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Abstract Both transgenic as well as traditional breeding
approaches have not been completely successful in induct-
ing resistance against geminiviruses in crop plants. This
demands the utilization of non-viral, non-plant compounds
possessing antiviral characteristics as an alternate and ef-
fective strategy for developing durable resistance against
geminiviruses. In recent years, several antiviral molecules
have been developed for the treatment of plant virus infec-
tions. These molecular antiviral compounds target various
geminiviral-DNA and -protein via interacting with them or
by cleaving viral RNA fragments. Applications of these
proteins such as GroEL, g5g and VirE2 have also provided a
convincing evidence of resistance against geminiviruses.
Taking advantage of this information, we can generate ro-
bust resistance against geminiviruses in diverse crop plants.
In this context, the present review provides epigrammatic
information on these antiviral compounds and their mode of
action in modulating virus infection.
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Introduction

Geminiviruses are small circular single-stranded DNA
(ssDNA) viruses which cause severe losses in economically
important crops all over the world [16]. Being non-en-
veloped viruses with distinct geminate morphology, the
family is named ‘Geminiviridae’. They have circular ssDNA
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components (either mono or bi-partite) of ~2.7 kb encap-
sidated within twinned quasi-icosahedral particles. These
viruses are transmitted through insect vectors such as
whiteflies, leathopper, and treehopper. Members of gemi-
nivirus family are grouped into seven genera based on their
genome organization (ICTV 2012, http://ictvonline.org/vir
usTaxonomy.asp; [30]). The genomic components have re-
gions and motifs to control the viral gene replication and
expression. It has some conserved iterons and a putative
stem-loop structure with the highly conserved nucleotide
‘TAATATTAC’ which participates in the initiation of roll-
ing circle replication [19]. They have few but efficient
proteins for their genome replication, movement, encapsi-
dation and host RNAi suppressors. Two additional DNA
molecules referred to as alpha- and beta-satellites have
shown to be associated with a genus of geminivirus called
begomoviruses. They repeatedly subsist in disease complex
due to its high mutation rates which allow them to accli-
matize quickly against unfavorable environments. This is a
major problem for the plant virologist which makes them
ineffective in their combat strategies against geminiviruses.
Upon virus infection not all plants can effectively activate
their defense components, such as small RNA mediated
resistance or R-gene mediated resistance.

The application of genetic engineering provides a novel
source to integrate new virus resistance traits into the de-
sirable cultivars. Conventional methods to control the virus
transmitting arthropods via cultural strategies and pesticide
applications against vectors have been unsuccessful at
mitigating the impact of geminiviruses. Thus, planting re-
sistant genotypes is the most reliable and effective means
to manage geminivirus diseases. Due to availability of very
few resistant sources, non-conventional methods have been
used to confer virus resistance via introducing virus-
derived genes such as coat protein (CP), replicase
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associated proteins, nuclear and cellular movement pro-
teins, defective particles along with non-coding counterpart
into susceptible plants. Apart from these approaches, usage
of non-coding viral RNAs [i.e. smallRNAs, antisense RNA
and double-stranded (ds) RNAs homologous] have also
shown to be a potential method for providing virus resis-
tance in bean [5], blackgram [23] cassava [38], tobacco [4]
and tomato [9, 25, 40]. In spite of all these approaches,
very few promising examples of crops are available till
date which have been released for cultivation and have
shown resistance against broad spectrum viruses. In this
context, the present review summarizes the application of
non-virus, non-plant compounds in generating virus resis-
tant plants through transgene-based approaches.

Emergence of relevant techniques to fight against
geminiviruses

In this decade, several relevant techniques have emerged to
combat geminiviruses. Various RNALI strategies, transgene-
mediated approaches and host-gene mediated genetic
engineering strategies along with traditional breeding have
been applied to reduce the geminivirus infection [14, 24].
Pathogen derived resistance approaches, which are based
on post transcriptional gene silencing (PTGS)/RNA si-
lencing, have been employed against diverse plant viruses
[22, 38]. Introduction of the hairpin (hp) RNA constructs is
the most resourceful way to generate virus-specific
dsRNAs in transgenic plants [17]. Furthermore, various
host factors have been identified to play an important role
in the geminivirus—plant interactions [30], but transgenic
plants overexpressing these host factors have not been
proved much effective against geminiviruses.

Using the above discussed approach, effective resistance
against Maize streak virus (MSV) has been developed in
maize [32]. Collapse in degree of geminivirus resistance in
various transgenic plants has also been reported. Failure or
limited effectiveness of the RNAi based strategies has been
highlighted in the case of MSV [33] and Mungbean yellow
mosaic virus [34]. In these cases, full-length or truncated
antisense Rep gene constructs were found to be ineffective
in providing resistance. Limitations of these approaches
have also been shown. The main drawback of RNAi was the
‘off target’ silencing of unintended transcript. Another dis-
advantage was that the efficiency of silencing depends on
base-pairing between target and antisense RNAs and thus,
broad-spectrum virus resistance is difficult to achieve. Plant
derived toxins such as dianthin [12] and BARNASE-
BARSTAR genes [39] have also been utilized to accomplish
resistance in Nicotiana and cassava against African cassava
mosaic virus. Although in these reports resistances against
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the viruses have been accomplished, the constitutive ex-
pression proved lethal to the plants. Another disadvantage is
that even in the absence of the viral trans-activating proteins,
leaky expression was observed.

Since the effort of all these approaches for providing
resistance against geminivirus infections has not been
completely successful or limited, thus effective and alter-
nate strategies need to be developed to confer a significant
level of resistance. Viruses have shown to encounter the
antiviral molecules through their ability to mutate the
genome. It is also essential to target conserved elements of
geminiviruses with new molecular antiviral approaches.
These modern approaches which tend to be more promis-
ing than other strategies are summarized in subsequent
sections.

Modern approaches implying molecular antiviral
compounds to control geminivirus replication

In recent years, various molecular approaches have been de-
veloped to generate geminivirus resistant plants by applica-
tion of diverse antiviral compounds (Fig. 1; Table 1). For this,
molecules not only from plant/or viruses, but antiviral com-
pounds from diverse animal or pathogens need to be applied in
the present scenario.

Artificial zinc finger protein approach to prevent
replication

An artificial zinc finger protein (AZP) has successfully
been applied against various geminiviruses to achieve re-
sistance [13, 18, 31]. The strategy behind the application of
AZPs was to exploit their affinity towards the Rep dsDNA
binding site of geminiviruses (Fig. 1). Transgenic Ara-
bidopsis plants expressing AZPs showed resistance to Beet
severe curly top virus infection [31]. This approach has
been consistent in tomato expressing AZPs against the
Tomato yellow leaf curl virus (TYLCV), [13]. Although
these strategies have resulted in significant resistance, their
applicability was limited due to sequence variability in the
origin of replication between the geminiviruses. To over-
come this problem, AZPs were generated from a conserved
sequence motif of begomoviruses by Chen et al. [6], which
revealed that AZPs technology may be used as source of
durable resistance against multiple begomoviruses. An
advantage of this approach is that the DNA viruses do not
encode genes for the proficient enzyme to inactivate AZPs
via chemical modification. Even if the chance of mutation
exists, mutation at the binding sites of DNA as well as the
mutation in viral proteins must occur simultaneously,
which indeed is unfavorable for viruses.
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Fig. 1 Schematic representation of antiviral molecules and their
mode of action against geminiviruses. Protein—protein, protein-DNA
binding activity of various anti-viral molecules to interfere the virus
replication, movement and encapsidation has been depicted. Binding
of ssDNA with g5p, hinder the interaction of ssDNA-nuclear shuttle
proteins (NSP) and restricts cellular movement of ssDNA. AZPs
interact with the viral intergenic region and obstruct the viral DNA
replication. Similarly, Agrobacterium virE2 have affinity towards
ssDNA, thus interfere with the replication process of geminivirus.

The promising role of milk derivatives

DNA binding properties of some proteins have been
utilized to prevent the geminivirus infection. One of the
most fascinating examples of such compound is milk
and its derivatives [8, 21]. This may be due to these
chemical properties such as in vitro binding ability with
viral DNA by hydrophobic interactions along with
transcription and translation inhibition activity (Fig. 1).
Recent study has revealed the antiviral role of esterified
whey protein fractions (a-lactalbumin, b-lactoglobulin,
and lactoferrin) against TYLCV infection in tomato [1].
This study provides an idea of generating genetically
modified plants harboring these protein products which
may show altered viral replication. However, the
transgenic developed by these strategies may need fur-
ther examination of its effectiveness against the
geminiviruses infection and stability to withstand its
phenotype.

GroELs competes with the NSP to restrict the cell to cell movement.
Ribozymes targets the viral transcripts which help in reducing the
further translation of the infectious viral proteins. Antibodies have
binding affinity with the geminivirus proteins, which hampers the
specific functions of viruses. Dotted blue line highlighted the virus
genomic parts targeted for the binding of antiviral compounds. AZPs
artificial zinc finger proteins, CW cell wall, NSP nuclear shuttle
protein, CP coat protein, MP movement protein, NM nuclear
membrane, Trp transcription activator protein. (Color figure online)

Role of ribozyme mediated strategy in hindering viral
replication

Ribozymes were shown to inhibit gene expression by cleaving
the target RNAs. As the different species of Geminiviridae
family share a common mode of rolling circle replication [11],
targeting viral replication machinery might be useful as a
broad and durable control strategy in defending geminivirus
infection. In the first report on this strategy, it was revealed that
the hammerhead ribozyme was targeted to the mRNA of
replication initiator protein (Rep) of Mungbean yellow mosaic
India virus (MYMIV), ultimately causing a significant de-
crease in MYMIV replication (Fig. 1) [7]. Following this,
targeting other necessary geminiviral proteins can provide
possibilities for superior virus resistance in plants. Although,
due to high rate of mutation of the viral genome, efficacy of the
strategy reduces the possibility of the virus resistance in suc-
cessive generation. Thus, the selection of the conserved tar-
geted region as well as its broad-spectrum application should
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Table 1 List of non-viral non-plant compounds acting as an antiviral molecule

Anti viral compounds Mode of action Plant viruses Plant References
Artificial zinc finger protein High affinity towards Rep dsDNA binding site Tomato yellow leaf curl virus — — [18]
(TYLCV)
Beet severe curly top virus Arabidopsis [31]
(BSCTV)
TYLCV Tomato [13]
o-Lactalbumin, B-lactoglobulin, Transcription and translational inhibition activity Tomato yellow leaf curl Israel ~ Tomato [1]
lactoferrin virus
Ribozymes Cleavage of the target RNAs Mungbean yellow mosaic India - [7]
virus (MYMIV)
VirE2 from Agrobacterium ssDNA binding activity MYMIV Nicotiana [35]
E. coli g5p protein Block the interaction between viral DNA and NSP Tomato leaf curl virus Nicotiana [20]
benthamiana
Endosymbiotic bacterial GroEL TYLCYV particles will be trapped by GroEL in the plant TYLCV Tomato [2, 3]
proteins phloem
Recombinant antibodies Antibody fragments corresponding to the target viral TYLCV N. benthamiana [28, 29]
proteins hinder the necessary viral infection.
Peptide aptamers Protein—protein and protein-DNA interactions TGMV - [15]
Protein—protein and protein-DNA interactions Cabbage leaf curl virus - [15]
Protein—protein and protein-DNA interactions TYLCV Tomato [26]

be the main motive for generation of plants with durable
geminivirus resistance.

Peptide aptamers mediated resistance against
geminiviruses

Peptide aptamers are recombinant, small amino acid sequence
of protein inserted into a protein scaffold [10]. These tiny
molecules can dislocate various protein—protein and protein—
DNA interactions. This property of aptamers had been utilized
to hamper the function of viral proteins (Fig. 1) [15, 27].
Peptide aptamers binding to Tomato golden mosaic virus-Rep
interferes with viral replication in plant cells, thus providing a
new tool for studying Rep function besides serving as the
foundation for the progress of crop improvement with broad-
spectrum resistance against DNA viruses [15]. Similar study
was also performed in TYLCV and Tomato mottle virus in-
fection, in which peptide aptamers interacting with Rep pro-
teins were targeted. This study also revealed that two of the
peptide aptamers interacted with the Rep proteins from
viruses representing three major Geminiviridae genera, pro-
viding broad spectrum resistance [26].

Recent approaches involving molecular antiviral
compounds to control geminivirus movement

Involvement of bacterial proteins in providing tolerance
against geminiviruses

During plant—bacterial interactions, diverse host protein
interacts with the bacterial proteins. These interactions
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have an adverse effect on plants, but some characteristic
features of these non-plant proteins can be utilized for
defense against geminivirus. For example, VirE2 from
Agrobacterium, which showed interaction with various
plant proteins, was identified as a potential antiviral protein
as it possess nuclear targeted ssDNA binding activity
(Fig. 1) [35]. In their study, they have shown that MYMIV
infection was suppressed in the transgenic Nicotiana
overexpressing virE2 gene. Another study showed the ef-
fectiveness of the E. coli g5p protein in providing tolerance
against ToLCV. In this study, g5p protein which can bind
to ssDNA has been proposed to obstruct the interaction
between viral DNA and nuclear shuttle proteins (Fig. 1)
[20]. This resulted in the inhibition of viral DNA move-
ment, thus providing resistance in Nicotiana benthamiana.
Once ingested by their insect vector, geminiviruses are
translocated from the insect gut to the salivary glands for
excretion with saliva. As a preventive measure, the viruses
interact with the GroEL proteins of the endosymbiotic
bacteria present in the vector to avoid damage through
hemolymphatic action. These chaperonin family proteins,
GroELs, are involved in protein post-translational folding
and subunit assembly. Intervention in this interaction was
shown to result in loss of infectivity [37]. In a study, it was
revealed that, these GroEL expressed in the plant phloem
trapped the TYLCYV particles. Further, it was demonstrated
that whitefly derived-GroEL expressing tomato plants have
provided moderate resistance to TYLCV [2, 3].

Although some successful results were recently
documented, these bacterial protein mediated resistance
still needs to be investigated for conferring broad spectrum
tolerance. Moreover, due to equal affinity of the antiviral
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molecule and the virus protein towards the binding on
target DNA, artificially introduced protein needs to be
applied in higher level for effective inhibition of DNA
replication.

Application of antibodies mediated technology to target
geminivirus encapsidation

With the help of modern molecular biotechnological ad-
vances, it is now attainable to develop virus resistant crops.
In this regard, antibody-based resistance strategy provides
a novel platform to develop transgenic plants resistant to
viruses. In this approach, antibodies or antibody fragments
corresponding to the target viral proteins are expressed in
the plant to hinder the necessary viral infection. The first
successful application of recombinant antibody-mediated
resistance approach was against Artichoke mottled crinkle
virus in which the expression of a cytosolic single-chain
variable fragment (scFv) against CP was used [36]. With
this discovery, the antibody-mediated approach was also
applied in case of geminiviruses to develop resistance in
plants. The recombinant antibodies successfully accom-
plished TYLCYV resistance in N. benthamiana [28, 29] can
be used as an antibody-mediated resistance approach
across the plant to generate resistance. This strategy ap-
pears to be more precise as it depends on the affinity and
specificity of the antibody towards the target protein.

Conclusions and future prospects

Over the past 10 years, many new antiviral molecules have
been discovered as a consequence of examining the nature
of geminiviral components such as DNA, RNA and pro-
teins. The major problem with this approach which needs
to be addressed is that the majority of antiviral compounds
known to manage the spread of geminiviruses are re-
stricted. Viruses have shown to encounter the antiviral
molecules through their ability to mutate the genome. It is
also essential to target conserved elements of
geminiviruses with new molecular antiviral approaches.
The selection pressure of these compounds may generate
mutants, thus virus can become resistant to these com-
pounds. This may also lead to the emergence of new spe-
cies or species of geminiviruses with enhanced virulence.

Biotechnological advances have now conferred impor-
tance towards these antiviral proteins and the identification
of novel compounds that generate resistance in numerous
ways. The majority of efforts to exploit this understanding
to engineer enhanced virus resistance in plants have been
successful. However, field evaluation has not been done so
far, especially to examine their effects on crop yield which

is one of the prime target areas of plant protection against
virus. It is also important to investigate the toxic nature of
any non-viral protein to provide safer production system.
The initiation of high-throughput technologies such as
protein—protein interaction, bioinformatics-aided drug de-
sign and docking technologies to study the molecular in-
teraction of geminiviral proteins with novel compounds
could be useful for identifying potential molecular antiviral
agents. Invention of novel molecular antiviral compounds
must continue, which may possibly establish to be a much
improved alternative of RNAI. In the present scenario, the
combined strategies such as application of multiple virus
resistance approaches along with the molecular antiviral
methods could be more effective to target various check
points of geminivirus replication and movement. However,
these hypotheses need to be applied and tested before
leading to any conclusion. Thus, the advancement of safe,
efficient, and economical antiviral compounds have been
amongst the main concern, as numerous plant viral infec-
tion are still incurable.
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