRNA homologous to the

DNA A promoter (H. Vanderschuren et al., unpublished data).

Triggering TGS of geminivius promoters by pre-expression or

induced expression of specific dsRNAs may therefore consti-

tute a promising strategy to interfere with virus replication.

As a result of the low level of homology of the promoter

sequences between different species of geminivirus, it is

expected that this type of resistance will be strain specific.

dsRNAs homologous to viral coding sequences

Vectors for virus-induced gene silencing (VIGS), i.e. silencing

of an endogenous gene following viral infection with a virus

carrying the targeted sequence, were first developed with

RNA viruses (Kumagai et al., 1995; Ruiz et al., 1998). VIGS is

a manifestation of an RNA-mediated defence mechanism

against virus infection that is related to PTGS. VIGS vectors

have also been developed with the geminiviruses TGMV,

CaLCuV and ACMV (Kjemtrup et al., 1998; Turnage et al.,
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2002; Fofana et al., 2004), indicating that silencing is also

triggered by DNA viruses. siRNA accumulation in tomato

plants infected with the monopartite geminivirus TYLCV

(Lucioli et al., 2003) and in cassava plants infected with the

bipartite geminivirus ACMV (Chellappan et al., 2004b)

reflects the role of the RNAi pathway as a natural defence

mechanism against these DNA viruses. In cassava, the

appearance of siRNA against a region within the Rep coding

sequence was correlated with the recovery of infected plants

from infection (Chellappan et al., 2004b). These findings,

together with the emerging roles of geminiviral proteins as

modulators of the plant gene silencing machinery, strongly

suggest that the effectiveness of the plant RNAi response is

a major determinant of viral proliferation. Manipulation of

this balance by pre-expression of dsRNAs or by interference

with the viral counteraction should constitute a promising

approach to increase plant resistance.

Any hairpin dsRNAs homologous to viral coding sequences

may enter both known RNAi pathways (Baulcombe, 2004).

On the one hand, they may act in TGS complexes as

sequence-specific mediators for the methylation of homo-

logous viral DNA sequences in the nucleus. On the other hand,

they may serve as mediators for sequence-specific PTGS, i.e.

degradation of viral transcripts and/or inhibition of transla-

tion. As described above for the intergenic region, siRNA-

directed methylation may also affect coding regions and

thereby cause reduced transcription. Methylation can spread

from the primary dsRNA-targeted genomic DNA sequence in

the 5′ and 3′ directions (Vaistij et al., 2002; Van Houdt et al.,

2003). Therefore, any initial effect of a specific hairpin dsRNA

may extend further to non-targeted sequences.

The transcription of methylated coding sequences may be

reduced but is usually not completely abolished. PTGS can

provide more efficient interference because target RNAs will

be largely degraded. Therefore, it is believed that an RNAi

approach against geminivirus coding sequences should work

as efficiently as against RNA viruses. The RNAi strategy has no

limitation in terms of targeted sequences. As the Rep gene is

strictly required for replication (Hanley-Bowdoin et al., 1999),

it has been considered the most promising RNAi target. The

correlation between the natural accumulation of siRNAs

homologous to the Rep C-terminal sequence and the recovery

of ACMV-infected plants (Chellappan et al., 2004b) suggests

that resistance may be achieved by interfering with the 3′
end of the Rep sequence. This region, which overlaps TrAP,

provides double targeting to the two crucial viral genes by

PTGS (Haley et al., 1992). Vanitharani et al. (2003) observed

a strong decrease in Rep mRNA accumulation and reduced

viral replication in tobacco BY2 protoplasts transiently

expressing the siRNAs homologous to ACMV Rep. In addi-

tion, the accumulated siRNAs in cassava plants recovering

from infection by ACMV-CM were derived from this genomic

region (Chellappan et al., 2004b). As it is a highly conserved

region, targeting this specific region may offer broad-spectrum

resistance. For example, the highest homology of Rep sequences

between ACMV and EACMV lies in this region, and an siRNA

correlated resistance, accidentally induced by an ACMV Rep

transgene, was found to be active against both ACMV and

EACMV (Chellappan et al., 2004a).

This approach can certainly be expanded to any viral cod-

ing sequences, provided that the decrease in viral mRNA has

a sufficient effect on the virus life cycle. Fagoaga et al. (2006)

have engineered Citrus tristeza virus (ssRNA virus) resistance

based on the PTGS of p23, a viral silencing suppressor. As

mentioned above, several geminivirus proteins with silencing

suppressor activities have been identified, and should be

considered as potential candidates for RNAi-based resistance.

Viral silencing suppressors also regulate the level and activity

of some miRNAs in plants (Kasschau et al., 2003; Chen et al.,

2004; Chellappan et al., 2005). It is unclear so far, however,

whether this is an accidental by-product of interference with

the gene silencing machinery or whether plant viruses target

miRNAs, which could be a natural response to virus infection.

Such a mechanism has recently been reported for Epstein–

Barr virus, a human DNA virus that influences the miRNA

pathways to regulate host and viral genes in response to

infection (Pfeffer et al., 2004). Exploring the miRNA pathway

via the expression of miRNA precursors homologous to viral

sequences may also offer possibilities to repress geminivirus

gene expression in plants.

So far, RNAi against geminivirus infections has been acci-

dentally induced in transgenic plants engineered for protein

expression, and the activity of specifically designed siRNA

expression constructs has been tested in transient systems

(Pooggin et al., 2003). The characterization of short RNAs

produced by natural infection and transgene expression

(Akbergenov et al., 2006) should provide key information to

optimize RNAi approaches. Moreover, characterization of the

native genes required to trigger and maintain silencing pro-

cesses on DNA virus infection in the geminivirus model system

CaLCuV-infected Arabidopsis (Muangsan et al., 2004) will

provide new opportunities for engineering improved gemin-

ivirus resistance.

Anti-sense RNA

The suppression of gene expression by anti-sense RNA

(asRNA) sequences was used before the discovery of the
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mechanisms of gene silencing. Day et al. (1991) successfully

used asRNA technology to engineer geminivirus resistance in

tobacco plants. TGMV replication was reduced in transgenic

plants expressing a Rep asRNA sequence, and one transgenic

line showed more than 90% symptomless plants after infec-

tion. Expression of an asRNA sequence covering the entire

TGMV Rep, TrAP and REn also repressed BCTV replication in

tobacco (Bejarano and Lichtenstein, 1994), but failed to con-

trol the less related ACMV. Rep asRNA-mediated resistance

was also engineered against the monopartite TYLCV in N.

benthamiana (Bendahmane and Gronenborn, 1997) and

tomato (Yang et al., 2004a). We have successfully produced

transgenic cassava plants resistant to ACMV infection by

expressing ACMV genes of Rep, TrAP and REn in anti-sense

orientation. By linking the viral asRNA to the selectable

marker RNA, we have avoided the production of transgenic

plants in which the asRNA gene is post-transcriptionally

silenced. Both in vitro transient assays and infection experi-

ments confirmed the reduction of ACMV replication and the

increased resistance to ACMV infection. Our results demon-

strate that resistance to ACMV infection of cassava can be

achieved with high efficacy by expressing asRNAs against

viral mRNAs encoding essential non-structural proteins

(Zhang et al., 2005). Asad et al. (2003) achieved cotton leaf

curl virus resistance in tobacco with a similar anti-sense

approach against Rep, REn and TrAP. It is still unclear whether

or how asRNA molecules enter the RNAi pathway to contribute

to geminivirus resistance in transgenic plants. We found no

siRNAs in asRNA transgenic cassava plants prior to infection,

suggesting that resistance is achieved by sense–anti-sense

interactions after infection and not by the constitutive

production of siRNAs from the transgene. The anti-sense

approach may therefore be a better option than the expres-

sion of hairpin dsRNA, which may be more prone to develop

transgene silencing (TGS) over generations, because the

short RNAs generated from the hairpin transcript (or from

other types of transgenes) can direct site-specific transgene

methylation (Aufsatz et al., 2002; Zilberman et al., 2004).

TGS may become more severe with increasing numbers of

cell cycles (Fojtova et al., 2003) and lead to the inactivation of

the transgene and subsequent loss of protection against virus

infection. The dynamics of siRNA production are also very

likely to play a key role in virus resistance. Further analysis of

asRNA-mediated geminivirus resistance would certainly

provide useful information to optimize the RNAi approach by

entering the siRNA pathway at different points and by pro-

viding better control of siRNA production dynamics.

The hairpin dsRNA and asRNA technologies offer the pos-

sibility to engineer easily multitarget-based resistance. Indeed,

scattered regions of the viral genome can be targeted by

plants expressing fused viral asRNA or hairpin dsRNA

sequences. Considering that geminivirus DNA A is highly

recombinogenic (Briddon and Stanley, 2006), a multitarget

approach against coding sequences of both sense strand

and virion strand is more likely to produce stable and durable

virus resistance.

Conclusion

Multiple approaches to the engineering of resistance to gem-

iniviruses have been exploited in plants (Figure 1), in most

cases using model plant systems. If such technologies can be

applicable to crops, they will certainly bring significant benefit

to crop breeders and producers. The elevated level of resist-

ance to geminivirus diseases in crop plants must be durable

under agronomic growth conditions. Indeed, the extrapola-

tion of these results to other species may be difficult with

regard to the resistance level and its stability in host species.

In most cases, transgenic plants have been tested for virus

resistance under glasshouse conditions and over one or two

generations. The engineered virus resistance may appear vari-

able under natural field conditions and agricultural practices

over several generations. Therefore, more extensive field

tests and resistance stability evaluations are required before

improved lines can be released for cultivation.

In addition to pathogen-derived resistance in transgenic

plants, the enhancement of native antiviral mechanisms may

allow the engineering of virus resistance without affecting

plant development. As discussed above, constitutive expres-

sion of mutated geminivirus proteins often produces

phenotypical abnormalities in transgenic plants. Therefore,

the mutation-based approach needs to consider how to min-

imize the potential interactions between the mutated viral

protein and host proteins. In this context, mutant candidates

that compete for viral replication or transmission without

the ability to interfere with host factors are our first choice.

Further characterization of the key domains in these viral

proteins will provide more reliable information for the develop-

ment of novel antiviral strategies.

The availability of transformation techniques in many

major crops (e.g. tomato, bean, cotton and cassava) and the

strategic development of geminivirus resistance will allow us

to employ different strategies to increase geminivirus resist-

ance in these crops within a reasonable time. For example,

transgenic cassava lines resistant to CMG infection have been

reported in two laboratories using different resistance mech-

anisms (Chellappan et al., 2004a; Zhang et al., 2005). Resist-

ance has been demonstrated in these transgenic plants under
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glasshouse conditions and needs to be confirmed under

natural infection pressures.

From a technical point of view, it is also important to focus

on an understanding of the mechanisms on which engineered

resistance is based. This information will allow efficient and

reproducible transfer of resistance from model plants to crop

plants. In addition, a better evaluation of engineered resist-

ance can be designed via appropriate measurements, such as

short RNA load in PTGS-based resistance. The recent loss of

virus resistance observed in transgenic cassava lines (Donald

Danforth Plant Science Center, 2006) advocates for further

studies and for the characterization of virus resistance

mechanisms. Eventually, this knowledge will also contribute

to a better evaluation of the resistance sustainability and

stability.

Genetic engineering remains an alternative and rapid

method to transfer resistance genes to traditional cultivars,

bypassing the long procedure of introgression and the

appearance of undesired traits usually associated with it.

When traditional breeding can offer cultivars with a medium

level of resistance, genetic engineering could provide addi-

tional tools to implement virus resistance. In this respect,

genetic engineering and traditional breeding are comple-

mentary. Development of the genetic engineering tool and

ongoing studies on geminiviruses will help to achieve stable

resistance in geminivirus-susceptible crops.
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