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Abstract—YViral diseases of plants remain the main causes of significant damage in agricultural production.
Various epidemiological measures have been taken to avoid viral diseases, including phytosanitary measures,
using virus-free planting material, the fight against viral vectors, and the introduction of resistant or tolerant
varieties. In recent years, the efforts of researchers around the world have been aimed at investigating the fac-
tors related to both natural and induced virus resistance of plants as well as the development and introduction
of varieties created by genetic manipulation (bioengineering methods). The development of new antivirus
strategies requires deep understanding of the molecular mechanisms underlying the natural resistance and
biochemical processes occurring in virus infected plants. The review provides a brief description of genetic
modification methods and considers the main genetic engineering approaches used to develop virus-resistant

plants.
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INTRODUCTION

Viral diseases of plants are one of the main prob-
lems of crop farming and agricultural production in
general. Currently, there are no effective therapeutic
agents for the control of viral diseases. The main strat-
egy for the control is the prevention of diseases, in par-
ticular through the introduction of varieties that have
a high natural resistance to pathogens. Despite the fact
that “classical breeding” represents a powerful reserve
for the production of resistant plants, it is character-
ized by high cost and longevity, and the harvest quality
and quantity of such resistant varieties are significantly
lower compared to “parental forms.” In contrast,
genetic manipulations are a relatively quick way of
introducing plant resistance genes, which can be espe-
cially useful in combating viral diseases that occur
unexpectedly, and genetic resistance is the most effec-
tive guarantee of the successful protection of plants
against viruses. A number of researchers [1] repeatedly
demonstrated the effectiveness of this approach. Dif-
ficulties arising during the production of resistant
plants by genetic engineering methods are usually due
to a limited number of available natural sources of
resistance as well as a relatively high level of mutation
of viral genomes leading to a rapid loss of breeding
resistance under field conditions [2]. Therefore, tradi-
tional crop selection methods are often combined and
supplemented by genetic engineering approaches.
These approaches differ in the degree of efficiency and
universalism, and their number is constantly increas-
ing (Fig. 1).
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A comparative analysis of new approaches to plant
breeding for viral resistance can be found in a number
of reviews [3—5]. In our opinion, the most successful
classification of resistance mechanisms and approaches
used to create genetic engineering resistance is the clas-
sification proposed by Goldbach [4]. Its main postu-
lates are as follows.

(1) Pathogen-derived resistance (PDR) is a resis-
tance arising from the transformation of host plants by
viral genes or some genomic sequences of the virus,
and it is associated with the blocking of the individual
stages of the propagation or distribution of the virus by
the transgenic products.

(2) Posttranscriptional gene silencing (PTGS) is
the resistance occurring due to the insertion of viral
genome fragments with specific orientation into a
plant genome. The restriction of the viral RNA mole-
cules occurs as a result of viral infection of a transgenic
plant obtained by this method. This type of resistance
can be considered as a type of PDR; however, in this
case, the resistance occurs due to the activation of
plant protection system—PTGS reacting to the
appearance of replication products (double-stranded
RNA) of the virus.

(3) Transformation of plants by dominant genes of
plant resistance (use of natural resistance genes or
genes—components of protective signaling systems).

(4) The insertion of heterologous “exotic” genes
derived from nonrelated organisms with their own
specific ways of suppressing viral infection into the
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Fig. 1. Main strategies used for the production of virus-resistant plants.

plant genome that are untypical for the host plants of
viruses.

Transgenic Virus Resistance of Plants Based
on Dominant Resistance Genes

In general, most viruses have a limited (natural)
range of host plants, and the number of virus-resistant
plant species far exceeds the number of susceptible
species. During the process of infecting host plants,
viruses are exposed to various protection mechanisms.
Some of these mechanisms are effective against all
viruses and their response is a part of the congenital
immune system, while other responses are virus-spe-
cific and require the presence of appropriate resis-
tance genes in the genome. Upon activation of the lat-
ter, rapid tissue necrotisation in the places of penetra-
tion of the virus, which prevents further spread of
infection, occurs. In some cases, the presence of dom-
inant resistance genes does not guarantee the absolute
resistance of plants, and only limited replication of the
virus takes places in plant cells. Such genes are called
“partial resistance genes.”

CYTOLOGY AND GENETICS

For the first time, the N-gene conferring resistance
to ToMV from Nicotiana glutinosa was transferred into
the tobacco culture in the 1930s [6], and this method
of preventing ToMV-infection is widely used as the
basis of genetic engineering of virus resistance under
field conditions. In the early 1990s, the gene was
cloned, and the mechanism of resistance mediated by
the gene was studied [7]. Recently, a number of other
genes of plant resistance were cloned and products of
their expression were analyzed. Scientists made
attempts to develop a general theory of mechanisms of
resistance or susceptibility and coevolution of plant
pathogens and their hosts. The main attention was
paid to monogenic dominant resistance to fungal and
bacterial pathogens. However, clear evidence was
obtained that protective mechanisms effective against
bacteria and fungi also act against viral infection, e.g.,
these mechanisms are nonspecific.

Despite the increasing interest of scientists and
breeders in the functioning of the dominant resistance
genes (R-genes) activated in response to infection with
the virus, only some of them (22 of the 200 known) are
currently cloned. Other studies of the function of
genes are limited to the Rx gene controlling resistance
Vol. 52
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to Potato virus X (PVX) and N gene controlling resis-
tance to the tobacco mosaic virus (ToMV) [8]. Two
dominant resistance genes—Tsw and Sw-5, used in
selection of tomato resistant to Tomato spotted wilt
virus (TSWV)—were studied. The first of these two
genes was identified in Capsicum chinense Jacq. pepper
and introgressed in the crop for the production of
resistant bell peppers varieties (Capsicum annuum) [9,
10]. The Sw-5 gene from Solanum peruvianum plants
was introgressed in tomato, and the resistance deter-
mined by this gene was sustainable [11]. It was shown
that Sw-5 gene is a cluster of five genes (from Sw-5a to
Sw-5¢) [12, 13]. In this cluster, only the “b” copy was
found to be [13, 14] functionally active and determined
resistance not only to TSWV but also to more distant
tospoviruses: Tomato chlorotic spot virus (TCSV),
Groundnut ringspot virus (GRSV), and Impatiens
Necrotic Spot Virus (INSV). Such a wide range of resis-
tance is very unique for dominant resistance genes,
and the use of the Sw-5 gene may be promising for the
production of toxoplasma resistant varieties. Recently,
the transport protein of the tomato spotted wilt virus
was identified, which functions as a determinant of
avirulence under resistance conditions caused by the
Sw-5b dominant resistance gene belonging to the class
of SD-CC-NB-LRR (Solanaceae domain-coiled coil-
nucleotide-binding-leucine-rich  repeat, SD-CNL).
Temporal expression of this protein in tomatoes and
transgenic Nicotiana benthamiana plants (with the
Sw-5b gene) triggers the mechanism of an ultrasensi-
tive reaction [15].

Tomato mosaic virus (ToMV) resistance is known to
be controlled by the Tm-1, Tm-2, and Tm-22 genes.
The stability determined by Tm-22 proved to be quite
stable [16]; susceptible tomato plants transformed by
the Tm-22 gene exhibited resistance to ToMV, which
remained in all transgenic lines. The only dominant
Ctv-R gene present in Poncirus trifoliata was cloned
[17], and it was demonstrated that this gene deter-
mines a wide range of resistance to the Citrus tristeza
virus (CTV), the main causative agent of citrus plants.

It should be noted that the resistance determined
by dominant genes is usually short-termed, since the
interaction between the factors of plant resistance and
viral aviulent factors [18] is quite easily damaged as a
result of viral mutations, although the resistance per-
sists for a long time in some cases [19]. An example of
this can be the resistance of the snap bean, determined
by the dominant gene I that is derived from Phaseolus
vulgaris plants resistant to BCMV and a number of
other viruses [20]. In breeding programs, researchers,
however, prefer using the resistance based on domi-
nant genes, since it focuses on certain pairs of host and
virus genes [21], which significantly simplifies the
selection of plants.

Thus, an understanding of the structure and func-
tions of R-genes opens up broad prospects for the pro-
duction of pathogen-resistant plant varieties. Unfor-

CYTOLOGY AND GENETICS  Vol. 52

No.3 2018

215

tunately, the functions of many proteins and other
molecules interacting with R-genes during the course
of protective reactions remain unknown. Therefore,
using molecular biological and biochemical approaches
and methods, researchers perform cloning and study of
the functions of genes activated during the immune
response of plants [22].

Pathogen-Derived Resistance

In the case where virus resistance is not associated
with the expression of resistance genes, another
approach is used for the production of transgenic
plants, in particular the impairment of the life cycle of
the virus. This is achieved by the introgression of cer-
tain genes of the viral genome able to control the syn-
thesis of capsid proteins, untranslated viral RNA,
antisense RNA, and viral replicase genes in the chro-
mosomes of the host plant. The concept underlying
this genetic engineering method is called pathogen-
derived resistance (PDR) and is quite simple to under-
stand: the expression of the viral genes encoding struc-
tural and nonstructural proteins in the plant genome
prevents the development of the pathogen [23].

Three types of viral genes—capsid proteins (CP),
replicase, and transport protein gene—characteristic
for all (+) RNA viruses are most commonly used for
the production of resistant plants based on the PDR
strategy. Other approaches depend on the features
characteristic for some viruses, in particular the pres-
ence of satellite or defective viral sequences or the syn-
thesis of molecules, which do not occur in natural
environment of plant viruses (specific toxins and anti-
bodies).

Resistance determined by the expression of the
structural viral capsid protein. One of the most suc-
cessful genetic approaches for the production of resis-
tant plants is the expression of the viral capsid protein
gene. This resistance is characterized by the fact that
transgenic plants expressing the CP gene are not
infected with the same or homologous virus. The level
of resistance may vary depending on immunity level
(absence of any traits of a viral infection) to the delay
and the reduction of the symptoms of infection as well
as reduced level of the accumulation of the virus (as
compared to control) in both inoculated and systemi-
cally infected leaves. Transgenic plants constitution-
ally expressing capsid protein genes acquire “cross-
protection” against this virus, its various strains and
isolates, and, in some cases, protection against close
viruses from the same taxonomic group as related anti-
gens.

The gene of the structural protein of the ToMV
membrane was one of the first viral genes transferred
into the tobacco plants. Thus, the fact that transgenic
tobacco plants with the CP ToMYV gene become resis-
tant to subsequent infection with this virus was discov-
ered for the first time in 1986 [24]. In 1988, Hemen-
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way et al. [25] showed a direct correlation between the
level of CP expression and the resistance level. Now,
transgenic resistance based on the CP gene is known
for over 35 viruses from 15 different taxonomic groups,
including tobamo-, potex-, cucumo-, tobra-, carla-,
poty-, luteo-, and alfamo-viruses.

It should be noted that this mechanism of stability
requires the mandatory transcription and translation
of CP-transgenes [26], e.g., this genetic engineering
resistance operates on the protein level only. In the
case of inoculation of plants with viral RNA, resis-
tance does not develop (except for PVX). The resis-
tance determined by CP genes is not absolute and may
be affected by a very high concentration of the viral
inoculum. Thus, transgenic tobacco plants are
infected with ToMYV at significantly higher concentra-
tions of inoculum (by 10000 times) in comparison
with control ones. Although the details of the mecha-
nism of ToMV-mediated resistance are not known at
present, the available evidence suggests a possible
blockage of the dissociation of capsid protein of the
ToMYV virions, the process required for the release
the viral RNA and initiation of the infectious process
[27, 28].

Resistance determined by the expression of the rep-
licase gene (replicase-mediated resistance). The first
report about the production of resistant plants trans-
formed with the replicase gene appeared in the United
States in the early 1990s [29]. Replicase was the first
nonstructural viral protein used to obtain virus-resis-
tant plants. Despite the fact that transgenic plants with
the protein of the replicase gene were found to be
highly resistant to the virus, the direct correlation
between protein expression and viral resistance was
not observed in most cases [28]. In fact, the results of
some studies convincingly indicate the involvement of
the RNA sequences of the replicase gene, and not its
product (protein) in the resistance [30, 31]. Therefore,
the assumption about the coexistence of two types of
resistance in the transgenic plants—protein-mediated
and RNA-mediated—was made [32, 33]. One mecha-
nism of resistance limits the replication of the virus at
the level of one cell [34], while the other restricts the
systemic [35] or intercellular distribution of the virus
[36]. It was later found that replicase-mediated resis-
tance is a characteristic feature of RNA silencing [37].
Therefore, it can be concluded that replicase gene-
based transgenes can serve as a powerful source of
resistance, despite the fact that the role of replicase
proteins (modified) or their transcripts is still unclear.

Resistance determined by the expression of the
movement protein gene (movement protein-mediated
resistance). Transgenic plants resistant to viruses were
also obtained by genetic engineering methods using
mutant forms of viral genes of a dominant nature.
Thus, constructions with a gene encoding a movement
protein (MP) necessary for the intercellular and sys-
temic distribution of virus in a plant were produced
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[38, 39]. Virus resistance was observed only in trans-
genic plants expressing defective MP: normally func-
tioning wild-type MP genes did not affect the viral
infection or increased the susceptibility of plants to
viral infection [40]. A possible mechanism of move-
ment protein-mediated resistance may be the compe-
tition between mutant MP and wild-type MP for bind-
ing sites on plasmodesmas [41]. The feature of this
resistance type is its relative nonspecificity. Thus, the
expression of mutant MP ToMYV leads to the plant
resistance to potex-, cucumo-, tobra-viruses, and, of
course, to ToMV [42].

Despite numerous studies, the molecular mecha-
nisms underlying protein-mediated resistance are not
fully understood. It is evident that they are quite
diverse and probably relate to several stages of the
infectious process, and the virus transgenic plant has
its own specific features in each pair. Moreover, in
some cases, the resistance considered as protein-
mediated PDR did not depend on the expression of
the corresponding viral proteins, and a majority of
PDR features operate via RNA-mediated mecha-
nisms. One of the possible mechanisms of resistance
may be the suppression of the replication of the virus
as a result of the competition between transgenic pro-
tein and viral replicase for binding sites with host fac-
tors or viral proteins regulating the replication and
expression of the viral genes.

Another mechanism underlying the resistance to
viruses is the mechanism dependent on the presence
of RNA.

Transgenic Viral Resistance of Plants Based
on RNA-Silencing

RNA silencing is considered the most conservative
mechanism of protection of cellular RNA from alien
information in the form of nucleic acids of viruses,
transposons, transgenes, etc. [43]. The basis of the
RNA-silencing mechanism is the recognition by the
cellular proteins (by Dicer enzyme with RNase III
domains) of a two-chain RNA of exogenous or endog-
enous origin (the so-called “dsRNA,” pre-dsRNA)
and short-term (21—26 nucleotides) fragments known
as short interfering RNA (siRNA) and microRNA
(miRNA). The biogenesis of siRNA and miRNA pro-
ceeds virtually by an identical mechanism and is con-
trolled by common genes. Both siRNA and miRNA in
RICS-complexes (RNA-induced silencing com-
plexes, RISC) formed by Argonaute (AGO) and other
related proteins, which provided the complementarity
of nucleotide sequence and small RNAs, are capable
of inducing posttranscriptional endonuclease cleavage
of the target mRNA [44].

The blocking of a single-stranded sense, and to a
lesser extent antisense viral sequences, became a com-
mon strategy for preactivation of the RNA-silencing
mechanism and obtaining plant resistance to homolo-
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gous viruses from which a “transgenic” sequence was
produced [21]. Transgenic plants are produced using
various antisense constructs where a cDNA-contain-
ing copy of the viral RNA is expressed and the RNA-
silencing mechanism of the viral or host genes
required for viral replication is initiated [45, 46].

There are several mechanisms of RNA silencing:

(1) Post Transcriptional Gene Silencing, (PTGS)
or RNA interference (RNAI).

(2) Transcriptional Gene Silencing (TGS).
(3) Virus-Induce Gene Silencing (VIGS).
(4) MicroRNA Gene silencing (miRNA).

Most studies of genetic engineering resistance
based on RNA silencing have been conducted using
the model of single-stranded +RNA viruses, but the
use of such viral transgenes was also effective against
other viruses, in particular tospoviruses [47], the
genome of which is represented by single-stranded
RNA with a negative polarity (—RNA) or geminivi-
ruses with a single-stranded DNA genome [48, 49].
Genomes of RNA viruses are associated with nucleo-
proteins throughout their replication cycle and, there-
fore, are less susceptible to “targeted” degradation of
RNA, whereas genomes of +RNA viruses are rela-
tively readily available. However, viral mRNAs are not
encapsulated and, therefore, represent a convenient
target for sequencing-specific degradation, as was
shown for TSWV. This strategy has been successfully
used to produce transgenic plants resistant to Pepper mild
mottle virus (PMMoV) and Plum pox virus (PPV) [50].

Despite the fact that viruses with the DNA genome
are less susceptible to RNA silencing [51], this antiviral
strategy can be quite effective against geminiviruses
[52]. Despite the fact that the replication of these
viruses occurs in the nucleus, their mRNA is synthe-
sized in the cytoplasm. The “silencing” of viral
mRNAs will arrest the translation of proteins required
for the life cycle of viruses (replication proteins and
transport proteins), and, thus, the reproduction and
distribution processes of the virus will be arrested.

Although we already know many examples of
genetically engineered virus-resistant plants based on
RNA silencing, there are many limitations that affect
the widespread use of this strategy. Thus, this resis-
tance is the result of the interaction of many factors
and it depends on the similarity of the sequences, the
selected target, the pathogen titer and the temperature
of the environment [53]; therefore, it is difficult to
accurately predict the effectiveness of this resistance.
Since most of the positive results were obtained in
greenhouses, further field research wherein genetically
modified plants will contact and confront mixed
infections are required. In the future, the main tasks
are the identification of factors affecting the resistance
determined by the RNA silencing phenomenon in
each case and the study of the stability of genetically
modified plants under field conditions.
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Introduction of Heterologous Genes
into the Plant Genome

Another approach for the production of transgenic
virus-resistant plants is based on the introduction of
transgenes expressing monoclonal antibodies against
viral proteins in the cells. Using this method, the
effective protection of plants against Artichoke mottle
crinkle virus (AMCYV) virus was obtained. The first
successful application of antibodies was made in 1993
by Tavladoraki et al. [54]. The researchers expressed
antibodies reducing susceptibility to AMCYV using sin-
gle-stranded variable fragments (ScFv) directed against
CP of the virus. Transgenic plants contained antibodies
(0.1% of the total protein content) in their cells and were
resistant to AMCYV infection but not to CMYV, indicating
the specific nature of the resistance [55].

The expression of antibodies against major viral
proteins in plants can be supplemented with an alter-
native approach providing genetic engineering resis-
tance to the virus. A similar approach was used for the
production of transgenic tobacco lines expressing
antibodies capable of recognizing CP of ToMYV [56]
and conservative for most of the tospoviruses epitopes
of the glycoprotein G1 of tomato spotted wilt virus
(TSWV) [57].

Several methods were also developed for the pro-
duction of transgenic plants with a wide range of resis-
tance that are not associated with the transfer of viral
genes. Thus, in the cellular membranes of Phytolacca
americana, PAP (pokeweed antiviral protein) that is
capable of inhibiting the ribosomal function was iden-
tified. Tobacco and potato plants transformed with
cDNAs of RAP were resistant to not only VIM, PVX,
PVY, and PLRYV but also to Rhizoctonia solani fungi
[58]. The main problem with the use of such genes
may be the toxic effects of synthesized proteins on
transformed plants [59].

The use of a resistance gene of animal origin in
phyto-engineering can be important for the protection
of plants against viral infection. Thus, the introduc-
tion of the beta-interferon gene or the gene encoding
2,5A-synthetase into plant cells increased the resis-
tance to viral infection. Approaches are being devel-
oped that use genes that encode antiviral proteins of
plant origin as well as genes that encode specific anti-
bodies that recognize viral proteins [60].

Recently, studies have appeared that contain data
about the production of transformants using ribo-
zymes, such as hammerhead—small RNA with conser-
vative sequences capable of cutting the RNA target.
Ribozymes were detected in some viroids and some
plant viruses associated with the satellite RNA [61].
Recently, transgenic plants were obtained that are able
to express the ribozyme gene of the hammerhead type,
the transcripts of which catalyze sequence-specific
folding of phosphodiester bonds in RNA molecules.
Examples of such plants include potato plants resis-
tant to potato spindle viroid, tomato plants resistant to
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Citrus exocortis viroid [62], tobacco plants resistant to
ToMYV [63], rice plants resistant to Rice dwarf virus
[64], and melons resistant to Watermelon mosaic virus
and Zucchini yellow mosaic virus [65]. Despite the fact
that ribozymes are specific to any alien gene and can
be introduced into the plant gene, the use of this
method remains limited.

Over the past 80 years, scientists have made signif-
icant progress in understanding the mechanisms of the
functioning of the virus resistance of plants, and
genetic engineering has opened new opportunities for
the practical use of this knowledge. Thus, in recent
decades, in addition to dominant resistance genes, a
large number of recessive resistance genes have been
cloned, various pathways of interference of viral RNA
have been investigated, and alternative approaches to
the production of virus-resistant plants using heterol-
ogous genes derived from nonrelated organisms have
been used. The search for new promising genes is con-
stantly ongoing, and, as a result, the range of trans-
genes used for plant transformation is increasing.
Despite these achievements, plant viruses quickly
acquire the ability to overcome the resistances created
by breeders. This is the reason why the most important
problem in the control of viral infections in the coming
years will be the development of effective and long-
term resistance that can withstand extreme genetic
plasticity of viral pathogens. Since viruses use a variety
of mechanisms to overcome resistance based on RNA
silencing, one of the tasks for scientists is to find RNA
silencing suppressors (RSS), the lack or inactivation of
which leads to a “cure” for plants [66]. Since RSSs
play an important role in the development of intracel-
lular and/or intercellular RNA silencing, they can
serve as important tools for the detailed study of these
mechanisms as well as for the development of new
approaches in the fight against viruses. An especially
important approach is the enhancement of plant viral
resistance and gene expression associated with
“molecular farming” in transgenic plants [67]. In
recent years, the amount of evidence on activation of
specific protection in plants against such suppressors
by the pathogens themselves has increased and it con-
vincingly illustrates the existence of a continuous
“molecular weapons race” between plant pathogens
and their hosts [68, 69].

The development of molecular genetics and associ-
ated technologies, in particular marker assisted selec-
tion (MAS), has led to the appearance of new
approaches to plant gene pyramiding. Gene pyramid-
ing allows the simultaneous expression of several
genes, increasing the efficiency of plant breeding and
obtaining longer-lasting resistance. The introduction
of innovative research tools, such as DNA microchips
and microprobes, as well as molecular genetic mark-
ers, in particular single nucleotide polymorphism
(SNP), allows the rapid assessment of the effective-
ness of genes. The power and effectiveness of genotyp-
ing is continuously increasing due to new molecular
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genetic approaches, and, in the long run, pyramiding
genes will be used along with traditional plant breed-
ing programs [70, 71].

Alternative approaches to increased resistance of
agricultural crops include the use of protective poten-
tials of plants themselves. With this approach, the
increase of plant resistance can be achieved by the
increase in the level of expression of its own genes
involved in the protective reactions and the transgene-
sis of genes encoding proteins and peptides of other
virus-resistant plant species.

In the future, the combination of modern bioengi-
neering technologies and a deeper understanding of
the “dialogue” between plants and viruses will lead to
a new “green revolution” in agriculture and will be
successfully used in programs for improvement of the
productivity and commercial value of crops.
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