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ABSTRACT

One of the challenges being faced in the twenty-first century is the biological control of
plant viral infections. Among the different strategies to combat virus infections, those
based on pathogen-derived resistance (PDR) are probably the most powerful approaches
to confer virus resistance in plants. The application of the PDR concept not only
revealed the existence of a previously unknown sequence-specific RNA-degradation
mechanism in plants, but has also helped to design antiviral strategies to engineer viral
resistant plants in the last 25 years. In this article, we review the different platforms
related to RNA silencing that have been developed during this time to obtain plants
resistant to viruses and illustrate examples of current applications of RNA silencing to

protect crop plants against viral diseases of agronomic relevance.

1. Introduction

Plant viruses represent important threats to modern agriculture. Although accurate
figures for crop losses due to viruses are not available, it is generally accepted that
among the different plant pathogens, the economic relevance of viruses comes second to
fungi. Until the emergence of genetic engineering technologies, plant viruses have been
partially controlled using conventional cultivation techniques such as crop rotation,
early detection and eradication of the diseased plants, cross protection, breeding for
resistance, or chemical control of their vectors [1]. In the 1980s, the successful transfer
of foreign DNA into the nuclear genome using Agrobacterium as a vector prompted the
introduction of genetic engineering for crop improvement and the development of virus-
resistant plants [2, 3]. Today, different antiviral strategies are being undertaken, either
by exploiting natural plant defence mechanisms, or designing new tools, which in most
cases are ultimately also based on natural defence mechanisms.

Most of the achievements obtained in plant biotechnology in the area of plant virus
resistance are based on the principle of pathogen-derived resistance (PDR) [4]. The
concept of PDR was proposed by Sanford and Johnston [5] twenty-five years ago using
the bacteriophage QB as a model, and considers that expression of pathogen genetic
elements outside the context of infection may lead to resistance. This approach opened
an interesting possibility for the practical control of diseases. For plant viruses, the
concept of PDR was first validated with its use in tobacco plants transformed with the
tobamovirus Tobacco mosaic virus (TMV) coat protein (CP) gene [6]. Soon this

observation was validated using other viral CPs and other viral sequences that code for
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proteins such as replicases, proteinases and movement proteins [for review, see 7-11].
CP is the most successful and widely applied viral protein for PDR. However, the
protection conferred by CP-mediated resistance varies significantly from strong
interference with virus multiplication to delay or attenuation of symptoms. The PDR
based on the expression of viral proteins, with either the wild type or the mutated one,
in transgenic plants has several general characteristics: 1) it is not very specific, and
protects against a broad range of viral strains; ii) it shows a positive correlation between
the levels of accumulation of the viral product and the effectiveness in resistance; iii) it
is usually overcome by high doses of inoculum. Despite extensive studies, the
molecular mechanisms underlying protein-mediated resistance are not fully understood.
What appears to be certain is that they are diverse, that they probably affect several
steps of the infection process, and that each virus/transgenic plant combination has
specific features. Moreover, it soon became apparent that many virus resistances
initially envisaged as protein-mediated PDR did not rely on the expression of the
corresponding viral proteins and that a majority of PDR phenomena seemed to work

through RNA-mediated mechanisms [12].

2. RNA silencing and virus resistance

In the early nineties, two independent research groups found that the expression of
a transgene mRNA with a high sequence similarity to an endogenous mRNA, led to
specific degradation of both mRNAs through post-transcriptional gene silencing
(PTGS), also known as “cosuppression” [13, 14]. Later, the W. Dougherty research
group suggested that a similar mechanism might be involved in the resistance
phenomena observed in transgenic plants transformed with viral genes. Some of the
transgenic lines showed anomalous phenotypes; unexpectedly and unpredictably the
highest level of resistance was observed in the transgenic lines showing very low levels
of transgene mRNA accumulation, whereas plant lines expressing the same gene at high
levels were fully susceptible. Interestingly, the virus resistant plants had actively
transcribed genes but they had low steady-state levels of transgene mRNA. A
breakthrough discovery, from transgenic lines included to serve as negative controls,
showed that resistance occurred even with non-translatable versions of the viral genes,
which demonstrated that the RNA itself was responsible for the virus resistance
observed in the transgenic plants [15-17]. All the molecular analysis of these transgenic

plants challenged the existing paradigm of genetic regulation and became the first
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demonstration of an RNA-activated sequence-specific RNA degradation mechanism in
a biological system, a phenomenon now referred to as RNA silencing or RNA
interference (RNA1) [18, 19].

English et al. provided an elegant approach to demonstrate the role played by RNA
silencing in virus resistance in plants transformed with transgenes homologous to viral
genome sequences [20]. These authors showed that while a recombinant Potato virus X
(PVX) whose engineered genome contained coding sequences of GUS (PVX-GUS) was
able to infect both wild type plants and plants actively expressing a GUS transgene,
transgenic plants in which the GUS transgene was silenced, were resistant to PVX-
GUS, but not to wild type PVX (Figure 1). These results provide an explanation for the
negative correlation between accumulation levels of the transgene RNA and virus
resistance that had been observed in plants transformed with virus-derived transgenes
[21]. However, a transgenic plant actively expressing a virus-derived transgene is not
always fully susceptible. Very often viral infection causes the silencing of a
homologous transgene, which was initially active, thus leading to a phenomenon of
delayed resistance referred to as “recovery” [17, 22] (Figure 2). Subsequent discoveries
showed that RNA silencing naturally protects plants from viruses, indeed, recovery in
tobacco plants infected with the nepovirus Tobacco ringspot virus was already
documented as early as 1928 ([23], cited by [24]). Today, this phenotype has been
shown to result from delayed resistance caused by virus-specific RNA silencing [25].
Even more importantly, later on, this RNA-mediated defence was shown to be a general
response to viral infections that acts against the elicitor virus and can also cross-protect
the infected plants against secondary infections [26, 27].

In response to this type of antiviral innate defence, it is not unexpected that viruses
have devised counteracting mechanisms that interfere with it, mainly by means of
factors that are able to suppress RNA silencing. Moreover, the ability of a virus to
systemically infect a particular plant is greatly dependent on the effectiveness of these
contra defence mechanisms [28-34] (Figure 2). Suppression of the antiviral silencing
response of the plant by a virus can facilitate the replication of a second virus, giving
rise to synergistic mixed infections [35]. In addition, the specific antiviral resistance
conferred by silenced viral transgenes can be disturbed by the silencing suppression
activity of heterologous viruses [36-39] (Figure 2). However, RNA silencing-based

virus-immune transgenic plants do not always revert to a susceptible phenotype
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following an infection by a heterologous virus [40], even in cases in which the

transgene silencing is suppressed [39].

3. RNA-mediated transgenic resistant plants

The trigger of RNA silencing is a double-stranded RNA (dsRNA), which is
processed by a specific RNase III-type Dicer enzyme into 21- to 24-nt small molecules
(siRNA), then, the siRNAs are loaded into Argonaute protein-containing effector
complexes called RNA-induced silencing complexes (RISCs) to guide degradation or
translation repression of complementary RNA targets [41, 42]. By contrast, the first
examples of transgenic plants described to undergo RNA-mediated PTGS had been
transformed with transgenes designed to generate viral RNA fragments of positive
polarity. Although a single copy of the transgene was capable of inducing RNA
silencing [43], in general, induction of RNA silencing was enhanced by the existence of
multiple copies of the transgene [44], mainly when they were arranged in inverted
repeats able to form dsRNA [45]. Subsequent studies revealed the existence of two
branches of transgene-induced PTGS [46]. In the cases of transgenes transcribed as a
single strand RNA (S-PTGS), the dsRNA substrate cleaved by Dicer to produce the
siRNAs is generated by a host-encoded RNA-dependent RNA polymerase (RDR),
which can somehow recognize aberrant versions of highly abundant transgene RNAs
and copy them into dsRNA [47, 48]. Transgenes with inverted repeats producing long
double strand RNA regions do not depend on host RDRs to produce primary siRNAs
and efficient RNA silencing (IR-PTGS), but RDRs are involved in an amplification step
producing secondary siRNAs, which reinforces silencing and spreads it beyond the
initial trigger sequence (transitive RNA silencing) [49, 50]. In accordance with the key
role of dsRNA in the induction of RNA silencing, whereas transformation with
transgenes coding for single stranded viral RNAs gives rise to low and erratic numbers
of virus-resistant transgenic lines, most of the plants transformed with transgenes
producing viral dsRNA show a high level of virus resistance [51]. Transgenes encoding
intron-spliced hairpin RNAs are especially efficient as silencing triggers, and
consistently confer viral resistance when directed against virus genomes [52-54]. This
RNA silencing approach, known as hpRNALI, is now widely used in many plant species
and information for convenient generic plasmids for transgene generation is currently

available at http://www .pi.csiro.au/rnai/.
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Nevertheless, the reasons why a viral transgene is silenced and confers resistance in
some transgenic lines, whereas other lines actively express the same transgene and are
fully susceptible to the homologous virus are still not completely understood [55]. As
expected, in most cases, transgene silencing and virus resistance is associated with high
accumulation of siRNAs specific to the viral transgene [56, 57]. Methylation of the
transcribed region of the transgene DNA is also an usual hallmark of constitutive or
virus-induced transgene silencing and virus resistance [58-60], but the cause-
consequence relationship of transgene methylation with RNA silencing and virus
resistance has not been unravelled yet.

Most studies on RNA-silencing-mediated antiviral resistance have focussed on
plus-stranded RNA viruses -the largest group of plant viruses- but RNA silencing of
viral transgenes has been shown to be effective to protect plants against other viruses
such as tospoviruses [61-63], with a minus-strand RNA genome, or geminiviruses, with
a single-strand DNA genome [64-69]. Although DNA viruses appear to be less
susceptible to transgene-derived RNA silencing than RNA viruses [70, 71], this
antiviral strategy can sometimes be very effective against geminiviruses [72].
Interestingly, DNA virus infections induce not only postranscriptional gene silencing,
but also transcriptional gene silencing [73-76], which can be used in biotechnological
approaches to engineer viral resistance [77].

Transgenes expressing viral proteins can display protein-mediated and RNA-
mediated overlapping resistance mechanisms, which can differ in intensity and
broadness [78, 79]. Although these mechanisms can collaborate to protect plants against
a range of viruses, it is also possible that a weak RNA silencing, unable to confer
complete viral resistance, can suppress the expression of the transgene and thus
inactivate the protein-mediated resistance [80].

The accumulation of large amounts of specific siRNAs in viroid infections
demonstrates that the viroidal RNA is a substrate of Dicer-like enzymes [81-84]. Some
reports suggest that, whereas these siRNAs are biologically active in guiding RISC-
mediated cleavage, the secondary structure of the viroidal RNA protects it from RISC
activity [85-87]. However, the fact that a transgenic tomato expressing a viroid hairpin
transgene and accumulating high amounts of viroid-specific siRNAs, exhibits resistance
to the homologous viroid, indicates that viroid RNA can be the target of RISC-mediated
degradation [88].
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Although effective RNA silencing can be induced by sequences as short as 23-60 nt
[89], it appears that induction of RNA silencing-mediated antiviral resistance may need
transgenes with regions of similarity to viral RNAs larger than 100 nt [90, 91].
However, transgenes with larger similarity regions, 300-800 nt, are usually preferred. In
general, the effectiveness of the transgene RNA-mediated virus resistance is
proportional to the sequence similarity between the transgene and the inoculated virus,
however, there are exceptions that are not fully understood [92, 93]. Viruses whose
sequence differs from that of the transgene by more than 10% usually escape RNA
degradation [61]. To circumvent this limitation, different strategies to co-express
several genetic fragments of different viruses, either as independent transcription units
or as a single hairpin cassette have been explored [94, 95]. The transgenic expression of
these types of constructs rendered a high proportion of transgenic lines heritably
resistant against all or some of the source viruses, thus allowing broader virus
resistance.

The methods used to engineer RNA silencing-mediated antiviral resistance in
transgenic plants normally involve transgenes corresponding to a limited region of the
viral genome. However, transgenic plants transformed with full-length copies of viral
genomes, named amplicons, have also been constructed. They used to be silenced and
resistant to exogenous infection with the virus from which the transgene was derived,
however, amplicon lines showing transgene-derived virus infection have also been
described [96-101]. In some cases, reactivation of a silenced amplicon and efficient
replication of the resulting virus can be achieved by deliberate co-expression of a strong
silencing suppressor [102, 103], but often this also occurs spontaneously, as a
consequence of poorly characterized environmental or developmental signals [101, 104,

105].

4. RNA silencing-mediated resistance without transgenesis

Concerns regarding transgenic plants are quite strong in some places in the world,
especially in Europe, thereby prompting increasing interest in approaches to generate
viral resistance that do not rely on the use of genetically modified plants. Since dsSRNA
is a pivotal factor of RNA silencing processes, the most important efforts have been
devoted to the exogenous delivery of this kind of molecules. Initial reports showed that
dsRNA derived from viruses of three different families, and directly delivered to plant

leaves either by mechanical inoculation of in vitro-synthesized molecules or via an
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Agrobacterium-mediated transient expression system, interfered with virus infection in
a sequence-specific manner [106]. Further research demonstrated that bacterial systems
could be used to synthesize viral dsSRNA able to promote specific antiviral interference
at a very low cost [107-110]. These antiviral approaches could take advantage of
recently-developed systems for large-scale production of dsSRNA in vitro and in bacteria
utilizing the RNA polymerase of phage ¢6 [111].

Delivery of viral dsSRNA cannot cure already infected plants and, in contrast with
virus-resistant transgenic plants, it is not able to confer a permanent protection,
however, research shows that spraying plants with an extract of bacteria expressing viral
dsRNA confers specific antiviral protection for at least 5 days [107, 108].

Recent results demonstrate that the exogenous delivery of specific dsSRNA can also
protect plants against chloroplast- and nuclear-replicating viroids [112]. Moreover, they
state that homologous viroid small RNAs co-delivered mechanically can interfere with
one of the viroids examined. These results support the conclusion that the secondary
structure of viroids does not provide them with complete protection against RISC

activity.

5. Antiviral resistance mediated by artificial miRNAs

RNA silencing regulates a large range of important processes by making use of
different populations of small RNAs [113-117]. Among them, microRNAs (miRNAs)
are known to play fundamental roles in organism development, and adaptation to
environmental stresses [118-121]. These ~21-nt RNAs are the result of the processing
of hairpin-like primary transcripts by specific RNAse III-type enzymes (Drosha plus
Dicer in animals, and DCLI in plants). MiRNAs negatively regulate endogenous target
genes by cleavage or translational inhibition of their mRNAs. The miRNA primary
transcript can be engineered to introduce several mutations within the miRNA 21-nt
sequence without affecting its biogenesis [122]. Based on modified miRNAs, named
“artificial miRNA” (amiRNA), a new RNA silencing technique has been developed.
AmiRNAs were first generated and used in human cell lines and were shown to
interfere with the expression of cognate mRNAs [123]. Later, amiRNA technology was
also successfully used to direct endogenous gene silencing of individual genes or groups
of endogenous genes in different organisms, including several plant species, mosses and

unicellular algae [124-129].
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Host- and virus-encoded miRNAs have been shown to participate in animal virus
infections, either by helping the virus or by contributing to host defence mechanisms
[130-135]. Moreover, although a role for miRNAs in natural plant virus infections has
not been demonstrated yet, endogenous miRNAs have been shown to interfere with
engineered plant viruses [136]. Thus, amiRNAs targeted to degrade the invading viral
RNA are suggestive candidates to be used in biotechnological approaches to fight plant
viral diseases. The first evidence of the effectiveness of this strategy came from the
demonstration that the stable expression of amiRNAs targeting RNA sequences that
encode the silencing suppressors of the tymovirus Turnip yellow mosaic virus (TYMV)
and the potyvirus Turnip mosaic virus (TuMV) confer specific virus resistance to
transgenic Arabidopsis plants [137]. Following this, other reports confirmed the validity
of this approach for other viral sequences, virus species and host plants [138-141].
Moreover, Niu et al. [137] explored the possibility of using a dimeric pre-amiRNA that
expressed two sequences from different viruses to confer resistance to both viruses on a
single transgenic plant. The combined production of multiple virus-specific amiRNAs
in plants allows increased virus resistance against a broad spectrum of virus.

Whereas efficient amiRNA-mediated resistance was observed against TYMV and
TuMV when stretches of the coding sequence of their silencing suppressors were
included in the amiRNA [137], when the coding sequence of the silencing suppressor
2b of the cucumovirus Cucumber mosaic virus (CMV) was targeted, the transgenic
plants showed various degrees of responses to CMV infection such as: full resistance,
delayed infection, recovery and susceptibility [140]. As previously reported, the
strength of the effect of siRNAs [93, 142, 143] and amiRNA [136] in their target
sequences not only depend on their own nature, but also on the position in which they
are included in the target transcript; this probably indicates either that some sites are
more accessible than others to the RNA silencing machinery or that processing is
somehow influenced by the flanking sequences rather than by the si/miRNA sequence
alone. To avoid amiRNA target positional defects, Duan et al. [139] have reported an
experimental approach to design miRNAs that target putative RISC accessible sites to
engineer effective RNA silencing and virus resistance in plants by amiRNAs.

The miRNA precursors produce miRNA-miRNA* duplexes with particular
structural features such as mismatches or bulges, and, in most cases, only the mature
miRNA associates preferentially with Argonautes [144, 145]. When the duplex region
in the miRNA precursor backbone is substituted by amiRNA and amiRNA* and the
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mismatched positions are retained, the amiRNA strand will likely be accumulated and
loaded in the correct effector RISC. An interesting possibility in the case of designing
amiRNAs to produce virus-resistant transgenic plants is to replace the duplex by exact
complementary sequences. There is evidence which shows that miRNA-directed RNA
silencing targets both plus strand genomic RNA and those RNAs complementary to the
viral genome synthesized during viral replication [136]. With constructs producing both
amiRNA and amiRNA* complementary to the genomic RNA and the complementary
strand respectively, that can be loaded in antiviral RISCs, two targets could be reached
with a single amiRNA precursor.

One predicted drawback of amiRNA-mediated resistance is that the combination of
the high specificity of miRNA cleavage and the high mutability of plant viruses make it
possible for virus variants escaping resistance to emerge [146]. A study with
recombinant PPV chimeras bearing miRNA target sequences provided the first evidence
that viruses readily escape the negative pressure of miRNA activity through mutations
within the miRNA target sequence [136]. The escape from the resistance was enhanced
in a transgenic Arabidopsis line expressing the silencing suppressor P1/HCPro, which
has been shown to inhibit miRNA activity [147, 148]. A frequent emergence of escape
mutants was also observed in transgenic plants expressing an amiRNA that targeted
non-essential sequences engineered in a recombinant TuMV [149]. Viruses escaping the
miRNA-derived resistance showed deletions affecting the 21-nt target site or point
mutations, which mainly affected nucleotides matching the 5’ terminal region of the
miRNA, thus, pointing out the relevance of this region in amiRNA-mediated cleavage
activity. Recent results demonstrate that wild type viruses might also evolve to
overcome amiRNA-mediated resistance through the selection of virus variants with
point mutations in the amiRNA target sequence (Santiago Elena, personal

communication).

6. Agronomic applications of antiviral RNA silencing

Although other biotechnological strategies that interfere with virus infections in
plants have been developed [4, 10, 150], PDR remains the most powerful approach to
produce virus resistant plants, and RNA silencing appears to be the most promising
PDR strategy, which potentially makes this technology of great agronomic relevance
[9]. This could be specially applicable to developing countries, whose economy largely

depends on agricultural activities, since they might use these relatively cheap tools to

10
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solve specific local problems [151]. While the molecular processes and biological
functions of RNA silencing are still not fully understood, our current knowledge of this
RNA-mediated mechanism has enabled the development of new platforms for crop
improvement. Nevertheless, despite the abundant scientific information obtained since
the demonstration of the viability of the PDR concept 25 years ago, and although a large
number of field trials have been conducted for diverse viruses and hosts species [152],
not many crop plants expressing viral genetic elements and showing virus resistance
have reached the commercialization stage [153]. The first virus-resistant cultivar for
commercial application in the USA using RNA silencing for crop improvement was
summer squash ZW-20 expressing the CP genes of the potyviruses Zucchini yellow
mosaic virus (ZYMV) and Watermelon mosaic virus (WMV), which was developed by
Asgrow Seed Co. [154, 155]. This line was later replaced by CZW-3, which also
expresses the CP of the cucumovirus CMV [156, 157]. These plants were also used as
parents to develop other cucurbit cultivars by conventional breeding [9]. In 1998 and
1999, Monsanto also commercialized the potato varieties NewLeaf Plus and NewLeaf
Y, which were resistant to the polerovirus Potato leafroll virus (PLRV) and the
potyvirus Potato virus Y (PVY), respectively

(http://www.monsanto.com/newsviews/Pages/new-leaf-potato.aspx). However, these

lines were withdrawn from the market in 2001 due to the reluctance of certain important
food processors to use genetically modified potatoes [9, 158]. So far, the most
prominent success of PDR against viruses have been the transgenic papayas Rainbow
and SunUp, which are resistant against the potyvirus Papaya ringspot virus (PRSV) by
virtue of expression of the viral CP gene, indeed, it has contributed to saving the papaya
industry in Hawaii [159, 160]. Another virus-resistant papaya, X17-2, which is
protected against a Florida isolate of PRSV is in an advanced stage towards
commercialization in USA [9]. Very recently, the plum cultivar “HoneySweet”,
transformed with the CP gene of another potyvirus, Plum pox virus, [161] has been
deregulated in USA. This cultivar has proven a highly effective and durable resistance
to PPV in several field trials in different European countries [40, 162-164] (Figure 4).
This plum variety has a great potential for fighting this worldwide-spread devastating
disease, both as a high-quality commercial variety and as a progenitor in Prunus
breeding.

The People’s Republic of China is investing heavily in biotechnologies, and

looking for a transgenic green revolution as a way to secure its food supply [165]. In

11
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addition to PRSV-resistant papaya, both tomato and sweet pepper resistant to CMV
have also been released in China [166]. However, the performance of these tomato and
sweet pepper transgenic lines was apparently not very satisfactory, and investment in
their commercial production was discontinued [151]. Another virus-resistant transgenic
plant that is expected to be commercialized in China in the following years is wheat
resistant to the bymovirus Wheat yellow mosaic virus [167, 168].

The interest in using PDR technology, mainly RNA silencing-mediated, is
increasing worldwide [158]. Thus, the development of a number of virus-resistant
transgenic plants appears to be close to commercial release in different countries. These
include PVY-resistant potato in Argentina, rice resistant to the tungrovirus Rice tungro
bacilliform virus in India, and bean resistant to the begomovirus Bean golden mosaic
virus in Brazil [72, 169, 170].

There are three main factors that can determine the practical usefulness of antiviral
strategies in plants: efficiency, durability and safety; and only further long-term
research in the field of resistant varieties can provide us with definitive data on the
stability of different forms of RNA silencing-based resistance. Unfortunately, social
concerns, primarily in Europe, over the potential ecological impact of virus-resistant
transgenic plants have so far significantly limited the use of virus-resistant crops. But
the situation is changing since a significant increase worldwide in hectarage of
Biotech/GM crops has been reported [153] and RNA silencing-based technologies will
help, among other challenges faced by productive agriculture, to mitigate the impact of

virus diseases in the twenty-first century.

7. Open questions in RNA silencing-mediated virus resistance and concluding
remarks

Since the first successful application in 1986 [6] of PDR used to confer virus
resistance to transgenic plants, a range of powerful strategies using pathogen-derived
sequences have been described. Initially main interest was focussed on the expression of
wild type and mutated viral proteins, but RNA-mediated approaches based on natural
antiviral RNA silencing have yielded the most promising results [150, 171, 172]. In
these, specific resistance is the result of an accumulation of antiviral RISC complexes
loaded with small RNAs derived from the viral transgene, which are ready to target and
degrade the invading viral RNA before the virus has time to mount effective counter-

defence mechanisms. The first transgenic lines resistant to viruses by an RNA-mediated
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mechanism were found by chance as barely-characterized rare exceptions among a
majority of lines actively expressing sense viral RNA from the transgene and fully
resistant to the virus [12]. The huge progress in the understanding of RNA silencing
mechanisms, mainly the unravelling of the pivotal role played by dsRNA, allowed the
design of more rational strategies to achieve RNA-mediated viral resistance, such as
hpRNAI, which gave more consistent results [S1, 53]. However, it is still not possible to
accurately predict the frequency of resistant lines and the level of resistance in plants
transformed with a particular viral transgene, even when the transgene is designed to
produce dsRNA. The silencing efficiency appears to depend, on specific features, still
not characterized, of the targeted sequences, as has been shown in a high throughput
analysis of the hpRNAI silencing of endogenous plant genes [173]. Further scientific
studies are required to understand the sequence and structure features affecting the
susceptibility of viral RNAs to antiviral silencing; this will allow us to design more
reliable strategies to construct proficient virus resistant transgenic plants.

An important value of RNA silencing-mediated resistance is the fact that it is
suitable for application on a very broad range of virus-host combinations. Although
viruses with plus stranded RNA genomes have been the main target of studies of
antiviral RNA silencing, RNA silencing-mediated resistance has been shown to be
effective against other viruses, including DNA viruses, such as geminiviruses [72], and
even against viroids [88]. By contrast, a limitation of RNA silencing-mediated
resistance is its high specificity, since it is only effective against virus isolates that are
very similar to the isolate from which the transgene derives. The relevance of this
problem will be different for each particular case, depending on the genetic diversity of
the virus populations challenging the resistant plant. The extent to which it may be
overcome by transforming plants with several viral transgenes or with chimeric
transgenes assembled with small genomic fragments derived from various viruses or
virus isolates is still unknown.

Since the application of transgene RNA silencing to produce virus resistant plants, a
number of different concerns have been raised. As most viruses produce silencing
suppressors, infection with a non-target virus could breakdown resistance [36-39].
Experimental tests have shown that this could happen in some cases, but not all, and it
seems to require a very precise coupling of the two viral inoculations [39, 40]. Thus,
although mixed infections by several viruses are abundant in nature, it is too early to

predict the effect they may have on the effectiveness of the RNA-mediated PDR in the
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field. Reports show that RNA silencing can be disturbed at low temperatures [174], but
evidence that this fact could mean an important threat for the stability of virus resistance
in field conditions is still missing. There have also been no reports on ecological
problems derived from heteroencapsidation, RNA recombination between the transgene
and the viral RNA or emergence of more virulent resistance-breaking virus isolates, or
significant off-target effects caused by the transgene, in virus-resistant transgenic plants
[10, 152, 158]. However, the field experience is still too limited to make a confident
assessment on the relevance of these potential safety risks.

Direct administration of viral dSRNA cannot circumvent most of the potential risks
associated with RNA silencing-mediated virus resistance, but probably is less
concerned by the worry that genetically modified organisms pose in many people.
However, the short effect of dsSRNA release, which needs to be closely coupled to the
viral challenge, limits the present utility of this technology. In this context, the COST
Action FAO806 of the EU is an important initiative that has as its main objective to
explore suitable, efficient and cost-effective non-transgenic gene silencing approaches
for managing plant viral diseases in Europe.

In contrast, the recently developed amiRNA technology, which depends on the
transgenic expression of a very short viral sequence, is not concerned with some
potential risks affecting plants expressing long viral transgenes, such as RNA
recombination or undesired off-target effects [146]. In addition, amiRNA-derived virus
resistance appears to be efficient even at low temperatures [137]. AmiRNA-derived
resistance can be as effective as virus resistance derived from long viral RNA hairpins
[137], but this is not the case for all viral amiRNAs [139, 140]. This can depend on the
accessibility to RISC of amiRNA targets in the viral RNA, but also on sequence and
structure features of the different pre-amiRNA constructs, which could condition their
exact processing sites, the levels of accumulation of amiRNA and amiRNA* strands,
and the ability of these strands to be loaded in effective antiviral RISCs. Much more
research on these topics is required to allow rational designs of efficient amiRNAs with
well-defined properties. Current information suggests that viruses can easily evolve to
escape amiRNA-derived resistance [136, 146, 149]. The expression of more than one
amiRNA targeting different sequences of the same virus or the use of highly conserved
regions on viral genomes is expected to mitigate the likelihood of resistance breakdown.

Although it may be anticipated that amiRNA technology could be applied to any crop
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plant, as has been shown in the tomato, the general effectiveness of this approach needs
to be studied further.

An interesting RNA silencing-related technology to be explored for virus resistance
is the use of artificial trans-acting (ta) siRNAs (atasiRNAs). Like miRNAs, tasiRNAs
are also negative regulators of gene expression that belong to a plant-specific class of
endogenous small RNAs whose biogenesis requires an initial miRNA-mediated
cleavage of its precursors [175-178]. Engineered atasiRNAs have been used
successfully for RNA silencing of endogenous genes in Arabidopsis [179], and can be
envisaged as promising antiviral tools.

The development and application of different approaches to achieve resistance to
viruses based on PDR have certainly reached a remarkable maturity and there is
increasing evidence supporting their effectiveness. But there is no doubt that the outlook
is even better and in the course of this century an explosion in the use of RNA silencing
to obtain plant cultivars "a la carte" that are resistant to a particular virus or have some

other improved agronomic traits will be witnessed.
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Legends to figures

Figure 1. RNA silencing of a nuclear gene in a transgenic plant can suppress the

accumulation of a cytoplasmic virus and confer virus resistance. Modified from [20].

Figure 2. Schematic representation of natural and artificial RNA silencing based
antiviral resistance. Depending on the final outcome of the confrontation between
defence/contradefence mechanisms, different results of resistance, recovery or

susceptibility after virus infection can be obtained.

Figure 3. Schematic representation of antiviral activity conferred by transgenic

expression of an artificial miRNA in a plant.
Figure 4. Leaf symptoms caused by Plum pox virus in a susceptible cultivar.

Asymptomatic leaf and fruits from the resistance cultivar HoneySweet. Courtesy of R.

Scorza and M. Cambra.

16



499
500

501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547

8. References

[1]
[2]

[3]

[4]
[5]

[6]

[7]
[8]
[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

R. Hull, Matthews' Plant Virology, Fourth Edition ed. Academic Press,
London, 2002.

M.F. Thomashow, R. Nutter, A.L. Montoya, M.P. Gordon, E.W. Nester,
Integration and organization of Ti plasmid sequences in crown gall tumors,
Cell 19 (1980) 729-739.

P. Zambryski, M. Holsters, K. Kruger, A. Depicker, J. Schell, M. Van Montagu,
H.M. Goodman, Tumor DNA structure in plant cells transformed by A.
tumefaciens, Science 209 (1980) 1385-1391.

C. Ritzenthaler, Resistance to plant viruses: old issue, news answers?, Curr.
Opin. Biotechnol. 16 (2005) 118-122.

J.C. Sanford, S.A. Johnson, The concept of parasite-derived resistance:
deriving resistance genes from the parasites own genome, ]. Theor. Biol.
115 (1985) 395-405.

P.P. Abel, R.S. Nelson, B. De, N. Hoffmann, S.G. Rogers, R.T. Fraley, R.N.
Beachy, Delay of disease development in transgenic plants that express the
tobacco mosaic virus coat protein gene, Science 232 (1986) 738-743.

D.C. Baulcombe, Mechanisms of pathogen-derived resistance to viruses in
transgenic plants, Plant Cell 8 (1996) 1833-1844.

R.N. Beachy, S. Loesch-Fries, N.E. Tumer, Coat Protein-mediated resistance
against virus infection, Annu. Rev. Phytopathol. 28 (1990) 451-472.

J. Gottula, M. Fuchs, Toward a quarter century of pathogen-derived
resistance and practical approaches to plant virus disease control, Adv.
Virus Res. 75 (2009) 161-183.

M. Prins, M. Laimer, E. Noris, J. Schubert, M. Wassenegger, M. Tepfer,
Strategies for antiviral resistance in transgenic plants, Mol. Plant Pathol. 9
(2008) 73-83.

T.M.A. Wilson, Strategies to protect crop plants against viruses: Pathogen-
derived resistance blossoms, Proc. Natl. Acad. Sci. USA 90 (1993) 3134-
3141.

J.A. Lindbo, L. Silva-Rosales, W.G. Dougherty, Pathogen derived resistance to
potyviruses: working, but why?, Semin. Virol. 4 (1993) 369-379.

C. Napoli, C. Lemieux, R. Jorgensen, Introduction of a chimeric chalcone
synthase gene into petunia results in reversible co-suppression of
homologous genes in trans, Plant Cell 2 (1990) 279-289.

AR. van der Krol, L.A. Mur, M. Beld, ].N. Mol, A.R. Stuitje, Flavonoid genes in
petunia: addition of a limited number of gene copies may lead to a
suppression of gene expression, Plant Cell 2 (1990) 291-299.

J.A. Lindbo, W. Dougherty, Untranslatable transcripts of the tobacco etch
virus coat protein gene sequence can interfere with tobacco etch virus
replication in transgenic plants and protoplasts, Virology 189 (1992) 725-
733.

J.A. Lindbo, W.G. Dougherty, Pathogen-derived resistance to a potyvirus:
immune and resistant phenotypes in transgenic tobacco expressing altered
forms of a potyvirus coat protein nucleotide sequence, Mol. Plant-Microbe
Interact. 5 (1992) 144-153.

J.A. Lindbo, L. Silva-Rosales, W.M. Proebsting, W.G. Dougherty, Induction of
a highly specific antiviral state in transgenic plants: implications for

17



548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594

[18]
[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

[28]

[29]
[30]

[31]
[32]
[33]
[34]

[35]

[36]

regulation of gene expression and virus resistance, Plant Cell 5 (1993)
1749-1759.

D. Baulcombe, RNA silencing, Curr. Biol. 12 (2002) R82-84.

H. Cerutti, RNA interference: traveling in the cell and gaining functions?,
Trends Genet. 19 (2003) 39-46.

J.J. English, E. Mueller, D.C. Baulcombe, Suppression of virus accumulation in
transgenic plants exhibiting silencing of nuclear genes, Plant Cell 8 (1996)
179-188.

W.G. Dougherty, T.D. Parks, Transgenes and gene suppression: telling us
something new?, Curr. Opin. Cell Biol. 7 (1995) 399-405.

H.S. Guo, J.A. Garcia, Delayed resistance to plum pox potyvirus mediated by
a mutated RNA replicase gene: Involvement of a gene silencing mechanism,
Mol. Plant-Microbe Interact. 10 (1997) 160-170.

S.A. Wingard, Hosts and symptoms of ring spot, a virus disease of plants., J.
Agric. Res. 37 (1928) 127-153.

D. Baulcombe, RNA silencing in plants, Nature 431 (2004) 356-363.

F. Ratcliff, B.D. Harrison, D.C. Baulcombe, A similarity between viral defense
and gene silencing in plants, Science 276 (1997) 1558-1560.

P. Chellappan, R. Vanitharani, C.M. Fauquet, Short interfering RNA
accumulation correlates with host recovery in DNA virus-infected hosts,
and gene silencing targets specific viral sequences, J. Virol. 78 (2004) 7465-
7477.

F.G. Ratcliff, S.A. MacFarlane, D.C. Baulcombe, Gene silencing without DNA.
RNA-mediated cross-protection between viruses., Plant Cell 11 (1999)
1207-1216.

A. Vallj, ].J]. Lopez-Moya, J.A. Garcia, RNA silencing and its suppressors in the
plant-virus interplay, Encyclopedia of Life Sciences (ELS), John Wiley &
Sons, Ltd, Chichester, 2009, p. http://www.els.net/ [DOLI:
10.1002/9780470015902.a9780470021261].

J. Burgyan, Plant virus RNAi suppressors, Biochim. Biophys. Acta (2011).
B.M. Roth, G.J. Pruss, V.B. Vance, Plant viral suppressors of RNA silencing,
Virus Res. 102 (2004) 97-108.

F. Qu, T.J. Morris, Suppressors of RNA silencing encoded by plant viruses
and their role in viral infections, FEBS Lett. 579 (2005) 5958-5964.

G. Moissiard, O. Voinnet, Viral suppression of RNA silencing in plants, Mol.
Plant Pathol. 5 (2004) 71-82.

J.C. Carrington, K.D. Kasschau, L.K. Johansen, Activation of suppression of
RNA silencing by plant viruses, Virology 281 (2001) 1-5.

Q. Wu, X. Wang, S.W. Ding, Viral suppressors of RNA-based viral immunity:
host targets, Cell Host & Microbe 8 (2010) 12-15.

G. Pruss, X. Ge, X.M. Shi, ]J.C. Carrington, V.B. Vance, Plant viral synergism:
The potyviral genome encodes a broad-range pathogenicity enhancer that
transactivates replication of heterologous viruses, Plant Cell 9 (1997) 859-
868.

N. Mitter, E. Sulistyowati, M.W. Graham, R.G. Dietzgen, Suppression of gene
silencing: a threat to virus-resistant transgenic plants?, Trends Plant Sci. 6
(2001) 246-247.

18



595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642

[37]

[38]

[39]

[40]

[41]
[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

E.I. Savenkov, ]J.P.T. Valkonen, Coat protein gene-mediated resistance to
Potato virus A in transgenic plants is suppressed following infection with
another potyvirus, J. Gen. Virol. 82 (2001) 2275-2278.

F. Di Serio, L. Rubino, M. Russo, G.P. Martelli, Homology-dependent virus
resistance against Cymbidium ringspot virus is inhibited by post-
transcriptional gene silencing suppressor viruses, J. Plant Pathol. 84 (2002)
121-124.

C. Simdn-Mateo, ].J. Lopez-Moya, H.S. Guo, E. Gonzalez, ].A. Garcia,
Suppressor activity of potyviral and cucumoviral infections in potyvirus-
induced transgene silencing, J. Gen. Virol. 84 (2003) 2877-2883.

[. Zagrai, N. Capote, M. Ravelonandro, M. Cambra, L. Zagrai, R. Scorza, Plum
pox virus silencing of C5 transgenic plums is stable under challenge
inoculation with heterologous viruses, J. Plant Pathol. 90 (2008) 63-71.

AM. Denlj, G.J. Hannon, RNAIi: an ever-growing puzzle, Trends Biochem. Sci.
28 (2003) 196-201.

M. Tijsterman, R.F. Ketting, R.H. Plasterk, The genetics of RNA silencing,
Annu. Rev. Genet. 36 (2002) 489-519.

T. Elmayan, H. Vaucheret, Expression of single copies of a strongly
expressed 35S transgene can be silenced post-transcriptionally, Plant J. 9
(1996) 787-797.

S. Swaney, H. Powers, ]. Goodwin, L. Silva Rosales, W.G. Dougherty, RNA-
mediated resistance with nonstructural genes from the tobacco etch virus
genome, Mol. Plant-Microbe Interact. 8 (1995) 1004-1011.

M. Stam, A. Viterbo, ].N.M. Mol, ].M. Kooter, Position-dependent methylation
and transcriptional silencing of transgenes in inverted T-DNA repeats:
Implications for posttranscriptional silencing of homologous host genes in
plants, Mol. Cell. Biol. 18 (1998) 6165-6177.

C. Béclin, S. Boutet, P. Waterhouse, H. Vaucheret, A branched pathway for
transgene-induced RNA silencing in plants, Curr. Biol. 12 (2002) 684-688.

T. Dalmay, A. Hamilton, S. Rudd, S. Angell, D.C. Baulcombe, An RNA-
Dependent RNA polymerase gene in Arabidopsis is required for
posttranscriptional gene silencing mediated by a transgene but not by a
virus, Cell 101 (2000) 543-553.

P. Mourrain, C. Béclin, T. Elmayan, F. Feuerbach, C. Godon, J.B. Morel, D.
Jouette, A.M. Lacombe, S. Nikic, N. Picault, K. Remoue, M. Sanial, T.A. Vo, H.
Vaucheret, Arabidopsis SGS2 and SGS3 genes are required for
posttranscriptional gene silencing and natural virus resistance, Cell 101
(2000) 533-542.

M.N. Alder, S. Dames, ]. Gaudet, S.E. Mango, Gene silencing in Caenorhabditis
elegans by transitive RNA interference, RNA 9 (2003) 25-32.

C. Himber, P. Dunoyer, G. Moissiard, C. Ritzenthaler, O. Voinnet, Transitivity-
dependent and -independent cell-to-cell movement of RNA silencing, EMBO
J. 22 (2003) 4523-4533.

P.M. Waterhouse, HW. Graham, M.B. Wang, Virus resistance and gene
silencing in plants can be induced by simultaneous expression of sense and
antisense RNA, Proc. Natl. Acad. Sci. USA 95 (1998) 13959-13964.

A. Kerschen, C.A. Napoli, R.A. Jorgensen, A.E. Muller, Effectiveness of RNA
interference in transgenic plants, FEBS Lett. 566 (2004) 223-228.

19



643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

N.A. Smith, S.P. Singh, M.B. Wang, P.A. Stoutjesdijk, A.G. Green, P.M.
Waterhouse, Total silencing by intron-spliced hairpin RNAs, Nature 407
(2000) 319-320.

S.V. Wesley, C.A. Helliwell, N.A. Smith, M.B. Wang, D.T. Rouse, Q. Liu, P.S.
Gooding, S.P. Singh, D. Abbott, P.A. Stoutjesdijk, S.P. Robinson, A.P. Gleave,
A.G. Green, P.M. Waterhouse, Construct design for efficient, effective and
high-throughput gene silencing in plants, Plant ]. 27 (2001) 581-590.

A. Dalakouras, M. Tzanopoulou, M. Tsagris, M. Wassenegger, K. Kalantidis,
Hairpin transcription does not necessarily lead to efficient triggering of the
RNAi pathway, Transgenic Res. 20 (2011) 293-304.

J.M. Hily, R. Scorza, K. Webb, M. Ravelonandro, Accumulation of the long
class of siRNA is associated with resistance to Plum pox virus in a
transgenic woody perennial plum tree, Mol. Plant-Microbe Interact. 18
(2005) 794-799.

K. Kalantidis, S. Psaradakis, M. Tabler, M. Tsagris, The occurrence of CMV-
specific short RNAs in transgenic tobacco expressing virus-derived double-
stranded RNA is indicative of resistance to the virus, Mol. Plant-Microbe
Interact. 15 (2002) 826-833.

H.S. Guo, ].J. Lopez-Moya, ]J.A. Garcia, Mitotic stability of infection-induced
resistance to plum pox potyvirus associated with transgene silencing and
DNA methylation, Mol. Plant-Microbe Interact. 12 (1999) 103-111.

A.L. Jones, C.L. Thomas, A.]. Maule, De novo methylation and co-suppression
induced by a cytoplasmically replicating plant RNA virus, EMBO J. 17
(1998) 6385-6393.

L. Jones, A.J. Hamilton, O. Voinnet, C.L. Thomas, A.]. Maule, D.C. Baulcombe,
RNA-DNA interactions and DNA methylation in post-transcriptional gene
silencing, Plant Cell 11 (1999) 2291-2301.

P. de Haan, ].J.L. Gielen, M. Prins, I.G. Wijkamp, A. Vanschepen, D. Peters,
M.Q.J.M. van Grinsven, R. Goldbach, Characterization of RNA-mediated
resistance to Tomato spotted wilt vrus in transgenic tobacco plants,
Biotechnology 10 (1992) 1133-1137.

S.Z. Pang, F.-]. Jan, K. Carney, ]J. Stout, D.M. Tricoli, H.D. Quemada, D.
Gonsalves, Post-transcriptional transgene silencing and consequent
tospovirus resistance in transgenic lettuce are affected by transgene dosage
and plant development, Plant ]. 9 (1996) 899-9009.

M. Prins, M. Kikkert, C. Ismayadi, W. deGraauw, P. deHaan, R. Goldbach,
Characterization of RNA-mediated resistance to tomato spotted wilt virus in
transgenic tobacco plants expressing NSM gene sequences, Plant Mol. Biol.
33(1997) 235-243.

S. Asad, W.A. Haris, A. Bashir, Y. Zafar, K.A. Malik, N.N. Malik, C.P.
Lichtenstein, Transgenic tobacco expressing geminiviral RNAs are resistant
to the serious viral pathogen causing cotton leaf curl disease, Arch. Virol.
148 (2003) 2341-2352.

E.R. Bejarano, C.P. Lichtenstein, Expression of TGMV antisense RNA in
transgenic tobacco inhibits replication of BCTV but not ACMV
geminiviruses, Plant Mol. Biol. 24 (1994) 241-248.

A.G. Day, E.R. Bejarano, K.W. Buck, M. Burrell, C.P. Lichtenstein, Expression
of an antisense viral gene in transgenic tobacco confers resistance to the

20



691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

DNA virus tomato golden mosaic virus, Proc. Natl. Acad. Sci. USA 88 (1991)
6721-6725.

K. Bonfim, ].C. Faria, E. Nogueira, E.A. Mendes, F.J.L. Aragao, RNAi-mediated
resistance to Bean golden mosaic virus in genetically engineered common
bean (Phaseolus vulgaris), Mol. Plant-Microbe Interact. 20 (2007) 717-726.
P. Chellappan, M.V. Masona, R. Vanitharani, N.J. Taylor, C.M. Fauquet, Broad
spectrum resistance to ssDNA viruses associated with transgene-induced
gene silencing in cassava, Plant Mol. Biol. 56 (2004) 601-611.

A. Fuentes, P.L. Ramos, E. Fiallo, D. Callard, Y. Sanchez, R. Peral, R.
Rodriguez, M. Pujol, Intron-hairpin RNA derived from replication associated
protein C1 gene confers immunity to Tomato Yellow Leaf Curl Virus
infection in transgenic tomato plants, Transgenic Res. 15 (2006) 291-304.

E. Noris, A. Lucioli, R. Tavazza, P. Caciagli, G.P. Accotto, M. Tavazza, Tomato
yellow leaf curl Sardinia virus can overcome transgene-mediated RNA
silencing of two essential viral genes, ]. Gen. Virol. 85 (2004) 1745-1749.
S.G. Ribeiro, H. Lohuis, R. Goldbach, M. Prins, Tomato chlorotic mottle virus
is a target of RNA silencing but the presence of specific short interfering
RNAs does not guarantee resistance in transgenic plants, ]. Virol. 81 (2007)
1563-1573.

F.J.L. Aragao, ].C. Faria, First transgenic geminivirus-resistant plant in the
field, Nat Biotech 27 (2009) 1086-1088.

R.C. Buchmann, S. Asad, J.N. Wolf, G. Mohannath, D.M. Bisaro, Geminivirus
AL2 and L2 proteins suppress transcriptional gene silencing and cause
genome-wide reductions in cytosine methylation, ]. Virol. 83 (2009) 5005-
5513.

E.A. Rodriguez-Negrete, ]. Carrillo-Tripp, R.F. Rivera-Bustamante, RNA
silencing against geminivirus: Complementary action of posttranscriptional
gene silencing and transcriptional gene silencing in host recovery, J. Virol.
83 (2009) 1332-1340.

M. Seemanpillai, I. Dry, J. Randles, A. Rezaian, Transcriptional silencing of
geminiviral promoter-driven transgenes following homologous virus
infection, Mol. Plant-Microbe Interact. 16 (2003) 429-438.

Z. Zhang, H. Chen, X. Huang, R. Xia, Q. Zhao, J. Lai, K. Teng, Y. Li, L. Liang, Q.
Du, X. Zhou, H. Guo, Q. Xie, BSCTV C2 attenuates the degradation of SAMDC1
to suppress DNA methylation-mediated gene silencing in Arabidopsis, Plant
Cell 23 (2011) 273-288.

M. Pooggin, T. Hohn, RNAI targeting of DNA virus in plants, Nat. Biotechnol.
21(2003) 131-132.

F. Schwach, G. Adam, C. Heinze, Expression of a modified nucleocapsid-
protein of Tomato spotted wilt virus (TSWV) confers resistance against
TSWV and Groundbut ringspot virus (GRSV) by blocking systemic spread,
Mol. Plant Pathol. 5 (2004) 309-316.

A. Lucioli, E. Noris, A. Brunetti, R. Tavazza, V. Ruzza, A.G. Castillo, E.R.
Bejarano, G.P. Accotto, M. Tavazza, Tomato yellow leaf curl Sardinia virus
Rep-derived resistance to homologous and heterologous geminiviruses
occurs by different mechanisms and is overcome if virus-mediated
transgene silencing is activated, J. Virol. 77 (2003) 6785-6798.

21



738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

A. Lucioli, D.E. Sallustio, D. Barboni, A. Berardi, V. Papacchioli, R. Tavazza, M.
Tavazza, A cautionary note on pathogen-derived sequences, Nat.
Biotechnol. 26 (2008) 617-619.

M.A. Denti, A. Boutla, M. Tsagris, M. Tabler, Short interfering RNAs specific
for potato spindle tuber viroid are found in the cytoplasm but not in the
nucleus, Plant ]. 37 (2004) 762-769.

A. Itaya, A. Folimonov, Y. Matsuda, R.S. Nelson, B. Ding, Potato spindle tuber
viroid as inducer of RNA silencing in infected tomato, Mol. Plant-Microbe
Interact. 14 (2001) 1332-1334.

AE. Martinez de Alba, R. Flores, C. Hernandez, Two chloroplastic viroids
induce the accumulation of small RNAs associated with posttranscriptional
gene silencing, J. Virol. 76 (2002) 13094-13096.

[. Papaefthimiou, A.J. Hamilton, M.A. Denti, D.C. Baulcombe, M. Tsagris, M.
Tabler, Replicating potato spindle tuber viroid RNA is accompanied by
short RNA fragments that are characteristic of post-transcriptional gene
silencing, Nucleic Acids Res. 29 (2001) 2395-2400.

A. Itaya, X.H. Zhong, R. Bundschuh, Y.J. Qi, Y. Wang, R. Takeda, A.R. Harris, C.
Molina, R.S. Nelson, B. Ding, A structured viroid RNA serves as a substrate
for dicer-like cleavage to produce biologically active small RNAs but is
resistant to RNA-induced silencing complex-mediated degradation, ]. Virol.
81 (2007) 2980-2994.

M.B. Wang, X.Y. Bian, L.M. Wu, L.X. Liu, N.A. Smith, D. Isenegger, R.M. Wu, C.
Masuta, V.B. Vance, ].M. Watson, A. Rezaian, E.S. Dennis, P.M. Waterhouse,
On the role of RNA silencing in the pathogenicity and evolution of viroids
and viral satellites, Proc. Natl. Acad. Sci. USA 101 (2004) 3275-3280.

G. GOmez, V. Pallas, Mature monomeric forms of Hop stunt viroid resist RNA
silencing in transgenic plants, Plant]. 51 (2007) 1041-1049.

N. Schwind, M. Zwiebel, A. Itaya, B.A. Ding, M.B. Wang, G. Krczal, M.
Wassenegger, RNAi-mediated resistance to Potato spindle tuber viroid in
transgenic tomato expressing a viroid hairpin RNA construct, Mol. Plant
Pathol. 10 (2009) 459-469.

C.L. Thomas, L. Jones, D.C. Baulcombe, A.]. Maule, Size constraints for
targeting post-transcriptional gene silencing and for RNA-directed
methylation in Nicotiana benthamiana using a potato virus X vector, Plant J.
25(2001) 417-425.

F.J. Jan, C. Fagoaga, S.Z. Pang, D. Gonsalves, A minimum length of N gene
sequence in transgenic plants is required for RNA-mediated tospovirus
resistance, J. Gen. Virol. 81 (2000) 235-242.

S.Z. Pang, FJ. Jan, D. Gonsalves, Nontarget DNA sequences reduce the
transgene length necessary for RNA-mediated tospovirus resistance in
transgenic plants, Proc. Natl. Acad. Sci. USA 94 (1997) 8261-8266.

T. Madki-Valkama, J.P.T. Valkonen, ].F. Kreuze, E. Pehu, Transgenic resistance
to PVY© associated with post-transcriptional silencing of P1 transgene is
overcome by PVYN strains that carry highly homologous P1 sequences and
recover transgene expression at infection, Mol. Plant-Microbe Interact. 13
(2000) 366-373.

D. Schubert, B. Lechtenberg, A. Forsbach, M. Gils, S. Bahadur, R. Schmidt,
Silencing in Arabidopsis T-DNA transformants: The predominant role of a

22



786
787
788
789
790
791
792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811
812
813
814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829
830
831
832
833
834

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

gene-specific RNA sensing mechanism versus position effects, Plant Cell 16
(2004) 2561-2572.

E. Bucher, D. Lohuis, P. van Poppel, C. Geerts-Dimitriadou, R. Goldbach, M.
Prins, Multiple virus resistance at a high frequency using a single transgene
construct, ]. Gen. Virol. 87 (2006) 3697-3701.

M. Prins, P. de Haan, R. Luyten, M. van Veller, M.Q.].M. van Grinsven, R.
Goldbach, Broad resistance to tospoviruses in transgenic plants expressing
three tospoviral nucleoprotein gene sequences, Mol. Plant-Microbe Interact.
8 (1995) 85-91.

S.M. Angell, D.C. Baulcombe, Consistent gene silencing in transgenic plants
expressing a replicating potato virus X RNA, EMBO J. 16 (1997) 3675-3684.
J. Yamaya, M. Yoshioka, T. Meshi, Y. Okada, T. Ohno, Cross protection in
transgenic tobacco plants expressing a mild strain of tobacco mosaic virus,
Mol. Gen. Genet. 215 (1988) 173-175.

G. Dujovny, A. Valli, M. Calvo, ]J.A. Garcia, A temperature-controlled amplicon
system derived from Plum pox potyvirus, Plant Biotechnol. ]. 7 (2009) 49-58.
L.F. Franco-Lara, D.K. McGeachy, U. Commandeur, R.R. Martin, M.A. Mayo, H.
Barker, Transformation of tobacco and potato with cDNA encoding the full-
length genome of Potato leafroll virus: evidence for a novel virus
distribution and host effects on virus multiplication, J. Gen. Virol. 80 (1999)
2813-2822.

J. Chen, WX. Li, D.X. Xie, ]J.R. Peng, SW. Ding, Viral virulence protein
suppresses RNA silencing-mediated defense but upregulates the role of
MicroRNA in host gene expression, Plant Cell 16 (2004) 1302-1313.

M. Calvo, G. Dujovny, C. Lucini, J. Ortufio, ].M. Alamillo, C. Simén-Mateo, ].J.
Lopez-Moya, J.A. Garcia, Constraints to virus infection in Nicotiana
benthamiana plants transformed with a potyvirus amplicon - art. no. 139,
BMC Plant Biol. 10 (2010) 139-139.

L. Liu, J. Grainger, M.C. Cafiizares, S.M. Angell, G.P. Lomonossoff, Cowpea
mosaic virus RNA-1 acts as an amplicon whose effects can be counteracted
by a RNA-2-encoded suppressor of silencing, Virology 323 (2004) 37-48.
A.C. Mallory, G. Parks, M.W. Endres, D. Baulcombe, L.H. Bowman, G.J. Pruss,
V.B. Vance, The amplicon-plus system for high-level expression of
transgenes in plants, Nat. Biotechnol. 20 (2002) 622-625.

S.A. Siddiqui, C. Sarmiento, S. Valkonen, E. Truve, K. Lehto, Suppression of
infectious TMV genomes expressed in young transgenic tobacco plants, Mol.
Plant-Microbe Interact. 20 (2007) 1489-1494.

M. Taliansky, S.H. Kim, M.A. Mayo, N.O. Kalinina, G. Fraser, K.D. McGeachy, H.
Barker, Escape of a plant virus from amplicon-mediated RNA silencing is
associated with biotic or abiotic stress, Plant ]. 39 (2004) 194-205.

F. Tenllado, J.R. Diaz-Ruiz, Double-stranded RNA-mediated interference
with plant virus infection, ]. Virol. 75 (2001) 12288-12297.

F. Tenllado, B. Martinez-Garcia, M. Vargas, J.R. Diaz-Ruiz, Crude extracts of
bacterially expressed dsRNA can be used to protect plants against virus
infections, BMC Biotechnol. 3 (2003) 3.

D. Gan, J. Zhang, H. Jiang, T. Jiang, S. Zhu, B. Cheng, Bacterially expressed
dsRNA protects maize against SCMV infection, Plant Cell Rep. (2010) 1-8.
G.H. Yin, Z.N. Sun, Y.Z. Song, H.L. An, C.X. Zhu, F.J. Wen, Bacterially expressed
double-stranded RNAs against hot-spot sequences of tobacco mosaic virus

23



835
836
837
838
839
840
841
842
843
844
845
846
847
848
849
850
851
852
853
854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883

[110]

[111]

[112]

[113]
[114]
[115]
[116]
[117]
[118]
[119]
[120]
[121]

[122]

[123]

[124]

[125]

[126]

or potato virus Y genome have different ability to protect tobacco from viral
infection, Appl. Biochem. Biotechnol. 162 (2010) 1901-1914.

G. Yin, Z. Sun, N. Liu, L. Zhang, Y. Song, C. Zhu, F. Wen, Production of double-
stranded RNA for interference with TMV infection utilizing a bacterial
prokaryotic expression system, Appl. Microbiol. Biotechnol. 84 (2009) 323-
333.

A.P. Aalto, L.P. Sarin, A.A. Van Dijk, M. Saarma, M.M. Poranen, U. Arumae,
D.H. Bamford, Large-scale production of dsRNA and siRNA pools for RNA
interference utilizing bacteriophage phi 6 RNA-dependent RNA polymerase,
RNA 13 (2007) 422-429.

A. Carbonell, A.E.M. de Alba, R. Flores, S. Gago, Double-stranded RNA
interferes in a sequence-specific manner with the infection of
representative members of the two viroid families, Virology 371 (2008) 44-
53.

E.J. Chapman, J.C. Carrington, Specialization and evolution of endogenous
small RNA pathways, Nat. Rev. Genet. 8 (2007) 884-896.

Z. Xie, X. Qi, Diverse small RNA-directed silencing pathways in plants,
Biochim. Biophys. Acta (2008).

X.M. Chen, Small RNAs - secrets and surprises of the genome, Plant . 61
(2010) 941-958.

E. Bonnet, Y.V. de Peer, P. Rouze, The small RNA world of plants, New
Phytol. 171 (2006) 451-468.

V. Ambros, X.M. Chen, The regulation of genes and genomes by small RNAs,
Development 134 (2007) 1635-1641.

0. Voinnet, Origin, biogenesis, and activity of plant microRNAs, Cell 136
(2009) 669-687.

A.C. Mallory, H. Vaucheret, Functions of microRNAs and related small RNAs
in plants, Nat. Genet. 38 Suppl (2006) S31-S36.

M.W. Jones-Rhoades, D.P. Bartel, B. Bartel, MicroRNAs and their regulatory
roles in plants, Annu. Rev. Plant Biol. 57 (2006) 19-53.

J.C. Carrington, V. Ambros, Role of microRNAs in plant and animal
development, Science 301 (2003) 336-338.

H. Vaucheret, F. Vazquez, P. Crete, D.P. Bartel, The action of ARGONAUTE1
in the miRNA pathway and its regulation by the miRNA pathway are crucial
for plant development, Genes Dev. 18 (2004) 1187-1197.

Y. Zeng, E.J. Wagner, B.R. Cullen, Both natural and designed micro RNAs
technique can inhibit the expression of cognate mRNAs when expressed in
human cells, Mol. Cell 9 (2002) 1327-1333.

J.P. Alvarez, 1. Pekker, A. Goldshmidt, E. Blum, Z. Amsellem, Y. Eshed,
Endogenous and synthetic microRNAs stimulate simultaneous, efficient,
and localized regulation of multiple targets in diverse species, Plant Cell 18
(2006) 1134-1151.

B. Khraiwesh, S. Ossowski, D. Weigel, R. Reski, W. Frank, Specific gene
silencing by artificial microRNAs in Physcomitrella patens: An alternative to
targeted gene knockouts, Plant Physiol. 148 (2008) 684-693.

A. Molnar, A. Bassett, E. Thuenemann, F. Schwach, S. Karkare, S. Ossowski,
D. Weigel, D. Baulcombe, Highly specific gene silencing by artificial
microRNAs in the unicellular alga Chlamydomonas reinhardtii, Plant J. 58
(2009) 165-174.

24



884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930
931

[127]

[128]

[129]
[130]
[131]
[132]
[133]
[134]
[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

G. Sablok, A.L. Perez-Quintero, M. Hassan, T.V. Tatarinova, C. Lopez,
Artificial microRNAs (amiRNAs) engineering - On how microRNA-based
silencing methods have affected current plant silencing research, Biochem.
Biophys. Res. Commun. (2011).

R. Schwab, S. Ossowski, M. Riester, N. Warthmann, D. Weigel, Highly specific
gene silencing by artificial microRNAs in Arabidopsis, Plant Cell 18 (2006)
1121-1133.

T. Zhao, W. Wang, X. Bai, Y. Qi, Gene silencing by artificial microRNAs in
Chlamydomonas, Plant]. 58 (2009) 157-164.

S.W. Ding, RNA-based antiviral immunity, Nat. Rev. Immunol. 10 (2010)
632-644.

B.R. Cullen, Viral and cellular messenger RNA targets of viral microRNAs,
Nature 457 (2009) 421-425.

B. Berkhout, K.T. Jeang, RISCy business: MicroRNAs, pathogenesis, and
viruses, ]. Biol. Chem. 282 (2007) 26641-26645.

M.L. Yeung, M. Benkirane, K.T. Jeang, Small non-coding RNAs, mammalian
cells, and viruses: regulatory interactions?, Retrovirology 4 (2007) 74.

Z. Ghosh, B. Mallick, ]. Chakrabarti, Cellular versus viral microRNAs in host-
virus interaction, Nucleic Acids Res. 37 (2009) 1035-1048.

B.R. Cullen, Five questions about viruses and microRNAs - art. no.
e1000787, PLoS Path. 6 (2010) 787-787.

C. Simo6n-Mateo, J.A. Garcia, MicroRNA-guided processing impairs Plum pox
virus replication, but the virus readily evolves to escape this silencing
mechanism, J. Virol. 80 (2006) 2429-2436.

Q.-W. Niu, S.-S. Lin, ]J.L. Reyes, K.-C. Chen, H.-W. Wu, S.-D. Yeh, N.-H. Chua,
Expression of artificial microRNAs in transgenic Arabidopsis thaliana
confers virus resistance, Nat. Biotechnol. 24 (2006) 1420-1428.

T. Ai, L. Zhang, Z. Gao, C.X. Zhu, X. Guo, Highly efficient virus resistance
mediated by artificial microRNAs that target the suppressor of PVX and PVY
in plants, Plant Biol. 13 (2011) 304-316.

C.G. Duan, C.H. Wang, RX. Fang, H.S. Guo, Artificial MicroRNAs highly
accessible to targets confer efficient virus resistance in plants, J. Virol. 82
(2008) 11084-11095.

J. Qu, J. Ye, R. Fang, Artificial microRNA-mediated virus resistance in plants,
J. Virol. 81 (2007) 6690-6699.

X. Zhang, H. Lj, ]. Zhang, C. Zhang, P. Gong, K. Ziaf, F. Xiao, Z. Ye, Expression
of artificial microRNAs in tomato confers efficient and stable virus
resistance in a cell-autonomous manner, Transgenic Res. (2011).

K.Q. Luo, D.C. Chang, The gene-silencing efficiency of siRNA is strongly
dependent on the local structure of mRNA at the targeted region, Biochem.
Biophys. Res. Commun. 318 (2004) 303-310.

M. Overhoff, M. Alken, R.K.K. Far, M. Lemaitre, B. Lebleu, G. Sczakiel, L
Robbins, Local RNA target structure influences siRNA efficacy: A systematic
global analysis, ]. Mol. Biol. 348 (2005) 871-881.

A. Khvorova, A. Reynolds, S.D. Jayasena, Functional siRNAs and miRNAs
exhibit strand bias, Cell 115 (2003) 209-216.

D.S. Schwarz, G. Hutvagner, T. Du, Z. Xu, N. Aronin, P.D. Zamore, Asymmetry
in the assembly of the RNAi enzyme complex, Cell 115 (2003) 199-208.

25



932
933
934
935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

J.A. Garcia, C. Simo6n-Mateo, A micropunch against plant viruses, Nat.
Biotechnol. 24 (2006) 1358-1359.

K.D. Kasschau, Z.X. Xie, E. Allen, C. Llave, E.J. Chapman, K.A. Krizan, ].C.
Carrington, P1/HC-Pro, a viral suppressor of RNA silencing, interferes with
Arabidopsis development and miRNA function, Dev. Cell 4 (2003) 205-217.
S. Mlotshwa, S.E. Schauer, T.H. Smith, A.C. Mallory, ].M. Herr, B. Roth, D.S.
Merchant, A. Ray, L.H. Bowman, V.B. Vance, Ectopic DICER-LIKE1 expression
in P1/HC-Pro Arabidopsis rescues phenotypic anomalies but not defects in
microRNA and silencing pathways, Plant Cell 17 (2005) 2873-2885.

S.S. Lin, HW. Wu, S.F. Elena, K.C. Chen, Q.W. Niu, S.D. Yeh, C.C. Chen, N.H.
Chua, Molecular evolution of a viral non-coding sequence under the
selective pressure of amiRNA-mediated silencing, PLoS Path. 5 (2009) art.
no.e1000312.

R. Goldbach, E. Bucher, M. Prins, Resistance mechanisms to plant viruses: an
overview, Virus Res. 92 (2003) 207-212.

D.V. Reddy, M.R. Sudarshana, M. Fuchs, N.C. Rao, G. Thottappilly, Genetically
engineered virus-resistant plants in developing countries: current status
and future prospects, Adv. Virus Res. 75 (2009) 185-220.

M. Fuchs, M. Cambra, N. Capote, W. Jelkmann, ]J. Kundu, V. Laval, G.P.
Martelli, A. Minafra, N. Petrovic, P. Pfeiffer, M. Pompe-Novak, M.
Ravelonandro, P. Saldarelli, C. Stussi-Garaud, E. Vigne, 1. Zagrai, Safety
assessment of transgenic plums and grapevines expressing viral coat
protein genes: New insights into real environmental impact of perennial
plants engineered for virus resistance, ]. Plant Pathol. 89 (2007) 5-12.

C. James, Global Status of Commercialized Biotech/GM Crops: 2010. ISAAA
Brief No. 42. ISAAA: Ithaca, NY 2010.

G.H. Clough, P.B. Hamm, Coat protein transgenic resistance to watermelon
mosaic and zucchini yellows mosaic virus in squash and cantaloupe, Plant
Dis. 79 (1995) 1107-1109.

T.L. Medley, Availability of determination of nonregulated status for virus
resistant squash, Federal Register 59 (1994) 64187-64189.

B.D. Accord, Availability of determination of nonregulated status for a
squash line genetically engineered for virus resistance, Federal Register 61
(1996) 33484-33485.

D.M. Tricoli, KJ. Carney, P.F. Russell, ].R. McMaster, D.W. Groffl, K.C.
Hadden, P.T. Himmel, J.P. Hubbard, M.L. Boeshore, H.D. Quemada, Field
evaluation of transgenic squash containing single or multiple virus coat
protein gene constructs for resistance to cucumber mosaic virus,
watermelon mosaic virus 2, and zucchini yellow mosaic virus,
Biotechnology 13 (1995) 1458-1465.

JR. Thompson, M. Tepfer, Assessment of the benefits and risks for
engineered virus resistance, Adv. Virus Res. 76 (2010) 33-56.

S.A. Ferreira, K.Y. Pitz, R. Manshardt, F. Zee, M. Fitch, D. Gonsalves, Virus
coat protein transgenic papaya provides practical control of Papaya
ringspot virus in Hawaii, Plant Dis. 86 (2002) 101-105.

D. Gonsalves, Control of papaya ringspot virus in papaya: a case study,
Annu. Rev. Phytopathol. 36 (1998) 415-437.

26



979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

M. Ravelonandro, R. Scorza, ]J.C. Bachelier, G. Labonne, L. Levy, V. Damsteegt,
AM. Callahan, ]J. Dunez, Resistance of transgenic Prunus domestica to plum
pox virus infection, Plant Dis. 81 (1997) 1231-1235.

J.M. Hily, R. Scorza, T. Malinowski, B. Zawadzka, M. Ravelonandro, Stability
of gene silencing-based resistance to Plum pox virus in transgenic plum
(Prunus domestica L.) under field conditions, Transgenic Res. 13 (2004)
427-436.

N. Capote, J. Péres-Panades, C. Monzg, E.A. Carbonell, A. Urbaneja, R. Scorza,
M. Ravelonandro, M. Cambra, Assessment of the diversity of Plum pox virus
and aphid populations on transgenic European plums under Mediterranean
conditions, Transgenic Res. 17 (2008) 367-377

T. Malinowski, M. Cambra, N. Capote, B. Zawadzka, M.T. Gorris, R. Scorza, M.
Ravelonandro, Field trials of plum clones transformed with the Plum pox
virus coat protein (PPV-CP) gene, Plant Dis. 90 (2006) 1012-1018.

R. Stone, Plant science. China plans $3.5 billion GM crops initiative, Science
321(2008) 1279.

Z.L. Chen, H. Gu, Y. Li, Y. Su, P. Wy, Z. Jiang, X. Ming, J. Tian, N. Pan, L.J. Qu,
Safety assessment for genetically modified sweet pepper and tomato,
Toxicology 188 (2003) 297-307.

J. Dong, Z. He, C. Han, X. Chen, L. Zhang, W. Liu, Y. Han, ]. Wang, Y. Zhaj, J. Yu,
Y. Liu, Y. Xiao, Generation of transgenic wheat resistant to wheat yellow
mosaic virus and identification of gene silence induced by virus infection,
Chin. Sci. Bull. 47 (2002) 1446-1450.

C. James, Global Status of Commercialized Biotech/GM Crops: 2009. ISAAA
Brief No. 42. ISAAA: Ithaca, NY 2009.

AlJ. Stein, E. Rodriguez-Cerezo, The global pipeline of new GM crops:
Implications of asynchronous approval for international trade, JRC
Technical Report. JRC, Luxembourg, 2009.

Al]. Stein, E. Rodriguez-Cerezo, International trade and the global pipeline of
new GM crops, Nat. Biotechnol. 28 (2010) 23-25.

F. Tenllado, C. Llave, ].R. Diaz-Ruiz, RNA interference as a new
biotechnological tool for the control of virus diseases in plants, Virus Res.
102 (2004) 85-96.

C. Vazquez Rovere, M. del Vas, H.E. Hopp, RNA-mediated virus resistance,
Curr. Opin. Biotechnol. 13 (2002) 167-172.

K. McGinnis, V. Chandler, K. Cone, H. Kaeppler, S. Kaeppler, A. Kerschen, C.
Pikaard, E. Richards, L. Sidorenko, T. Smith, N. Springer, T. Wulan,
Transgene-induced RNA interference as a tool for plant functional
genomics, Rna Interference, vol. 392, 2005, pp. 1-24.

G. Szittya, D. Silhavy, A. Molnar, Z. Havelda, A. Lovas, L. Lakatos, Z. Banfalvi,
J. Burgyan, Low temperature inhibits RNA silencing-mediated defence by
the control of siRNA generation, EMBO J. 22 (2003) 633-640.

E. Allen, Z.X. Xie, A.M. Gustafson, ].C. Carrington, microRNA-directed phasing
during trans-acting siRNA biogenesis in plants, Cell 121 (2005) 207-221.

A. Peragine, M. Yoshikawa, G. Wu, H.L. Albrecht, R.S. Poethig, SGS3 and
SGS2/SDE1/RDR6 are required for juvenile development and the
production of trans-acting siRNAs in Arabidopsis, Genes Dev. 18 (2004)
2368-2379.

27



1027
1028
1029
1030
1031
1032
1033
1034
1035
1036
1037

[177]

[178]

[179]

F. Vazquez, H. Vaucheret, R. Rajagopalan, C. Lepers, V. Gasciolli, A.C. Mallory,
J.L. Hilbert, D.P. Bartel, P. Crété, Endogenous trans-acting siRNAs regulate
the accumulation of Arabidopsis mRNAs, Mol. Cell 16 (2004) 69-79.

M. Yoshikawa, A. Peragine, M.Y. Park, R.S. Poethig, A pathway for the
biogenesis of trans-acting siRNAs in Arabidopsis, Genes Dev. 19 (2005)
2164-2175.

M.D. Gutierrez-Nava, M.J. Aukerman, H. Sakai, S.V. Tingey, RW. Williams,
Artificial trans-acting siRNAs confer consistent and effective gene silencing,
Plant Physiol. 147 (2008) 543-551

28



Non-transgenic
plant

Non-silenced GUS Silenced GUS
transgene transgene

PVX

~7

PVX-GUS

Infection

Infection

Infection Infection

Infection RESISTANCE



Transgenic plant
(sense / antisense / hpRNA / amplicon)

I
2, 2, \ l |

dsRNA treated Silenced Active
plant transgene transgene

)
Efficient viral Mild viral @) @@ @ % @@

suppressor suppressor @ @ @

Non-transgenic plant

Heterologous @
viral infection

Silencing
suppression

Infection RECOVERY RESISTANCE RESISTANCE

RECOVERY

@@@

v

Infection



Plant virus




Nontransgenic Prunus
domestica cv. Stanley

Transgenic Prunus domestica cv. HoneySweet




	REVIEW BBA 250311.pdf
	Figure 1
	Figure 2
	Figure 3
	Figure 4

