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Introduction
Begomovirus is the type species of Bean golden mosaic virus 

(BGMV) of the family Geminiviridae and it is transmitted through 
the whitefly (Bemisia tabaci Gennadius) in the persistent circulative 
manner. Begomoviruses infect dicots in tropical and temperate 
climates [1-4] and their genome consists of one or two circular 
single stranded DNA components, referred as DNA-A and DNA-B, 
each approximately 2.6-2.8 kb in size [5,6]. Begomovirus originating 
in the New World have a bipartite genome (DNA-A and DNA-B) 
organization whereas those from the Old World have either bipartite 
or monopartite (DNA-A) genomes [7]. In monopartite begomoviruses 
such as Tomato yellow leaf curl virus from Israel [8] and Sardinia [9], 
only a single component similar to DNA-A of bipartite begomoviruses 
in genome organization has been identified and shown to be enough 
for producing infectivity when reintroduced in tomato, fulfilling 
Koch’s postulates and confirming that the single genomic component 
is solely responsible for disease development.

DNA-A is essential for replication and encapsidation [10-12] while 
DNA-B plays a role in systemic movement and symptom production 
[13,14]. The begomovirus replication cycles rely entirely on DNA 
intermediates and occur within the nucleus of the infected cell through 
two basic stages: conversion of ssDNA to dsDNA intermediates and 
rolling circle replication (RCR) [15]. 

DNA-A of all begomovirus has five ORFs, of which one (AV1, also 
called AR1) is on the virion DNA strand and the other four (AC1, AC2, 
AC3 and AC4 also designated as AL1, AL2, AL3 and AL4 respectively) 
are on the complementary strand. The viral strand ORFs code for the 
coat protein and for a protein required for cell-to-cell movement of the 
virus. The proteins encoded by the ORFs on the complementary strand 
are both involved in viral DNA replication, and are translated from 
spliced and unspliced versions of the same mRNA [16]. 

Begomoviruses from the Old World posses an additional ORF 
(AV2) does not found in New World begomoviruses. DNA-A has 
two ORFs in the virion sense or rightward direction [AV1/AR1-Coat 
protein (CP) and AV2/AR2-Pre coat protein] and four ORFs in the 
complementary sense or leftward direction [AC1/AL1-Replication 
initiator protein (Rep), AC2/AL2-Transcription activator protein 
(TrAP), AC3/AL3-Replication enhancer protein (REn), AC4/
AL4 and AC5/AL5]. DNA-B has one ORF each in virion strand or 
rightward direction [BV1/ BR1-Nuclear shuttle protein (NSP)] and 
complementary strand or leftward orientation [BC1/ BL1-Movement 
protein (MP) (Table 1).

DNA-A and DNA-B sequences are different from each other except 
for an approximately 200 bp intergenic region (IR) [17] and hence that 
region is also called as common region (CR). The CR is present in the 
intergenic region between ORFs AV1 and AC1 in DNA-A and between 
ORFs BV1 and BC1 in DNA-B and it is highly specific for a virus. 
CR is the only region with significant sequences similarity between 
DNA-A and DNA-B components of the same virus. The CR has many 
regulatory element including two TATA motifs, one for ORF AV1/
AV2 and another for ORF AC1/AC4 (Table 1). 

In few years satellite molecules called DNA-β has been investigated 
to be associated with mono and bipartite begomoviruses and are 
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Abstract
Begomoviruses (family Geminiviridae) cause a number of serious diseases of cultivated crops and they are 

considered as the major constrains for cultivation of several crops all over the world. Presently human activity 
and modern day agriculture are one of the key factors in the emergence of begomoviruses in various parts of the 
world. The available disease management options include the organisation of agricultural practice to reduce disease, 
the use of cultural control such as sanitation programmes, the control of the vector population through the use of 
insecticides, and the breeding and growing of resistant crop cultivars. Transgenic resistance against begomoviruses 
has shown limited success despite the use of a number of strategies. Ability of begomoviruses to evolve rapidly by 
recombination and mutations is the major limitation to all these strategies. In modern-day biotechnology, focus is 
required on engineering begomovirus resistance through transgenic approach. Expression of various full length or 
truncated or defective proteins of the virus has been effective in achieving pathogen-derived resistance. Antisense 
RNA and RNAi technology have also been used with some success. This review focus on both conventional and non-
conventional management strategies methods have been suggested and described over the years for management 
of begomoviruses diseases in economically important plants.
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required for the systemic infection and symptom development [18-23]. 
Beside this there are a numerous report on a nanovirus like component, 
termed alphasatellites (DNA-1) found associated with the disease 
complex. DNA-1 components are related to nanovirus components 
that encode replication-associated proteins. So far they have not been 
shown to have essential role in the disease etiology. Alphasatellites can 
affect both begomovirus titer and symptom development in host plants 
[24,25]. Initially it was thought satellite molecules were limited to the 
Old World, but recently, alphasatellites have been found associated with 
New World begomoviruses [26,27], thus expanding the geographical 
distribution of satellite molecules associated with begomoviruses. 
Some alphasatellites encode a pathogenicity determinant that may 
modulate begomovirus-betasatellite infection by reducing betasatellite 
DNA accumulation [28].

Begomoviruses have emerged as more serious problems in a 
variety of economically important plants for example cassava, cotton, 
legumes, grain and vegetables [3]. Presently, begomoviruses are also 
associated with severe disease in tomatoes, okra, chilli, beans, cucurbits 
and weeds disease. In begomoviruses, the tendency for recombination 
and acquisition of extra DNA components had resulted in emergence 
of new viruses that infect new hosts and cause new diseases [3,29]. 

Therefore, virus management seems to be the only possibility to 
minimize the disease impact caused by these viruses. Availability of a 
sensitive diagnostic protocol for quick and reliable detection of these 
viruses at the early stage of infection in these plants will be the better 
choice.

Management strategies of virus diseases

Virus infected plants cannot be controlled or cured by any 
chemical treatment in the field [30]. However, they can be managed 
and therefore, control must be based on measures that prevent 
infection. Cultural practices such as rouging, intercropping, avoidance, 
use of barriers, crop residue disposal, among others, are recommended, 
but they should be combined with the use of insecticides and/or 
resistant varieties in order to be effective, especially in tropical areas, 
where tomato production occurs throughout the year [31-33]. Both 
conventional and non-conventional methods have been suggested and 
described over the years for control of viral diseases (Figure 1).

Conventional measures

The conventional measures are essentially based on cropping 
patterns and good agricultural practices. In several situations these 

Figure 1: Figure showing strategies for management of plant virus diseases through conventional and non-conventional methods.

ORF Predicted molecular weight (kDa) Putative protein Predicted function
AV1 30.0 Coat protein (CP) Encapsidation
AV2 13.0 Pre- coat protein Cell to cell movement protein
AC1 40.0 Replication initiation protein (Rep) Replication initiation
AC2 17.0 Transcription activator protein (TrAP) Transcription activators of rightward ORFs, suppressor of PTGS
AC3 15.0 Replication enancer protein (REn) Replication enhancement
AC4 6.0 _ Suppressor of PTGS, Viral replication
AC5 18.0 _ Viral replication
BV1 29.0 Nuclear shuttle protein Nuclear trafficking (NSP)

BC1 32.0 Movement protein (MP) Cell to cell movement, pathogenicity determinant

Table 1: ORF (Gene) order in begomovirus DNA-A and DNA-B components with their putative protein products and predicted function.
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are more than adequate to control or limit the transmission of the 
disease. However, in situations of severe epidemics or in situations 
where the crop has a genetic predisposition to be infected with the 
virus, non-conventional methods also need to be explored. Some of the 
conventional methods are first described in the following paragraphs.

Use of healthy planting material and/or the eradication of 
infected plants 

Transplanting crops in greenhouses isolated from other plants that 
harbor or may harbor viral diseases e.g. susceptible crops, should be 
practiced [34]. Using planting material from which all infected plants 
have been removed (rouged), applying heat therapy (35-54ºC), use 
of meristem tip cultures, cold treatment and chemotherapy are other 
means suggested for obtaining virus free plants [35]. However, the 
major disadvantages of this approach encountered are difficulties in the 
detection of infected plants especially in countries which do not have 
the necessary infrastructure and agricultural extension services and the 
socio-economic difficulties of enforcing eradication schemes [36].

Eliminating the weed hosts

Weeds have been identified as key sources of viral infections for 
a long time. Murant and Taylor [37] reported that the over wintering 
nematode worms which lose their infectivity but regain it in the spring 
from germinating infective weed seeds, act as important source of virus 
infections. Cooper and Harrison [38] also studied the importance of 
vector nematodes in the distribution and activity of vector nematodes 
in the ecology of Tobacco rattle virus (TRV). They identified two weeds, 
Stellaria media and Viola arvensis as key overwintering hosts of TRV 
where the virus was found to be retained by the vector Trichodorus 
pachydermis for long periods. Eradication of perennial weeds from 
around greenhouses, gardens and fields to eliminate possible sources 
of virus therefore, may prove helpful [34]. For control of Cucumber 
mosaic virus (CMV), weed hosts harbouring cultivated fields has been 
found successful in reducing the incidences of virus in cucumber and 
celery [39]. However, such approaches have been reported to have 
their limitations and rather fail if there are changes that affect virus 
epidemiology such as local climatic fluctuations or changes in cropping 
practice [36].

Use of virus free planting materials, regular surveillance for disease 
symptoms at early stages of plants, followed by cleaning and removal of 
commonly growing weeds viz. Ageratum conyzoides, Acalypha indica, 
Croton bonplandianum, Eclipta prostrate, Physalis minima, Nicandra 
physaloides, Solanum nigrum, Datura stramonium, D. metel and other 
weeds (which act as potential reservoirs of begomovirus) from fields 
was found to be very effective. 

Role of weeds/alternate hosts on the epidemiology of viral disease 
has been studied in case of many important viruses from India and 
abroad which are the major limiting factors to cultivation of important 
crops. In India, 13 weeds species have been identified to harbour 
Tomato leaf curl virus in Karnataka [40,41] recorded Sida sp. and 
Abutilon indicum as alternate hosts of Cotton leaf curl virus in Punjab. 
Valand and Muniyappa [42] reported 18 weed hosts of Tobacco leaf 
curl virus occurring in southern India. Nicotiana plumbaginifolia, 
Physalis minima, Coccinia grandis, Solanum nigrum, Momordica 
charantia (wild), Sorghum vulgare (widely growing) and Luffa spp. 
weeds have been found to be the hosts of geminivirus in north India 
[43]. In literature Croton bonplandianum to be the host of Tomato leaf 
curl New Delhi virus (ToLCNDV) and Parthenium hysterophorus was 
found to host of Tomato leaf curl Karnataka virus (ToLCKV) [22]. 

Alternate sources of Tomato leaf curl virus (ToLCV) or Tomato 
yellow leaf curl virus (TYLCV) have been found in many weed hosts. 
Dalmon and Marchoux in 2000 [44] reported that Solanum nigrum, 
Datura stramonium and Malva spp. could serve as reservoirs of TYLCV 
in France. In Spain numerous weed species viz. Chenopodium murale, 
Datura stramonium, Malva parviflora, Solanum nigrum, Convolvulus 
sp. and Cuscuta sp. were recorded to be the reservoirs of TYLCV [45]. 
Recently Tomato leaf curl New Delhi virus (ToLCNDV) has been found 
associated with a common weed Eclipta prostrata in Pakistan [46], 
which is serious constraint of tomato, chilli and other crops on Indian 
subcontinent.

Therefore these weeds must be removed from and around the 
agricultural crop fields to minimize the source of reservoirs of many 
begomoviruses which also provide the shelter to whitefly, the known 
vector for transmission of a variety of begomoviruses.

Management through chemical means to minimize the 
population of transmission vectors

This comprises of controlling the vectors which act as carriers 
for transmitting the viruses from infected plant to the healthy ones. 
Avoidance by growing plants in isolated areas, early sowing of seeds, 
rotation of crops to reduce specifically soil-borne virus diseases, 
putting physical barriers like screens or cages to ward off insect vectors 
like aphids, leaf hoppers, whiteflies etc. are some of the strategies that 
have been suggested [47]. 

Killing the insect vectors by using insecticides is being used as early 
since 1930s as a means of direct attack on vectors [48]. Bradbent et al. 
[49], tried several insecticides e.g. Endrin, Malathion, DDT etc. and 
showed successful prevention of Potato leaf roll virus (PLRV) spread 
from infected to healthy ones. However, excessive use of insecticides 
may also prove ecologically harmful in the long run. According to Hull 
and Davies [36], the use of insecticides to control aphid populations 
is neither realistic nor practical and since most of the early virus 
infections are initiated by insects feeding on perennial hosts, spraying 
for those hosts and weeds may be more helpful. Moreover, excessive 
use of insecticides may also prove ecologically harmful in the long run. 

The development of strategies for integrated disease management 
by spray of oils, viricides, pesticides and botanicals has been found to be 
significant in reducing the yield loss by many workers for various viral 
diseases [50-57]. Three sprayings of Malathion (50% E.C.) insecticide 
(0.2%) at 21 days intervals was successful on various cultivars of chilli 
in field conditions to minimize the whitefly population and to assess 
the improvement of their biomass and ultimately the fruit yield. Three 
sprayings of Malathion insecticide (0.2%) at 21 days intervals which 
were found to be best for minimizing the whitefly transmitted leaf curl 
disease of chilli cultivars is recommended for its possible management 
[58,59]. However, the regular use of insecticide should not be in 
practice because it adversely effects the environment, round other way, 
may diminish the quality of crops.

Development or breeding of resistant varieties

Developing plant varieties resistant against virus or its vector into 
the crop through breeding techniques is yet another approach for 
controlling viral diseases. Virus resistant crops increase profitability 
of production as they require no extra inputs to production of virus-
free planting materials or control of virus vectors and because of the 
increases yields in quantity and quality both [30]. Though being the 
best of all the approaches, limitations to this conventional method 
of controlling virus diseases have been pointed out. For example, the 
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resistance used by breeders is usually conferred by single dominant 
genes [60], the resistance conferred by which have been found to break 
down in the field [61]. Besides, desired resistance may not be always 
available in a closely related, infertile relative; the genes for resistance 
may be tightly linked to undesirable traits or the resistance may be 
multigenic and difficult to transfer. Large genome size, high amount of 
repetitive DNA and insufficient mapping of most of the plant species 
have also been suggested to make cloning of a host-encoded resistance 
gene very difficult. In addition, in majority of the cases, the mechanism 
underlying resistance to many important viruses in crop species has 
largely remained unknown and therefore no tag is easily available to 
identify and isolate these resistance genes [30,62].

Resistance to tomato infecting begomoviruses has been successfully 
introgressed from Solanum pimpinellifolium, Solanum peruvianum, 
Solanum chilense and Solanum habrochaites [63]. From these sources, 
a few resistance genes have been well characterized and mapped using 
molecular markers. A partially dominant major resistance gene, Ty-1, 
was introgressed from S. chilense accession LA1969 and mapped to the 
short arm of chromosome 6 [64]. A major resistance QTL derived from 
S. pimpinellifolium (Hirsute-INRA) was mapped to a different position 
on chromosome 6 (TG153-CT83) [65]. Hanson et al. [66] mapped a 
dominant resistance gene, Ty-2, in S. habrochaites derived line H24, 
to the short arm of chromosome 11. A partially dominant major gene, 
Ty-3, derived from S. chilense (LA2779 and LA1932), was mapped to 
chromosome 6 [67]. The Ty-3 introgression derived from LA2779 was 
found to be longer and linked to Ty-1. However, recent studies on 
fine mapping and characterization demonstrated that Ty-1 and Ty-3 
are allelic and code for an RNA-dependent RNA polymerase [68]. An 
additional gene, Ty-4, was mapped to the long arm of chromosome 3. 
While Ty-3 has a major effect that accounts for 60% of the variation 
in symptom severity, Ty-4 accounts for only 16% of the variation 
[69]. Recently, a recessive resistance gene (ty-5) was identified on 
chromosome 4 in the lines derived from cultivar Tyking [70], which is 
suspected to be similar to the Ty-5 locus that accounts for more than 
40% of the variation [71]. Most of these resistance sources are known 
to support virus replication. However, the level of virus accumulation 
is lower than the levels in susceptible cultivars. It is well established 
that the virus level in tomato lines carrying Ty-1/Ty-3 is <10% of the 
level found in susceptible cultivars [68]. Similarly, a low level of virus 
accumulation and a positive correlation between virus level and disease 
severity were found in Ty-2 carrying lines [72].

For virus resistance in particular, pyramiding has been achieved 
in different plant virus interactions e.g. Phaseolus vulgaris-Bean 
common mosaic virus (BCMV) [73], Capsicum annuum- Pepper veinal 
mottle virus (PVMV) [74], Hordeum vulgare-Barley mild mosaic virus 
(BaMMV) and Barley yellow mosaic virus (BaYMV) [75], and Glycine 
max-Soybean mosaic virus (SMV) [76]. Pyramiding of target genes 
can be achieved either by following a crossing or backcrossing scheme 
[77]. The reports introgressions that are known to confer resistance to 
Tomato leaf curl disease (ToLCD), such as ty-5 located on chromosome 
4 [70] and qTy-10.1 (possible Ty-6) located on chromosome 10 [78].

Recently, Ty gene-linked markers were evaluated for their 
diagnostic value and utility in pyramiding Ty genes. Using these marker 
assays, S. habrochaites derived resistance (Ty-2) and S. chilense derived 
resistance (Ty-3) were pyramided to develop a series of pyramided 
lines [79].

Non-conventional measures

The conventional methods for managing or controlling virus 

diseases have been found to possess their own drawbacks as pointed 
out earlier. Natural resistance to several important viruses is not known 
or breeding programs have failed to produce cultivars with effective 
resistance in a reasonable period of time. Development of virus 
resistant plants through genetic engineering has therefore emerged as 
the best strategy for management of viral diseases in the recent past.

The stable introduction of foreign genes into plant represents 
one of the most significant developments in a series of advances in 
agricultural technology that includes modern plant breeding, hybrid 
seed production, farm mechanization, and the use of agrichemicals 
to provide nutrients and control pests [80]. The major breakthrough 
in the management of viral diseases came when the first transgenic 
plants expressing engineered foreign genes were produced by the use 
of Agrobacterium tumefaciens vectors. Powell-Abel et al. [81] were 
the first to produce the genetically engineered virus resistance in 
tobacco plants. The coat protein (CP) gene from Tobacco mosaic virus 
(TMV) was inserted into tobacco and the resultant transgenic plants 
were confirmed for the presence of foreign DNA sequence in both 
primary transformants and their progeny and the antibiotic resistance 
phenotype was conferred by a chimeric NPT II. The transgenics were 
constitutively found to express viral coat protein (CP) and more 
resistant to infection by TMV than were control non-transgenic plants 
[62]. This proved to be a major breakthrough in several ways. Along with 
engineered herbicide resistance and insect resistance using the Bacillus 
thuringiensis toxin gene, virus resistance was one of the first successes 
in the genetic engineering of a useful trait into plants [80]. Though 
the early transformation experiments often utilized plant protoplasts 
as the recipient cells; the subsequent development of transformation 
methods based on regenerable explants [82] such as leaves, stems and 
roots contributed significantly to the facile and routine transformation 
methods that are used today for many dicotyledonous plant species 
[80].

Genetically engineered resistance to viruses has been achieved in 
various plants either by the use of viral genes (known as the pathogen 
derived resistance or PDR) or through the expression of non-viral 
genes from different organisms, as under.

Resistance conferred by viral genes (pathogen derived 
resistance)

The work by Powell- Abel and his group in 1986 [81] opened new 
horizons for protection of plants against viral diseases and, during 
the last decade, a great number of publications showed that this 
concept could be applied to most plant viruses [36,62] Progress in the 
development of virus resistant transgenic plants (VRTPs) over the 
years has been extensively reviewed from time to time [83-85]. As of 
today, as many as 30 different virus groups have been utilized for which 
engineered resistance has been achieved utilizing different virus genes 
[86-94]. Genetic engineering has been proved to be highly effective for 
controlling virus diseases in a wide range of crops grown worldwide 
[84,94,95]. 

The concept of inducing resistance to pathogens by transformation 
with genes derived from the genome of the pathogen, termed parasite 
or pathogen derived resistance, was first postulated by Hamilton in 
1980 [96] and expanded to a generalized concept in 1985 by Sanford 
and Johnston [97]. The concept had its roots in empirically observed 
phenomenon of "cross protection" wherein inoculation of a host plant 
with a milder strain or symptomless strain of virus can protect the plant 
from infection by more severe strains of the same virus or very closely 
related viruses. Accordingly, it was postulated that the expression of a 
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pathogen's own genes in a host in a dysfunctional form, in excess or at 
an inappropriate stage could disrupt the normal pathogenic cycle of the 
invading pathogen. Native or altered viral-derived genes might be used 
to interfere with various stages in the viral life cycle such as uncoating, 
replication, cell to cell or long distance movement or vector mediated 
transmission. Such interference with host-pathogen interactions 
renders the host resistant [62,90].

Subsequently, the concept has been exploited to a substantial degree 
with a number of plant viruses by transforming with and expression 
of various virus derived genes or genome fragments [84,86,98-100]. 
Examples of viral genes that have been used or are being used are 
the coat protein, movement protein, replicase gene, antisense RNA, 
satellite RNA, defective interfering genes etc. all of which are derived 
from the genome of the virus. This is in contrast to the conventional 
breeding that necessarily relies on the host genes, which could be 
transferred between interfertile relatives [62]. In addition, to the 
limitations pointed out earlier to the use of conventional breeding 
techniques for obtaining virus resistant plants, other advantages were 
cited for the use of viral genes as a source of resistance genes over host-
derived genes especially from a genetic engineering standpoint. These 
are the small genome size of viruses which could easily be identified, 
isolated and cloned fairly easily and the fact that genetic engineering 
provides a quicker and more precise technology to obtain plants that 
are resistant to viruses [62].

PDR conferred by Coat protein (CP) genes and Coat Protein 
mediated resistance (CPMR): The CP gene is the most widely and 
commonly used transgene for which virus resistant transgenic plants 
have been developed followed by replicase and the movement protein 
genes [94].

Coat protein mediated resistance

Coat protein mediated resistance"(CPMR) has been described as 
the resistance caused by the expression of a virus coat protein (CP) gene 
in transgenic plants [83]. The initial demonstration of the feasibility of 
CP mediated protection in by Powell-Abel and group was followed by a 
host of examples. By the end of 1994 there were more than 50 published 
reports alone of genetically engineered CP mediated plant virus 
resistance in various systems belonging to at least 13 different groups 
for which resistance had been demonstrated. These included the plus 
sense, negative sense, single stranded and double stranded RNA viruses 
and at least one DNA virus [62]. By 1997, there were reports of CP 
genes from at least 35 viruses, representing 15 viral taxonomic groups 
that were transformed into many different plant species [97]. By 2002, 
this number further increased to 37 RNA/DNA viruses belonging to 17 
virus groups [94].

Coat protein genes have been shown to be effective in preventing 
or reducing infection and disease caused by homologous and closely 
related viruses [95]. Some of the viruses against which the coat protein-
mediated protection has been reported are Tobacco mosaic virus 
(TMV) [101]; Tomato mosaic virus (ToMV) [102]; Cucumber mosaic 
virus (CMV) [103-105]; Alfalfa mosaic virus (AlMV) [106,107]; Potato 
virus X (PVX) [108]; Potato virus Y (PVY) [109] and Potato leaf roll 
virus (PLRV) [110] and the only report of engineered resistance to 
a geminivirus using the coat protein gene was by Kunik et al., [111], 
which reported that resistance to TYLCV was associated with the 
presence of the transgene product.

The expression of viral coat protein (CP) genes in transgenic plants 
can lead to different phenotypes of resistance. Assessment of disease 
resistance involves inoculating transgenic plants that express the 

transgene [CP (+) gene or other viral gene in consideration] and those 
that do not [CP (-)] with virus and comparing the numbers of infection 
sites and/or the development of disease symptoms on the two types of 
plants. Preferably, R1 or successive generations of plant populations 
are used as they are identical in age, growth rate and size. Segregation of 
the introduced gene in the progeny can be followed immunologically 
using antibodies to CP or by following the expression of a reporter gene 
(e.g. NPT II gene for Kanamycin resistance) that is co-introduced with 
the transgene [83]. 

Studies on transgenics over the years indicate that the mechanism 
of protection is not similar in every virus-CP-host combination 
[62]. Different mechanisms appear to be responsible for protection, 
depending on the virus group or the viral transgene studied [86]. 
Pathogen-derived resistance has been observed to be mediated either 
by the protein encoded by the transgene (protein-mediated) or by the 
transcript produced from the transgene (RNA-mediated) also known 
as post transcriptional gene silencing (PTGS) or both [94].

Protein-mediated resistance

Coat protein (CP) gene induced resistance is protein-mediated 
when a single copy of transgene is inserted. Transgene undergoes 
transcription and translation, resulting in high levels of protein [94]. 
Resistance so expressed is of moderate level against a broad range of 
related viruses and influenced by the level of CP expressed in transgenic 
plants. It was initially assumed to be similar to the phenomenon of 
cross-protection, with CP interfering with the uncoating of virions 
and inhibiting both the establishment of infections and the spread 
of virus from cell to cell [83,112]. For Tobacco mosaic virus (TMV), 
Alfalfa mosaic virus (AlMV), Potato virus X (PVX) and Rice stripe 
virus, the level of protection was found to be directly related to the 
level of transgenic coat protein accumulated in transgenic plants 
[81,106,108,113]. Interference with early events in infection, such as 
an inhibition of virus uncoating by the transgenic coat proteins, was 
proposed as a key component to explain the protection [114,115]. The 
protoplasts of TMV or AlMV-CP (+) plants inoculated with whole 
virions were protected against the infection but if they were inoculated 
with naked viral RNA they were not protected [116]. Plants that 
accumulated coat protein messenger RNA and not the coat protein 
itself (e.g. constructs with initiation codon removed) were not resistant 
to infection [117].

RNA-mediated resistance

CP gene induced resistance is RNA-mediated when multiple 
copies of transgene are inserted [86]. Resistance so expressed has 
been observed to be of high level and strain specific and attributed 
to lower levels of transcripts. Transgene expression is upto mRNA 
level with little or no transgenic protein. When mRNA accumulation 
exceeds a threshold level, co-suppression (gene silencing) is initiated, 
affecting transgene expression and virus multiplication [94]. For virus 
suppression to occur, it was necessary that the viral genome have 
some sequence identity to the transgene [118,119]. The phenomenon 
has been termed as the post-transcriptional gene silencing or PTGS 
[119]. This virus resistance mechanism was referred to as homology-
dependent virus resistance to reflect the relationship with homology 
dependent gene silencing [120]. The defense system exhibited by such 
plants results in the degradation of mRNA produced both by the 
transgene and the infecting virus [121]. A lack of correlation between 
resistance and the expression level referred to as RNA mediated. It is 
also characterized by a lack of dependence upon inoculums dose and a 
narrow spectrum of protection.
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That resistance shown by some transgenic plants to virus infection 
was RNA-mediated and not by the protein expressed by transgene 
came from several reports and against several groups of viruses. It 
was shown for viruses belonging to families, such as Potato virus Y 
(PVY), carla-, nepo-, luteoviruses, PLRV or TSWV and ToMoV, a 
geminivirus, that the resistance did not correlate with the accumulation 
of coat protein (or nucleocapsid protein) in the transgenic plants [122-
124]. Virus resistance was found to be inversely correlated with the 
steady state levels of transcripts in the transgenic plants [86]. Highly 
resistant transgenic lines were identified in which the coat protein was 
undetectable indicating that the protection conferred by the CP gene 
was partially or completely due to the viral-derived RNA rather the 
CP. Some other step in addition to interference with uncoating was 
suggested to be affected. 

Transgenic cassava plants have been developed against a 
begomovirus, African cassava mosaic virus (ACMV) to express small 
interfering RNAs (siRNA) from intron-containing dsRNA cognate 
to the common region-containing bidirectional promoter of ACMV 
DNA-A [125].Virus resistant transgenic common bean (Phaseolus 
vulgaris) plants have developed using RNAi construct to silence the 
sequence region of the AC1 viral gene [126]. TLCV-Au resistant 
Nicotiana tabaccum plants have been developed using a betasatellite/
split intact barnase gene construct, with the optimal direct repeat 
unit of the barnase gene [127]. The biosafety is an important issue 
against the development of virus resistant transgenic plants as there is 
possibility of plant viruses may recombine to produce new strains that 
may express novel phenotypes and virus resistant transgenes may be 
transmit by pollen to other non-transgenic plants.

Pathogen-derived resistance (PDR) conferred by other viral 
genes-replicase gene

Apart from coat protein, resistance to viral infection mediated by 
the expression of functional or altered replicase genes in transgenic 
plants (replicase mediated resistance) is the second most widely used 
method for controlling virus diseases of plants [86,97,119,128]. Since 
its first demonstration in Tobacco mosaic virus (TMV) [129], it has 
been successfully used from 16 RNA/DNA viruses representing 11 
plant virus groups [94,97]. Constructs that have been used or are being 
used include replicase read-throughs as well as full length, truncated or 
mutated replicase genes. Two examples of virus-encoded, replication 
related genes inducing resistance in plant geminiviruses namely 
African cassava mosaic [130] and Tomato yellow leaf curl [131] have 
also been reported [97].

Replicase mediated resistance has been characterized by resistance 
to inoculation with high concentrations of virus but has been found 
to be specific to the virus from which the transgene is derived and to 
closely related strains [128]. Although, replicase mediated resistance 
has been demonstrated for several viruses, Palukaitis and Zaitlin, [97] 
have commented upon several incidences where breakage of resistance 
been demonstrated like Pepper mild mottle virus [132]; Cucumber 
mosaic virus [133,134]; Potato virus X [135] and Potato virus Y [136] 
and the one report from geminivirus i.e. African cassava mosaic virus 
[130]. 

Regarding mechanism of replicase mediated resistance, two types of 
mechanisms were proposed by Palukaitis and Zaitlin [97] as for CPMR 
(i) in some cases the resistance was found to be protein mediated e.g. 
AlMV [137] and TMV [138] where the resistance shown by transgenic 
plants was directly correlated with the expression the transgene 
protein while in other cases, (ii) resistance correlated inversely with 
accumulation of transgenic RNA e.g. PVX [120] and CymRSV [139].

PDR conferred by other viral genes-movement protein gene

Cell to cell movement of plant viruses in host plants has been 
associated with the movement protein [140] encoded by viruses. MP 
interacts with the plasmodesmata thus modifying it to facilitate cell 
to cell movement of plant viruses [141,142]. Interfering with cell to 
cell or long distance movement of plant viruses by using defective 
movement proteins has been demonstrated for at least six different 
groups of viruses [94]. Cooper et al. [143] showed broad spectrum 
resistance in transgenic tobacco expressing defective Tobacco mosaic 
virus movement protein (TMV MP) against a number of viruses 
including AlMV, CMV, TRV, PCSV and TRSV. Likewise, Tacke et 
al. [144] produced transgenic potato expressing mutant PLRV of 17 
MP, resistant against unrelated viruses PVY and PVX. However, with 
TSWV, transgenic plants were found to be effective against TSWV 
strains only indicating variability in cell to cell movement amongst 
viruses of different groups [94]. 

In addition, satellite virus RNA and defective interfering RNAs 
[145-147]; proteases [148,149]; virus antisense RNA [150,151] and 
ribozymes [84,152-154] have also been engineered into plants to obtain 
virus resistance in different crops.

By RNA silencing
RNA silencing involves suppression of gene expression by 

sequence specific degradation of mRNA in diverse eukaryotes. The 
RNA silencing phenomena was first discovered and termed post 
transcription gene silencing (PTGS) in plants [155], quelling in fungi 
[156] and RNA interference (RNAi) in animals [157,158]. 

Key molecules involved in the RNA silencing pathways are 
ribonuclease Dicer (RNA-dependent RNA polymerase, RDR), and 
argonaute (AGO). The RNA silencing machinery in plants are more 
evolved than in fungal and animal systems. The Arabidopsis genome 
encodes four Dicer like (DCL) enzymes, six RDRs and 10 AGO 
proteins. 

There are three different pathways in the gene silencing mechanism: 

(i)	 Cytoplasmic short interfering (siRNA) silencing.

(ii)	 Silencing of endogenous mRNAs by micro RNAs (miRNAs). 

(iii)	 DNA methylation and suppression by transcription [159]. 
siRNA silencing is actually post transcriptional gene silencing (PTGS) 
which was first identified by Bisaro in 2006 [160]. This mechanism 
results in the production of 21-25 nucleotide siRNA which are 
generated by inducing dsRNA [161] leading to the degradation of 
mRNA.

Engineered resistance against begomoviruses

The coat protein protection was reported to be successful against 
several RNA viruses; however, few reports of engineered resistance 
against geminiviruses have also been reported. Kunik et al. in 1994 
[111] extended the concept of capsid protein mediated protection, 
which has been applied successfully with many RNA viruses, to the 
DNA geminivirus, Tomato yellow leaf curl virus (TYLCV) [111]. 

Success has been reported with expression of other geminivirus 
transgene modified and unmodified like replication- associated protein 
(Rep), and movement protein gene. Day et al. [162] reported the use of 
antisense RNA to the rep protein gene as the transgene for resistance 
against Tomato golden mosaic virus (TGMV). They introduced the 
antisense of rep gene under the influence of CaMV 35S promoter 
in a genetic cassette. This cassette, when introduced into Nicotiana 
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tabaccum rendered plant resistant to the virus. They obtained various 
lines that showed resistance. Bendahmane and Gronenborn [163] 
used the antisense RNAs, to Rep protein gene, to interfere with the 
disease caused by Tomato yellow leaf curl virus (TYLCV). In this case a 
double-enhanced CaMV 35S promoter was used to derive the synthesis 
of antisense RNA to the Rep protein gene. A number of plants were 
found to have resistance against the virus in R2 generation. Expression 
of the defective Rep protein in transgenic plants has also been shown to 
interfere with the replication of TYLCV [131]. They used a truncated 
form of the gene, capable of expressing the N-terminal 210 amino acids 
(of the 359 amino acids encompassed by the wild type Rep protein) 
of the Rep protein under the influence of CaMV 35S promoter. The 
transformed tobacco (N. benthamiana) plants when challenged with 
the virus, showed various degree of resistance against the virus. 

By expressing the coat protein gene in tomato (Lycopersicon 
esculentum) they obtained resistance against TYLCV. In the resistant 
plants expression of the viral DNA and of disease symptom was delayed 
by approximately one month. These plants recovered from the disease 
and symptoms as well as viral DNA disappeared completely 4 months 
after the inoculation. Recently, Agrobacterium mediated tomato 
transformation was attempted for regeneration of transgenic tomato 
plants expressing Tomato leaf curl virus coat protein gene (TLCV-CP). 
The generated transgenic plants when challenged by TLCV through 
whiteflies, showed variable degrees of disease resistance/tolerance 
against TLCV infection [164].

There have been several efforts to achieve resistance against 
mungbean infectin g begomoviruses. Mungbean yellow mosaic virus 
MYMV-Vig transgenes (CP, Rep, Rep-antisense, truncated Rep, 
NSP and MP) were evaluated in transgenic tobacco (N. tabacum 
) by agroinoculation. Unexpectedly, the transgenic tobacco plants 
harboring CP and MP ORFs accumulated even higher levels of 
viral DNA. However, viral DNA accumulation was inhibited in one 
transgenic plant harbouring the Rep (sense orientation) and in two 
plants harbouring the antisense-Rep ORF [165].

A convenient transgenic system to evaluate MYMV DNA 
replication is tobacco leaf disc, in which the replication of the viral 
DNA can be easily monitored. Leaf discs of transgenic tobacco 
plants expressing truncated TrAP gene of MYMV at various levels 
showed a reduction in DNA accumulation, in proportion to the 
levels of transgene expression. Expressing the ssDNA binding protein 
VirE2 of A. tumefaciens in the above system also reduced viral DNA 
accumulation [166], which can be used as a promising tool to impart 
resistance against more than one geminiviurses. 

To understand the molecular mechanism of natural resistance, 
distribution of MYMIV-derived siRNAs was analysed in a resistant 
variety of soybean. It was found that most of the virus-derived siRNAs 
were complementary to the IR in the resistant variety, while in the 
susceptible variety, a majority of the siRNAs corresponded to coding 
regions of the viral genome. Most of the IR-specific siRNA molecules 
produced in the resistant plants were 24 nt in size and a higher level of 
methylation occurred in the IR of viral DNA [167].

In a recent effort to confer resistance against geminiviruses 
infecting papaya, siRNAs were designed using computational tools, 
which could possibly be used against a wide spectrum of viral isolates 
and/or strains [168]. 

A great effort has been made to obtain genetic resistance to 
begomoviruses, with much of it directed against TYLCV. Several 
groups of researchers have looked for TYLCV resistance and tolerance 

among wild Lycopersicon species and have found some promising 
materials within L. chilense Dun., L. pimpinellifolium (Jusl.) Mill., L. 
hirsutum Dun., L. cheesmani Riley, and L. peruvianum (L.) Mill. [169-
173], among others. Some accessions of tomato wild relatives exhibited 
good levels of resistance and tolerance to bipartite begomovirus as well, 
such as Tomato yellow mosaic virus [174] and the DF1 isolate [175,176]. 

Transgenics carrying antisense sequence of Rep gene was shown 
to recover from ToLCD [177,178]. In a biosafety analysis, the above 
transgenics were shown to be non-toxic to mice [179], thereby 
making the product easily acceptable to consumers. In another effort 
for engineering resistance, targeting the conserved regions in AC1 /
Rep (overlapping sequences of the AC4 ORF) with hairpin-mediated 
strategies was shown to be a promising means to suppress a wide 
spectrum of ToLCVs infection in tomato [180]. In a recent study, 
multiple siRNAs were designed using computational tools, which 
could possibly be used against a wide spectrum of ToLCVs [168].

Virus-induced gene silencing (VIGS) vector are useful tools for 
the study of gene functions in plants. A VIGS vector, spanning the 
intergenic region and the AC3 had been constructed from ToLCV, 
which was shown to successfully silence endogenous plant gene, PCNA. 
It was also shown that a mutation in the AC3 (a putative silencing 
suppressor) can increase the silencing efficiency several folds [181].

Suppression of post transcriptional gene silencing of 
Betasatellite

Geminiviruses are both inducers and targets of PTGS. Virus-
derived small-interfering (si) RNAs can be found in cells after infection 
of plants [182], and the levels of the siRNAs are negatively correlated 
with symptom severity [183]. 

To counteract host defense systems, geminiviruses have evolved 
suppressors of RNA silencing [184]. Like many other viral pathogenicity 
determinants, the βC1 proteins can function as RNA silencing 
suppressors. The reported βC1 suppressors include TYLCCNB-βC1, 
CLCuMuB-βC1, and βC1 proteins of betasatellites associated with 
Bhendi yellow vein mosaic virus (BYVMV), Tomato leaf curl Java virus 
(ToLCJAV), and Tomato leaf curl China virus (ToLCCNV) [185-189]. 

The TYLCCNB-βC1 protein can bind single-stranded (ss) DNA 
and double-stranded (ds) DNA in vitro in a sequence nonspecific 
fashion, and a βC1 nuclear localization motif is required for suppressor 
activity [186]. Nuclear localization of the βC1 protein of Tomato 
leaf curl China betasatellite is absolutely indispensable for silencing 
suppression, and the central portion of βC1 (amino acids 44 to 74) is 
critical for suppression silencing and nuclear localization [189]. The 
CLCuMuB-βC1 protein has substantial nucleic acid binding activities 
that include DNA binding, dsRNA binding, and both long and short 
RNA binding with preferences for long RNAs [185,190]. CLCuMuB-
βC1 is also capable of suppressing systemic gene silencing, and co-
inoculation of CLCuMuB-βC1 with a heterologous helper virus, 
ToLCV, resulted in reduced levels of ToLCV siRNAs. It is possible that 
the CLCuMuB-βC1 protein blocks the long-distance spread of PTGS 
signals by sequestering dsRNAs and/or siRNAs and preventing their 
incorporation into RNA-induced silencing complexes [191,192].

Conclusions
The virus diseases cannot be controlled by any chemical treatment 

in the field [30]. However, they can be managed based on strategies that 
prevent infection. Both conventional and non-conventional methods 
have been suggested and described over the years for management of 
viral diseases.
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In recent years, the begomovirus has received a great deal of 
attention and is becoming one of the most important and studied 
genus of plant virus. Begomoviruses are of importance in the tropics 
and subtropics due to climatic factors favoring the multiplication and 
ability of vector i.e. whitefly (B. tabaci) for transmitting the begomovirus 
to other economic crops. The incidence and severity of the disease may 
be increasing due to the emergence of new begomoviruses through 
recombination or pseudo-recombination among strains and/or species 
in various crops [3,29]. The association of satellite molecule called 
DNA-β with both monopartite as well as bipartite begomoviruses are 
the other major factor which role in disease severity have been studied 
by many virologist in various crops [18-20]. 

Begomoviruses are transmitted by different whitefly vectors (which 
are a serious pest) and many can also be transmitted by mechanical 
means and grafting, but they are not seed transmitted. Begomovirus 
control is particularly difficult in open field crops due to the widespread 
presence, wide host range and population of whiteflies. Disease 
management may include pathogen exclusion, vector control, and 
elimination of pathogen alternate host/virus reservoir and vector 
reservoir plants. In some cases, crop cultivars with increased virus 
resistance are available. The traditional genetic resistance, chemical 
controls and cultural practices for successful control of viruses may be 
adopted.

There are several methods such as field sanitation, eradication of 
infected plants serving as primary source of virus inoculum, removal 
of weeds and alternate host plants from of fields, plantation practices, 
spraying of insecticides, use of virus free planting material and 
resistant varieties are suggested to be practiced/ applied for control 
of begomovirus and its whitefly vector. The traditional host genetic 
resistance, chemical controls and cultural practices may also be adopted 
for successful control of virus disease. 

 The development of strategies for integrated disease management 
by spray of oils, viricides, insecticide/pesticides and botanicals has been 
found to be significant in reducing the yield loss. 

 Weeds have been identified as key sources of viral infections for 
a long time. Eradication of perennial weeds from around greenhouses, 
gardens and fields to eliminate possible sources of virus therefore may 
prove helpful [34]. Several weed have been reported to be the natural 
reservoir of begomovirus [58]. Therefore, such weed plants may be 
eliminated from and nearby cultivated fields for possible management 
of begomoviruses. Immediate removal of infected individual plants 
may assist in delaying virus spread. The infected material is may 
immediately destroyed and not left to compost near adjacent to 
developing fields.

 Development of sensitive diagnostic protocol is essential to 
search the begomovirus in cultivated crops and other alternate hosts. 
Since nucleotide sequence data of the coat protein (CP) gene region 
has been considered as a major characterizing factor for a number of 
begomoviruses by the ICTV.

 Genetically engineered resistance to viruses has been achieved 
in various plants by the use of viral genes is known as the pathogen 
derived resistance or PDR. Genetic engineering has been proved to 
be highly effective for controlling virus diseases in a wide range of 
crops grown worldwide. The coat protein protection was reported 
to be successful against several RNA viruses however; few reports of 
engineered resistance against geminiviruses have also been reported. 
Kunik et al. [111] extended the concept of capsid protein mediated 
protection, which has been applied successfully with many RNA 

viruses, to the DNA geminivirus, TYLCV and CP gene of ToLCV has 
also been utilized to generated transgenic lines of tomato. These lines 
successfully express CP gene and showed significant level of resistance 
against challenge inoculation of ToLCV. Therefore, CP gene mediated 
resistance has also been proved against ToLCV in tomato in India 
[164]. Success has been reported with expression of other geminivirus 
transgene modified and unmodified like replication- associated protein 
(Rep), and movement protein gene. The use of antisense AC1 genes 
has been shown to confer resistance to Tomato golden mosaic virus by 
transgene expression and accumulation of the product [162] whereas in 
TYLCV resistance was conferred due to a dominant negative mutation 
[163].
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