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Ab s t r Ac t
The destructive nature of viral diseases and its epidemic level of infection demand for a specific, effective and sustainable strategy. Begomovirus 
being the most destructive class of plant viruses, causes a widespread loss to crop production in the world. RNA silencing approaches have 
been implemented in past to raise virus-resistant transgenic crops. Some have found success while others failed terribly either in the laboratory 
or in field trials. In the present and future context, reviewing the potential of this technique is essential as Indian sub-continent region has an 
agriculture-based economy. This article aimed to review current research and future perspective in efficient targeting of begomovirus borne 
diseases in crops using RNA silencing as a molecular tool.
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Ov e r v i e w

The ever-increasing number of viral diseases in plants and 
the damage caused by them is hampering the global crop 

production. That is why there is a very high demand for the 
development of antiviral strategies to protect and also confer 
resistance towards viral infection in crop plants. The millions 
of hungry people being one major fraction of the hugely 
populated nation such as India; we need to develop indigenously 
developed virus-resistant crops to increase the crop productivity 
to feed millions of people. Begomoviruses are one of the major 
threats to Indian agriculture as evident from large scale losses 
to cotton, tomato, papaya and cereal crops in India (Meena and 
Chattopadhyay, 2016; Saxena et al., 2016; Verma and Saxena, 2017a). 
Therefore, the problem related to begomovirus infection should 
be the focus of research in order to achieve the goal of attaining 
a sustainable food security in India. In this review, a glimpse of 
begomoviruses is presented along with various approaches used by 
researchers to address begomovirus infection in various crop plants.

Begomovirus: The complex genetic machinery
The Begomovirus is the largest genus belonging to the Geminiviridae 
family of plant-infecting viruses. The Begomovirus are whitefly-
transmitted geminivirus, found frequently in both eastern and 
western hemispheres of Earth. Begomoviruses infect mostly 
dicotyledonous plants widespread in tropical, sub-tropical and 
other mild temperature regions (Zerbini et al, 2017). More than 16 
different groups of Begomoviruses have been reported in India. 
The host range of these viruses comprises of horticulture, legumes 
and cash crops of India. Okra, chili, cotton, croton, papaya, cassava, 
legumes, and tomato are few commercial crops facing a tough 
begomovirus challenge in the fields (Borah and Dasgupta, 2012).

Begomoviruses mainly identified as geminate, twinned, 
icosahedral shaped particles containing circular single stranded 
DNA (ss-DNA) genome. The multifunctional begomoviral proteins 
are usually carried on ss-DNA known as helper DNA, also known 
as DNA-A. This DNA-A is associated with DNA-B and satellites DNA 
particles in case of bi- and monopartite begomovirus respectively 
(Zerbini et al., 2017). The multifunctional proteins are encoded by 
overlapping regions called open reading frames (ORFs) present 
on virion and complementary strands. Both structural e.g. coat 
protein and those required for molecular functions i.e. replication, 
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transcription, translation and host-resistance are encoded by ORFs 
whenever begomoviruses are transmitted into host cell. Apart from 
coding regions, the DNA-A, DNA-B and few satellites contain an 
intergenic regions spanning 200 nucleotides long that contains 
origin of replication (ori), transcription start site (TSS), bidirectional 
promoter and other elements required for efficient transcription and 
translation of viral peptides (Krupovic et al., 2009; Fondong, 2013). 
In case of bipartite begomovirus, the other genomic component 
known as DNA-B, contains ORFs encoding for long range mobility 
of viral particles i.e. their movement from one cell to another. Thus, 
helping in systemic infection development in host plants (Noueiry 
et al., 1994). The genomic component associated with monopartite 
begomovirus i.e. alpha- and betasatellite, may encode proteins 
which help in symptom elevation and suppression of host immune 
response (Zhou, 2013). Betasatellite encodes protein c1, reported 
to help in symptom development and host immune suppression 
through various mechanisms (Yang and Xhou, 2017). In DNA-A, the 
7 ORFs in bipartite forms are named as AV1, AV2, AC1-AC5 whereas 
in monopartite they are named as V1, V2, C1-C5, respectively 
(Zerbini et al., 2017). AC1 (C1) encodes replication-associated protein 
(Rep), a highly conserved protein in terms of sequence, position, 
and function; it is essential for viral replication and initiation of 
infection (Hanley-Bowdoin et al., 1999; Fondong, 2013). AC2 (C2), a 
transcriptional activator protein (TrAP) is a multifunctional protein 
involved in gene activation (Shivaprasad et al., 2005), suppression of 
gene silencing (Chowda-Reddy et al., 2009) and virus pathogenicity 
(Hong et al., 1996); resulting in activation of coat protein (CP) and 
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viral movement protein (MP) in non-virus specific manner (Hanley-
Bowdoin et al., 1999). AC3 (C3) encodes a replication enhancer 
protein which enhances viral DNA accumulation and symptom 
development in plants upon begomovirus infection (Sung and 
Coutts, 1995). AC4 (C4) ORF is contained within AC1 ORF but differ 
in frames and is least conserved of all begomoviral proteins with 
a different function in monopartite and bipartite viruses. Various 
studies have suggested its’ role in symptom development i.e., 
development of leaf curl, chlorosis, vein swelling or enation due to 
abnormal cell division and virus movement (Mills-Lujan and Deom, 
2010; Pooma et al., 1996). The AV1 or V1 ORF encodes the only 
structural protein CP which is involved in viral genome packaging, 
insect transmission, viral DNA shuttling in and out of nucleus and 
cell to cell movement in host plant (Boulton et al., 1989; Briddon 
et al., 1990; Liu et al., 1997; Pitakustheepong, 1999). AV2 or V2 ORF 
encodes a protein which has been putatively reported to be a viral 
suppressor of host silencing machinery (Chowda-Reddy et al., 2008).

The DNA-B genomic component is a characteristic of 
bipartite Begomoviruses and includes 2 ORFs namely BV1 on the 
complementary sense strand and BC2 on the virion sense strand. 
BV1 encodes nuclear shuttle protein (NSP) which is required for 
transport of the viral ss genome across nuclear membrane and 
cytoplasm (Noueiry et al., 1994). The MP is encoded by the BC2 
ORF; required for the cell to cell and long-range movements 
through its cooperative interaction with the NSP-viral DNA complex 
(Lazarowitz and Beachy, 1999). Due to the similar redundant 
functions exhibited by AV1 and BV1, they are thought to be sharing 
common evolutionary origin (Zhou et al., 2007).

Betasatellite molecules are nearly half the size of DNA-A i.e. 
~1.2-1.5kb. They utilize Rep protein produced by helper DNA 
i.e. DNA-A and initiate their replication and transcription of βC1 
mRNA. Apart from being pathogenicity determinant, βC1 has also 
been shown to be helping in viral DNA accumulation, suppression 
of host RNAi machinery and helping in viral movement (Yang 
et al., 2012; Jia et al., 2016; Haxim et al., 2017). Because of these 
reasons, bipartite begomoviruses have been slowly taken over 
by monopartite begomoviruses populations in old world region. 
This phenomenon accounted for more than 250 betasatellite 
sequences being deposited in last 5-8 years. Such a large number 
of betasatellite components associated with DNA-A have given 
rise to several disease complexes in old world like Cotton leaf curl 
disease complex in Pakistan and Punjab area of India (Zubair, et 
al., 2017a,b). Such complexes have given rise to many epidemics 
in past few years leading to large scale economic losses (Pita et al., 
2001; da Silva et al., 2011; Moriones et al., 2017; Sattar et al., 2017).

Plant immunity against virus invasion: RNA interference in 
plants
Post-transcriptional gene silencing or RNA interference involves 
suppression of gene expression by means of a complex population 
of small RNAs produced in response to the plant innate defence 
response called RNA silencing (Vance and Vaucheret, 2001). It is 
an evolutionary conserved, sequence-specific mechanism that 
regulates gene expression and defends organisms against abiotic 
stresses (Ghildiyal and Zamore, 2009; Kumar et al., 2017), invasive 
genetic material such as viral nucleic acids, transposons and other 
transgenes (Vaucheret, 2006; Ding et al., 2004; Matzke et al., 2015). 
Generally, 21-24-nt long small RNAs are called siRNAs whose 
genesis occurs from their dsRNA precursors or ssRNA molecules 
that form a self-complementary fold-back structure (Chapman and 
Carrington, 2007). The cloning of small RNA and Next Generation 

Sequencing (NGS) in Begomovirus infected plants has shown that 
the converging transcription of the nuclear transcripts is a major 
source of dsRNA precursors (Blevins et al., 2011; Seguin et al., 2014).

Transcriptional gene silencing: De novo and RdDM 
mediated cytosine methylation mechanism
DNA viruses need nuclei to replicate inside their plant hosts to 
increase their titer and thus cause infection in the host plant. The 
viral chromosomes are helped by host polymerases (host DNA Pol 
II in most of the cases) in generation of capped and polyadenylated 
viral RNAs (Sharma et al., 2013). The Begomovirus invasion is mainly 
countered by plants by means of DNA Methylation (DM) and by 
RNA dependent DNA Methylation (RdDM) which leaves a reversible 
epigenetic mark on the chromatin region (Fujimoto et al., 2012; He 
et al., 2014). The cytosine methylation (5meC) is catalyzed by de 
novo methyltransferases i.e. MET1, CMT3 AND CMT2 with the help 
of cofactors VIM and KYP. De novo establishment of methylation 
at both symmetric and asymmetric methylation sites is catalyzed 
by DRM2. DDM1 and RdDM proteins synergize to maintain all the 
cytosine methylation in the plant genome (Johnson et al., 2007; Woo 
et al., 2008; Zemach et al., 2013). The DNA methylation occurs in the 
nucleosomal region involving both linker and core histones. The 
methylated DNA is repressed transcriptionally because it is packed 
into heterochromatin which is inaccessible to RNA polymerases. 
Thus, DNA methylation directed by 24-nt siRNAs plays a key role 
in the maintenance of chromatin states and regulation of gene 
expression in most eukaryotes (Xie and Yu, 2015). RNA directed 
DNA methylation (RdDM) is an important component of plant RNA 
silencing machinery as it defends it against transgenes, transposons, 
and viruses (Zvereva and Pooggin, 2012). It is mediated by Pol IV 
and Pol V, two plant-specific DNA dependent RNA polymerases 
functioning in the initiation of siRNA biogenesis and generation of 
scaffold transcript respectively. The scaffold transcripts produced 
by Pol V are de novo methylated and then targeted by AGO4 protein 
complex comprising of a 24-nt siRNA molecule interacting via the 
complementary pairing of siRNA and scaffold proteins and resulting 
into sequence-specific cleavage of their target RNAs (Ruiz-Ferrer 
and Voinnet, 2009; Bhatia et al., 2017).

How begomoviruses evade plant host silencing 
machinery?
The Geminiviruses mainly multiply inside host nucleus by Rep 
dependent DNA replication via rolling circle replication (RCR) 
and also partially by recombination-dependent replication 
(RDR) (Jeske et al., 2001; Erdmann et al., 2010). RDR generates 
a heterogeneous population of linear dsDNAs which become 
a target of cytosine methylation. RDR mediated generation of 
dsDNAs is the driving force for the Begomovirus evolution and their 
enhanced epidemiology all over the world through the formation 
of chimaeras in case of mixed infection and their vector-mediated 
transmission across the globe. The Begomoviruses have evolved 
various molecular mechanisms to evade plant RNA silencing 
pathways mainly bypassing the cytosine methylation/ DNA 
methylation, a primary defence response of plants against them. 
The Rep dependent RCR provides an efficient way for repression of 
methylation and thereby evasion of siRNA mediated transcriptional 
silencing (Stenger et al., 1991; Bian et al., 2006; Raja et al., 2010; 
Paprotka et al., 2011). RDR generated heterogeneous linear dsDNA 
is also incompatible with de novo and RdDM machinery in host 
plants. The above reasoning gets strength from the evidence that 
the geminiviral clones that were in vitro methylated gave rise 
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to unmethylated dsDNA strands in plant protoplasts, although 
there was some decrease in viral DNA titer as compared to the 
control protoplasts. This provides evidence of an initial role of 
cytosine methylation in repression of viral DNA replication in 
plants. This also is evidence that Geminiviruses demonstrate the 
ability to resurrect viral DNA from repressive cytosine methylation 
by bypassing the host maintenance methylation during its 
replication in the host nucleus (Brough et al., 1992; Ermak et al., 
1993; Raja et al., 2008). Recruitment of begomovirus protein AC2, a 
transcription activation factor, AC4, a viral repressor protein (both 
DNA A) and betaC1 (β satellite) encoded by betastellite associated 
with begomoviruses also act as viral suppressors which activate 
the host genes initially repressed by methylation but later gets 
activated upon repression of maintenance methylation by viral 
dsDNA replication. The Old World Begomoviruses have shown to 
be up-regulating the WERNER-LIKE EXONUCLEASE 1 (WEL1) whose 
function is thought to be as a helper of viral DNA replication due 
to presence of a putative 3’-5’ exonuclease activity similar to that 
of WERNER exonuclease involved in DNA replication and repair 
(Trinks et al., 2005). AC4, an open reading frame (ORF) lying within 
Rep encoding ORF but in a different reading frame is one of the least 
conserved of all begomovirus genes and its expression whether 

stable or transient resulted in no distinguishable phenotype 
in model plants. Yet, the action of AC4 is a major reason of the 
‘collateral damage’ caused by binding single-stranded miRNAs and 
siRNAs; inhibiting the formation RNA-induced silencing complex 
(RISC) loading complex and leading to degradation of miRNAs and 
siRNAs thereby suppressing the RNA silencing mechanism of host 
plants (Chellappan et al., 2004, 2005; Vanitharani et al., 2005; Bisaro, 
2006). Various begomoviral multifunctional proteins are thought 
to interact with ADENOSINE KINASE (ADK) and inactivate it thus, 
preventing the production of s-adenosylmethionine (SAM) thereby 
suppressing both TGS and PTGS (Wang et al., 2005; Buchmann et al., 
2009). Thus, the viral minichromosome is armoured with various 
molecular shields and weapons which help them to modify cell 
cycle, initiate host DNA reduplication, suppress de novo and RdDM 
maintenance cytosine methylation and repress TGS and PTGS.

RNA interference as a tool against begomoviruses
The RNAi based approaches have an ability to ectopically reduce 
the expression of a target gene in a sequence-specific manner. 
RNAi has been effectively employed as an experimental tool for 
both functional characterizations of unidentified genes and for 
conferring virus resistance to host crop plants (Table 1). Apart from 

Table 1: List of RNA interference based strategies used to develop virus-resistant transgenic plants. 

S.N. Virus Host Approach Target gene/region Transgenic plant Reference
1 Cotton leaf curl 

burewala Virus 
(CLCuBuV)

Cotton amiRNA V2 gene sequence of 
CLCuBuV

Nicotiana 
benthamiana

Ali et al., 2013

2 Wheat streak mosaic 
virus (WSMV)

Triticum aestivum amiRNA 5’UTR, polycistronic 
miRNA from P1, P3 and 
Hc-Pro genes

T. aestivum Fahim et al., 2012

3 Cucumber mosaic 
virus (CMV)

Cucumis sativus amiRNA Gene silencing 
suppressor 2b of CMV

N. benthamiana Qu et al., 2007

4 Wheat dwarf virus 
(WDV)

Triticum aestivum amiRNA Different conservative 
sequence elements of 
WDV strains

Hordeum 
vulgare

Kis et al., 2016

5 Tomato yellow leaf 
curl virus (TYLCV)

Solanum 
lycopersicum

Antisense RNA C1 encoded Rep 
protein

N. benthamiana Bendahmane 
& Gronenborn, 
1997

6 Cotton leaf curl virus 
(CLCuV)

cotton Antisense RNA Rep (AC1), TrAP(AC2) & 
REn (AC3)

N.benthamiana Asad et al., 2003

7 Vigna mungo yellow 
mosaic virus (VMYMV)

Vigna mungo hpRNA 
construct

Promoter sequence of 
VMYMV
209bp long (2650-
130nt)  position

V. mungo Pooggin et al., 
2003

8 African cassava 
mosaic virus (ACMV)

cassava Antisense RNA Rep (AC1), TrAP(AC2) & 
REn (AC3)

cassava Zhang et al., 2005

9 Citrus tristeza virus 
(CTV)

mexican lime Antisense RNA P23 mexican lime Fagoaga et al., 
2006

10 Tomato yellow leaf 
curl virus (TYLCV).

S. lycopersicum siRNA 
construct

V1 gene encoding coat 
protein

S. lycopersicum Zrachya et al., 
2007

11 Cassava brown streak 
virus (CBSV) & Cassava 
brown streak uganda 
virus (CBSUV)

Cassava RNAi construct Coat protein (CP) N. benthamiana Patil et al., 2011

12 Indian cassava mosaic 
virus (ICMV)

Jatropha curcus Hair pin 
dsRNA

Fragment 1: 250 bp 
(CP/AV1 and AC5), 
Fragment 2: 250 bp 
(TrAP/AC2; Ren/AC3), 
Fragment 3: 609 bp 
(Rep/AC1 and AC4)

J. curcus Ye et al., 2014
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the above mentioned, the RNAi has been successfully employed to 
improve commercially useful traits and eliminate unwanted traits 
from plants (Mansoor et al., 2006). The production of high stearic 
and oleic acid cotton seeds, thermally stable oil containing soybean 
seeds, tomato fruits with enhanced carotenoid and flavonoid 
content are few to mention here (Mansoor et al., 2006). Early works 
in the production of virus resistant transgenic plants relied heavily 
on the pathogen-derived resistance approach, whereby a sequence 
or a part of the viral genome is introduced into the host plant in 
order to suppress viral invasion (Sanford and Johnston, 1985; Abel 
et al., 1986). 

But nowadays, with the development of advanced vector 
technologies based on Gateway® vectors technology i.e., 
pHELLSGATE, pIPK and PANDA and Golden Gate cloning technology; 
it has become quite easy to incorporate hairpin RNAs, sense RNA 
(co-suppression), anti-sense RNA, inverted-repeat (IR) sequences 
and artificial miRNA (amiRNAs) into the host plants for siRNA and 
miRNA induced gene silencing (Engler and Marillonet, 2011). The 
RNAi strategy was first reported in 1998 against Potato virus Y in 
potato plants where the vector containing sense and antisense 
transcripts of HC-Pro (a viral helper-component proteinase) 
conferred complete immunity in transgenic potato (Waterhouse 
et al., 1998). Since then the RNAi has been successfully employed 
to confer resistance against Begomoviruses like Mungbean Yellow 
Mosaic Virus (MYMIV), African Cassava Mosaic Virus (ACMV), Tomato 
Yellow Leaf Curl Sardinia Virus, Indian Cassava Mosaic Virus (ICMV) 
and Ageratum Yellow Vein Virus (AYVV) using the above mentioned 
RNAi approaches (Pooggin et al., 2003; Vanitharani et al., 2003; Noris 
et al., 2004; Yang et al., 2014; Ye et al., 2014).

Different RNAi based approaches against 
begomoviruses
RNA silencing, a homology-dependent siRNA-guided technique 
starts with the identification of conserved DNA sequence regions in 
a particular species of begomovirus. The conserved region can be 
submitted to any popular online siRNA target finder tools available 
to design siRNAs (Shukla et al. 2017). Following the identification 
of sense target sequences, the selected region is amplified using 
PCR (Verma and Saxena, 2017b), then an RNAi construct is designed 
incorporating the putative siRNA fragment as a hairpin forming 
precursor that favours constitutive expression of siRNAs upon 
transcription and processing by host siRNA machinery. The default 
length for a spacer hairpin sequence is 10-nt, however, longer 
spacers have been also reported in many cases; since it does not 
affect the potency and specificity of siRNAs. An additional purine 
must be added if not present at 5’ end as the RNA pol III favours‘ C’ 
‘G’ at transcription initiation sites (Wang and Mu, 2004; Hirai and 
Kodama, 2008).

Various RNA silencing approaches for developing resistant 
crops against begomoviruses are:

Silencing mediated by sense RNA mediated ‘co-suppression’
It is the earliest approach for RNA-mediated silencing in plants 
when accidentally the overexpression of chalcone synthase (chs) 
gene in Petunia resulted in silencing of ‘Pink’ colouration in flowers 
thus producing ‘White’ flowers (Napoli et al., 1990). This pathway 
is also known as co-suppression as a result of ‘over-abundance’ of 
sense RNA resulting in suppression of both endogenous gene and 
the transgene as well. The ‘over-abundance’ of target transgene 
accumulation above a critical threshold signals the plant to 
eliminate these accumulated mRNA population from the nucleus 
irrespective of their origin and source. This mRNA degradation of 

PTGS signals initiation of RdRP mediated synthesis of templates 
for Dicer (DCL) mediated cleavage and chopping (Dougherty and 
Parks, 1995; Stam et al., 1997).

Silencing by antisense RNA technology
The antisense RNA technology helps in gene silencing by providing 
a complementary strand that hybridizes against the transcribing 
endogenous mRNA in the nucleus; forming a dsRNA mediated 
inactivation or getting directed towards the silencing machinery 
of plants, thus, preventing the mRNA from translating a functional 
protein. This technique has not yielded efficient long-term silencing 
of Begomoviral DNA particles, however, combined targeting of 
ACMV replication genes AC1, AC2, and AC3 antisense RNA resulted 
in strong inhibition of ACMV in transgenic cassava. Short sense and 
antisense RNA specific to AC1 were identified in transgenic lines 
expressing AC1 antisense RNA, suggesting the involvement of PTGS 
mediated gene silencing (Zhang et al., 2005).

Silencing by tandem Inverted Repeats (IR) containing hairpin 
RNA
It is the RNA silencing technique resulting in highest success rate 
in suppression of viral infection in crops which is approximately 
90% as compared to meagre 10-20% shown by transgenic plants 
containing a single copy of sense and antisense RNA (Smith et al., 
2000; Waterhouse and Helliwell, 2003). This difference in efficiency 
could be attributed to the high level of dsRNA produced from single 
transcripts in case of IR without the requirement of host silencing 
machinery; these dsRNAs would thus act as a substrate for DCL4 
and RISCs in case of DNA virus invasion in plants. This approach is 
suitable for RNA based viruses like Soybean Mosaic Virus (SMV), 
Bean Pod Mosaic Virus (BPMV), Sugarcane Mosaic Virus (SCMV), 
Maize Dwarf Mosaic Virus (MDMV) and Tobacco Mosaic Virus 
(TMV) to produce single or multiple virus resistant plants (Galvez 
et al., 2014).

Artificial miRNA (amiRNA) mediated gene silencing: 
MicroRNAs (miRNAs) have been considered the master regulators of 
gene expression in eukaryotes and they do so in a sequence-specific 
manner with evolutionarily conserved function as evident from 
studies based on functional characterization of miRNAs (Ruiz-Ferrer 
and Voinnet, 2009; Wang et al., 2012). amiRNAs are synthetically 
designed 21-22 nt long dsRNA molecules which are incorporated 
into miRNA precursor molecules to modify the miRNA/miRNA* 
sequences in the duplex of a hairpin loop to generate mature 
miRNA with artificial sequences to control gene expression by 
PTGS (Ali et al., 2013; Carbonell et al., 2014; Chen et al., 2016; Wagaba 
et al., 2016). First report of amiRNA technology employed for 
conferring resistance towards viral silencing suppressor genes P69 
and HC-Pro of Turnip Yellow Mosaic Virus (TYMV) and the Turnip 
Mosaic Virus (TuMV) respectively in Arabidopsis. They manipulated 
the 273 nt pre-miRNA159 backbone with amiR-P69 and amiR-HC-
Pro into the hairpin loop to generate two independent amiRNA 
containing constructs. The resistance against TYMV and TuMV 
was astonishingly successful, even at low temperatures that inhibit 
PTGS (Niu et al., 2006). The constructs containing multiple amiRNA 
directed against different viral nonstructural genes and repressors 
was generated to effectively delay infections or reduce the infection 
susceptibility in transgenic plants (Qu et al., 2007; Carbonell 
et al., 2014). The common limitation faced by this approach in 
conferring resistance to Begomoviral plant diseases is that the 
ssDNA viral genome replicates via rolling circle amplification as 
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well as by homologous recombination which helps in the genetic 
rearrangement of nucleotides in the viral genome. This enables the 
viral genome to evolve much faster than the plant miRNA (Lin et al., 
2009; Elena et al., 2014), thus overcoming the conferred resistance.

Secondary siRNA mediated silencing
The secondary siRNAs are derived from ds- precursors, here the 
synthesis is stimulated by one or more upstream small RNAs 
requiring RDR6 and DCL4 as biogenesis factors. Slicing directed 
by 22nt miRNAs also initiates biogenesis of secondary RNAs 
from sliced target sequences (Axtell, 2013). The secondary siRNA 
mediated silencing signal acts through amplification pathway 
and traverses long distances from one cell to another as shown 
by grafting of silenced Nicotiana tabacum stock to a non-silenced 
scion expression the target gene (Voinnet et al., 1998; Ryabov et 
al., 2004). This implies that efficient silencing requires amplification 
steps in conjunction with the de novo synthesis of secondary 
siRNAs by host RDR in association with mobile RNA silencing. Thus, 
20-30-nt duplexes with 3’ overhang of 2-nt at each end (Ghildayal 
and Zamore, 2009) are diced and loaded onto RISC to target its 
complementary bases and direct PTGS by target mRNA cleavage. 
The amplification step multiplies the viral siRNA population by 
approximately 20-folds implicating the important role of RDR6 
in the transitive spread of silencing signals against viral infection 
(Wang et al., 2010). The concept of secondary siRNA has been 
reported in a unique approach where the silencing system allows 
induction of viral gene silencing in trans manner; this approach 
was named direct repeat-induced gene silencing (DRIGS) where a 
tandem array of single cistron incorporated into a silencing vector 
system confers resistance to multiple viruses (Mitra et al., 2010). 
Therefore, this approach holds a great promise in the efforts to 
produce begomovirus resistance transgenic plants.

cO n c lu s i O n A n d Fu t u r e Pe r s P e c t i v e
The ss-DNA begomoviruses have an advantage of possessing viral 
suppressor genes which inhibit the adaptive response of plants 
by attenuation of their silencing machinery. They perform this 
silencing by partially inhibiting dicer activity and by interfering with 
the unwinding of duplex siRNA to prevent its incorporation into 
RISC; they also block the systemic silencing signals from traversing 
cellular boundaries (Bisaro, 2006). The successful siRNA targeting of 
begomoviral genome is difficult due to the presence of these viral 
suppressors which help the viral replication machinery to regain the 
invasive ability once the replicative DNA content crosses its relative 
inhibitory threshold limit. The unprecedented high rate of failure 
of RNA silencing has been observed in the cases where distinct 
begomoviral species are involved in co-infection. The synergism 
provided by the mixed infection enhances the fitness component of 
at least one of the members of this complex and thus the infection 
cannot be controlled by traditional anti-viral strategies (Noris et al., 
2004; Elena et al., 2014). 

In light of the serious begomovirus threat, we need to develop 
better RNA silencing approaches where the viral suppressors 
are targeted along with other structural and non-structural 
begomoviral genes to totally suppress the probability of 
begomovirus infection in important crops of the world. Therefore, 
a continuous effort is required to identify genomic adaptations 
acquired by the ever-evolving begomoviruses and design a suitable 
RNA silencing strategy to eliminate the risk of epidemiological 
invasion on crop plants globally.
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