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RNA silencing plays a critical role in plant resistance against 
viruses, with multiple silencing factors participating in anti-
viral defense. Both RNA and DNA viruses are targeted by 
the small RNA-directed RNA degradation pathway, with 
DNA viruses being also targeted by RNA-directed DNA 
methylation. To evade RNA silencing, plant viruses have 
evolved a variety of counter-defense mechanisms such as 
expressing RNA-silencing suppressors or adopting silencing-
resistant RNA structures. This constant defense–counter de-
fense arms race is likely to have played a major role in de-
fining viral host specificity and in shaping viral and possibly 
host genomes. Recent studies have provided evidence that 
RNA silencing also plays a direct role in viral disease induc-
tion in plants, with viral RNA-silencing suppressors and vi-
ral siRNAs as potentially the dominant players in viral 
pathogenicity. However, questions remain as to whether 
RNA silencing is the principal mediator of viral pathogenic-
ity or if other RNA-silencing-independent mechanisms also 
account for viral disease induction. RNA silencing has been 
exploited as a powerful tool for engineering virus resistance 
in plants as well as in animals. Further understanding of the 
role of RNA silencing in plant–virus interactions and viral 
symptom induction is likely to result in novel anti-viral strat-
egies in both plants and animals. 

Viruses can infect all types of organisms and are among the 
most important causal agents of infectious diseases in both 
plants and animals. The genome structure and life cycle of 
viruses have been extensively studied and well understood. Vi-
ruses have relatively small genomes comprising RNA or DNA 
in either single- or double-stranded forms, which encode a 
small number of proteins to support their life cycle and trans-
mission. They replicate only within the living cells of their 
host organisms using RNA-dependent RNA polymerase, DNA 
replicase, or reverse transcriptase encoded by their own ge-
nome. However, viroids, a subviral agent, use host-encoded 
RNA polymerase to replicate. Viruses, in general, have a rela-
tively narrow host range but the mechanisms that determine 
such host specificities remain unclear. 

Viral infections can cause a variety of disease symptoms in 
plants, such as stunting, mosaic patterns, yellowing, leaf roll-
ing, ring spot, necrosis, wilting, and other developmental 
abnormalities (Hull 2002). Virus-induced symptoms in plants 
were observed and even exploited for commercial use well be-
fore viruses were known to exist. A famous example was the 
spectacular tulip flowers with flame-like streaks that were sold 

at extremely high prices in The Netherlands in the 17th cen-
tury, leading to the phenomenon called “Tulip Mania”. It was 
later found that this flower pattern was caused by infection 
with Tulip breaking virus (Dekker et al. 1993). Another inter-
esting example was the autumnal yellow appearance of the 
leaves of eupatorium plants depicted a millennium ago by the 
Japanese Empress Koken in a poem of the earliest anthology 
of Japanese poetry, which is regarded as the earliest recorded 
plant virus disease (Saunders et al. 2003). The beautiful yellow 
symptoms in the plants (Fig. 1A) were actually caused by a 
geminivirus (Eupatorium yellow-vein virus) and its satellite 
DNA (β-satellite DNA component). Closer to us, we can see 
similar symptoms on honeysuckle plants with bright yellow 
vein-clearing, caused by infection with a geminivirus (Honey-
suckle yellow-vein virus) and its satellite DNA; such plants are 
sold as foliage varieties at garden centers. It should be noted 
that the satellite DNA is required for inducing these striking 
symptoms. These interesting stories indicate that viral symp-
toms are lurking next to us and raise an interesting question 
about the molecular mechanisms that produce these color pat-
terns in flowers and foliage. We do not yet have a clear answer 
to this despite the many years of extensive research but recent 
studies have implicated RNA silencing as a key mediator of 
viral disease symptoms in plants (Pallas and Garcia 2011; 
Wang and Metzlaff 2005). In fact, RNA silencing has long 
been established as an antiviral defense mechanism in plants 
(Waterhouse et al. 2001). Here, we provide a brief overview of 
our current understanding of the involvement of RNA silenc-
ing in the two-way interaction between viruses and plants, 
with emphasis on viral disease induction. We also discuss the 
possible role of RNA silencing in the evolution of viral and 
host genomes. 

RNA SILENCING AND ITS ROLE  
IN PLANT-VIRUS INTERACTIONS 

RNA-silencing pathways in plants.  
RNA silencing has evolved from an unexpected observation 

during plant transgenic studies in 1990 into a diverse field of 
molecular biology research today (Eamens et al. 2008). Viruses 
have been a critical tool in unveiling the mechanisms and bio-
logical functions of RNA silencing. In fact, studies on pathogen-
mediated virus resistance in plants in the early 1990s provided 
the first evidence that RNA is the inducer of gene silencing 
(Lindbo et al. 1993). Also, the RNA-directed DNA methyla-
tion (RdDM) phenomenon was first observed in a study on a 
viroid transgene in tobacco (Wassenegger et al. 1994). Subse-
quent research involving viral RNA-silencing suppressors has 
contributed greatly to deciphering the function of individual 
RNA-silencing factors in plants. 
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The basic process of RNA silencing in plants is now well 
understood (Baulcombe 2004; Eamens et al. 2008; Meister and 
Tuschl 2004). Double-stranded (ds) or hairpin (hp) RNA is 
processed by Dicer-like (DCL) proteins into 21- to 24-nucleo-
tide (nt) small RNAs (sRNAs), which are loaded to members 
of the Argonaute (AGO) family to form an RNA-induced si-
lencing complex (RISC). RISC then uses the sRNAs as guide 
to direct RNA degradation, translational repression, or DNA 
methylation of homologous target genes. There are three basic 
RNA-silencing pathways in plants: namely, the micro (mi) 
RNA pathway, the small interfering (si)RNA-directed RNA 
degradation pathway, and the RdDM pathway. In the miRNA 
pathway, imperfect short hpRNA formed between the comple-
mentary regions of a primary miRNA transcript is processed in 
the nucleus by DCL1, one of the four DCL proteins in Arabi-
dopsis, into a single 21- to 24-nt miRNA. Several other fac-
tors, including the zinc-finger protein SERRATE and the 
dsRNA-binding protein DRB1 or HYL1, are also involved in 
miRNA biogenesis. miRNAs play a critical role in the control 

of plant development by repressing or fine-tuning the expres-
sion of regulatory genes such as transcription factors. Unlike 
animal miRNAs which bind 3′ untranslated regions (UTR) and 
function through translational repression, plant miRNAs target 
primarily the coding regions of mRNA and function predomi-
nantly through RNA cleavage, although recent studies suggest 
that plant miRNAs can also act through translational repres-
sion (Brodersen et al. 2008). In the siRNA-directed RNA deg-
radation pathway, endogenous or exogenous long dsRNA or  
hpRNA is processed by DCL4 and DCL2 into 21- and 22-nt 
siRNAs, respectively. Like miRNAs, these siRNAs bind AGO1 
to form RISC and guide RISC to cleave single-stranded (ss) 
RNAs. The endogenous long dsRNA precursor of these siRNAs 
is synthesized by RNA-dependent RNA polymerase 6 (RDR6), 
one of the six RDR in Arabidopsis, using ssRNA as template. 
The endogenous siRNAs, known as trans-acting (ta)-siRNAs, 
play an important role in plant development and stress response. 
However, the siRNA-directed RNA degradation pathway ap-
pears to function predominantly in plant antiviral defense. 

Fig. 1. Examples of viral disease symptoms and the involvement of RNA silencing in disease induction. A, Eupatorium yellow-vein virus-infected eupato-
rium plants exhibiting the typical yellow-vein symptoms. The disease was induced by a geminivirus and its satellite. B, Mottling symptoms on soybean seed 
infected with Cucumber mosaic virus soybean strain (CMV-Sj). The virus-infected soybean seed were placed between healthy yellow (right) and black (left) 
soybean seed. C, Nicotiana plants infected with CMV + Y satellite RNA (Y-sat). On the left is a wild-type Nicotiana tabacum plant showing typical bright 
yellow symptoms; in the middle is an N. tabacum plant transformed with a modified version of the CHLI gene that is resistant to Y-sat small interfering 
(si)RNA-directed silencing, preventing the plant from developing the yellowing symptoms; and on the right is an N. debneyi plant in which the Y-sat siRNA-
targeted region of the CHLI gene contains a mismatched nucleotide preventing effective silencing of CHLI and, hence, the yellowing symptoms. 
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The RdDM pathway is unique to plants and plays a key role 
in silencing transposons and repetitive DNA elements to main-
tain genome stability and integrity (Haag and Pikaard 2011; 
Matzke et al. 2009). As discussed below, RdDM appears to play 
a role in plant defense against DNA viruses. RdDM is directed 
by 24-nt siRNAs, which are processed by DCL3 from dsRNA 
synthesized by the plant-specific DNA-dependent RNA poly-
merase IV (Pol IV) and RDR2. The molecular details of RdDM 
have yet to be fully understood. In the current model, 24-nt 
siRNAs form RISC with AGO4 which, in turn, interacts with 
nascent transcript produced by another plant-specific RNA poly-
merase, Pol V, to recruit methylation factors such as DRM2, in-
ducing de novo cytosine methylation in the target DNA. 

RNA silencing as an antiviral defense mechanism in plants.  
The majority of plant viruses are positive-sense RNA viruses, 

which have either ss- or dsRNA genomes and depend on viral 
RNA-dependent RNA polymerase (replicase) for multiplica-
tion; minority viruses with DNA genomes belong to just a few 
families. On the other hand, most animal viruses have a dsDNA 
or ssRNA genome. A key difference between RNA and DNA 
viruses lies in the different subcellular locations of their repli-
cation. dsDNA viruses can use all of the necessary factors in 
the DNA replication machinery of host cells and, thus, tend to 
multiply in the nucleus of the infected cells. RNA viruses do 
not need the cellular DNA synthesis machinery and, therefore, 
normally replicate in the cytoplasm of the infected cells. 

RNA silencing is not the only antiviral defense mechanism 
in plants. Viruses, like fungal and bacterial pathogens, can also 
be subject to innate immune responses conferred by host-en-
coded disease resistance genes. Indeed, natural virus resistance 
genes are continuing to be sought for use in breeding for dura-
ble virus resistance in crop plants (Maule et al. 2007). Plants 
have evolved a variety of immune systems, which include patho-
gen-associated molecular pattern-triggered immunity (PTI) and 
effector-triggered immunity (ETI). When pathogen effectors 
overcome PTI, plants employ resistance (R) proteins to acti-
vate ETI, where pathogen effectors are recognized as aviru-
lence (Avr) factors by R proteins. R-gene-mediated resistance 
is often accompanied by a hypersensitive response (HR), 
which is usually identified as a distinctive symptom of necrotic 
local lesion. The tobacco N gene against Tobacco mosaic virus 
(TMV) was the first-identified R gene conferring resistance to 
a virus (Whitham et al. 1994), and the Avr gene of TMV was 
found to be the replicase gene. HR functions to restrict the virus 
in the infection site but sometimes veinal necrosis or even sys-
temic lethal necrosis occurs when HR fails to fully restrict the 
invaded virus, which can be mistakenly regarded as normal 
viral symptoms. For example, Turnip mosaic virus (TuMV) in-
duces lethal necrosis in some crucifer plants such as Arabidop-
sis (Kaneko et al. 2004) and Brassica napus (Jenner et al. 
2003) in response to the corresponding R genes. In this case, 
the necrotic symptoms are actually induced by the host re-
sistance response. 

 

Fig. 2. Possible viral small interfering (si)RNA biogenesis pathways. Viral double-stranded (ds)RNA or hairpin (hp)RNA is formed by direct hybridization 
between plus (+) and minus (–) strand replicative intermediates, by host RNA-dependent RNA polymerase (RDR)-catalyzed synthesis from single-stranded 
viral RNA, or by self-annealing of complementary regions within single-stranded viral RNA. The dsRNA is processed by Dicer-like (DCL)4 and DCL2 pro-
teins in the cytoplasm (and perhaps the nucleus) into 21- and 22-nucleotide (nt) siRNAs that are loaded onto Argonaute (AGO)1, AGO2, or AGO7 to direct
cleavage of viral RNAs. dsRNA or hpRNA in the nucleus is processed by DCL3 into 24-nt siRNAs that are loaded to AGO4 to direct cytosine methylation in 
the viral DNA genome via the RNA-directed DNA methylation pathway. 
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However, unlike bacterial and fungal pathogens, viral ge-
nomes replicate within the host cells and, hence, the RNA-si-
lencing pathways play a critical role in anti-viral defense. The 
siRNA pathway has been well established to be a natural anti-
viral defense mechanism in plants. Infection of plants with all 
viruses and subviral agents (viroids, satellites, and defective 
interfering RNAs) is associated with the accumulation of viral 
siRNAs which, in turn, can direct silencing against the viral 
genome (Ruiz-Ferrer and Voinnet 2009; Voinnet 2005). Thus, 
viruses are both inducers and targets of RNA silencing. The 
biogenesis of viral siRNAs has not been fully understood but 
several possible pathways are summarized in Figure 2. It was 
initially thought that viral siRNAs are derived from dsRNA 
formed between positive and negative strands of viral RNAs 
generated by viral or host RNA polymerase during viral repli-
cation. It has also been proposed that siRNAs of some viruses 
are processed from internal hairpin-loop structures formed 
within ss viral RNAs (Moissiard and Voinnet 2006; Molnár et 
al. 2005). However, more recent studies have shown that host-
encoded RDR are required for producing the bulk of viral 
siRNAs from some RNA viruses, suggesting that the biogene-
sis of viral siRNA may resemble that of endogenous siRNA 
and depends on host RDR for dsRNA formation (Diaz-Pendon 
et al. 2007; Donaire et al. 2008; Garcia-Ruiz et al. 2010; Qi et 
al. 2009; Wang et al. 2010). Three RDR in Arabidopsis have 
been functionally characterized. RDR6 is involved in the ta-
siRNA pathway, and RDR2 is required for the production of 
24-nt siRNAs associated with RdDM. Unlike RDR2 and 
RDR6, RDR1 has not been found to play a direct role in en-
dogenous siRNA biogenesis, although a recent study has sug-
gested that it is functionally antagonistic to RDR6 and re-
presses RDR6-mediated RNA silencing in Nicotiana plants 
(Ying et al. 2010). In contrast, RDR1 appears to play a domi-
nant role in antiviral silencing with RDR6 being also required 
(Qu 2010). However, basal levels of viral siRNAs are often 
present in the Arabidopsis rdr1 rdr2 rdr6 triple mutant, sug-
gesting that not all viral dsRNAs are synthesized by host RDR 
(Garcia-Ruiz et al. 2010). It is possible that the other two sce-
narios also contribute to viral siRNA biogenesis. 

Infection of plants with RNA viruses and subviral RNAs is 
associated with predominantly 21- and 22-nt siRNAs, processed 
by DCL4 and DCL2, respectively (Ding and Voinnett 2007). 
These two DCL proteins therefore play an essential role in 
plant defense against RNA viruses. DCL4 plays a more domi-
nant role than DCL2 in antiviral defense, because 21-nt siRNAs 
are usually more abundant than 22-nt siRNAs during RNA virus 
infection, and loss-of-function mutation in DCL4 has a stronger 
impact on viral resistance than that in DCL2. This functional 
predominance of DCL4 over DCL2 could also be partly due to 
the more potent antiviral silencing effect of the 21-nt siRNAs 
than the 22-nt species (Wang et al. 2011). These 21- and 22-nt 
viral siRNAs bind to AGO proteins and direct silencing of viral 
RNAs. AGO1 is the dominant AGO in viral siRNA-directed 
antiviral defense. However, AGO7 and, more recently, AGO2 
have also been found to play a role in anti-viral silencing 
(Harvey et al. 2011; Jaubert et al. 2011; Qu et al. 2008; Wang 
et al. 2011). It has been proposed that AGO1 forms the first 
layer of antiviral defense while the other two AGO proteins act 
as a second layer (Harvey et al. 2011; Qu et al. 2008). 

DCL3 only seems to play a minor role in plant resistance to 
RNA viruses, as suggested by the normally low levels of 24-nt 
siRNAs associated with RNA virus infection and the loss-of-
function mutation in DCL3 having no major impact on viral 
accumulation. However, DCL3 has a major function in plant 
resistance to DNA viruses. In contrast to RNA viruses, all three 
size classes of siRNAs accumulate in DNA virus-infected 
plants, with a large proportion being the 24-nt class that is pro-

cessed by DCL3 (Akbergenov et al. 2006; Blevins et al. 2006; 
Moissiard and Voinnet 2006). Studies on germiniviruses 
showed that the 21- and 22-nt siRNAs correspond to the cod-
ing regions of the viral genome capable of directing RNA cleav-
age, while the 24-nt siRNAs are derived mainly from intergenic 
regions that can direct cytosine methylation in these viral 
genome regions (Rodríguez-Negrete et al. 2009; Yadav and 
Chattopadhyay 2011). The degree of methylation in intergenic 
regions is inversely correlated with the levels of viral DNA and 
the severity of symptoms, suggesting that the RdDM pathway 
is involved in plant resistance to DNA viruses. Consistent with 
this, it has also been shown that host recovery from the DNA 
virus requires AGO4 (Raja et al. 2008), the key downstream 
component of RdDM. However, the presence of 21- to 22-nt 
siRNAs in DNA virus-infected plants indicates that siRNA-
directed RNA degradation also contributes to plant defense 
against DNA viruses. 

DCL1 does not appear to have a direct role in siRNA bio-
genesis from RNA viruses, although it seems to contribute to 
the biogenesis of 21-nt siRNAs from DNA viruses (Blevins et 
al. 2006). Recent studies indicate that DCL1 plays an indirect 
role in antiviral silencing by negatively regulating the expres-
sion of DCL4 and DCL3 in A. thaliana; DCL4 and DCL3 ex-
pression was upregulated in the dcl1 mutant, which was asso-
ciated with reduced virus accumulation (Qu et al. 2008). One 
suggested explanation was that the expression of DCL3 and 
DCL4 might be regulated by transcriptional factors that are 
negatively regulated by microRNAs. However, the biological 
significance of this possible DCL1-mediated negative control 
of antiviral silencing remains unclear. Another possible involve-
ment of DCL1 in antiviral defense could come from its general 
function in miRNA biogenesis. Both AGO1 and AGO2, key 
components of the viral siRNA-RISC, are negatively regulated 
by miRNAs that are processed by DCL1. A recent study indi-
cates that viral infection induces miR168 expression which, in 
turn, reduces AGO1 protein accumulation (Várallyay et al. 
2010), thus minimizing antiviral silencing. 

A recent bioinformatic study suggests that plant miRNAs can 
potentially target viral genomes due to sequence homology and 
have a strong potential for antiviral activity (Perez-Quintero et 
al. 2010). However, the existence of abundant siRNAs derived 
from the virus genome itself makes it less likely that host 
sRNAs play a critical role in plant antiviral defense. Further-
more, recombination and mutation can occur rapidly in RNA 
viral genome, allowing RNA viruses to potentially escape from 
host sRNA-directed silencing. In this respect, however, host 
sRNAs could play an important role in the initial establishment 
of viral infection in a particular host plant. Interestingly, 2b, the 
RNA-silencing suppressor encoded by cucumoviruses, has been 
shown to promote RNA recombination (Asaoka et al. 2010; Shi 
et al. 2008), which could imply that 2b might play a role in 
minimizing the targeting of viral RNA by host sRNAs. Unlike 
plants, host miRNAs in mammalian cells play a critical role in 
antiviral defense. For instance, human-encoded miRNAs have 
been shown to target human immunodeficiency virus (HIV) 
genes to suppress HIV replication (Ahluwalia et al. 2008). A 
cellular miRNA can effectively restrict the accumulation of the 
retrovirus primate foamy virus (PFV-1) in human cells (Lecellier 
et al. 2005). A liver-specific miRNA, on the other hand, has 
been shown to positively regulate the replication of hepatitis C 
virus (Jopling et al. 2005). These examples indicate that host 
miRNAs can modulate viral infections in both positive and 
negative fashion in mammalian cells. 

Viral counter-defense mechanisms.  
Viruses have evolved a number of strategies to overcome the 

RNA-silencing-mediated host defense mechanism (Burgyán and 
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Havelda 2011; Ding and Voinnet 2007; Hohn and Vazquez 2011; 
Roth et al. 2004). Almost all plant viruses encode multifunc-
tional proteins which, in addition to their functions in viral life 
cycles such as viral replication, encapsidation, or movement, 
interfere with the host RNA-silencing pathways. These proteins, 
known as viral suppressors of RNA silencing (VSR), function 
to inhibit RNA silencing through a diverse mode of action. A 
dominant mode of action by VSR is to bind long dsRNA or 
siRNA duplexes to inhibit siRNA biogenesis or RISC forma-
tion (Lakatos et al. 2006; Mérai et al. 2006). Another known 
mode of action by VSR is to physically interact with AGO1 to 
block siRNA loading, inhibit slicing activity, or cause degrada-
tion of the AGO1 protein (Azevedo et al. 2010; Baumberger et 
al. 2007; Bortolamiol et al. 2007; Zhang et al. 2006). VSR can 
also function by interacting with siRNA biogenesis machineries 
such as the dsRNA-binding protein DRB4 inhibiting dsRNA 
processing by DCL4 (Haas et al. 2008). HEN1 functions down-
stream of the plant sRNA biogenesis pathways to methylate 
the 2′-hydroxyl group at the 3′ termini of siRNAs and miRNAs, 
which function to stabilize the sRNAs. VSR interfere with 
HEN1-mediated methylation of viral siRNAs (Ebhardt et al. 
2005; Lozsa et al. 2008; Yu et al. 2006), and this could repre-
sent another general strategy of VSR to counteract anti-viral 
RNA silencing. A recent study shows that some VSR, such as 
the tombusvirus P19, inhibit antiviral RNA silencing by induc-
ing the expression of miR168, an miRNA that targets AGO1 
mRNA, resulting in reduced accumulation of AGO1 protein 
(Várallyay et al. 2010). In addition to suppression of the RNA 
degradation pathway, VSR encoded by DNA viruses have been 
shown to inhibit transcriptional gene silencing (TGS) in plants 
by reducing DNA methylation (Buchmann et al. 2009). Two 
recent studies provide insights into how DNA virus-encoded 
VSR inhibit DNA methylation and TGS in the host. In one 
study, the βC1 protein encoded by the β satellite of Tomato 
yellow leaf curl China virus was shown to interact with and 
inhibit the activity of S-adenosyl homocysteine hydrolase, a 
methyl cycle enzyme required for cytosine methylation (Yang 
et al. 2011). In a separate study, the C2 protein of Beet severe 
curly top virus is shown to attenuate the 26S proteasome-
mediated degradation of S-adenosyl-methionine decarboxylase 
through physical interaction, resulting in inhibition of DNA 
methylation and, hence, TGS on the viral genome (Zhang et al. 
2011). These studies suggest that DNA virus-encoded VSR in-
hibit RdDM in host cells to minimize viral genome methyla-
tion, providing further evidence that the RdDM pathway plays 
an important role in plant defense against DNA viruses. The 
2b protein from Cucumber mosaic virus (CMV), an RNA cu-
cumovirus, also interferes with the RdDM pathway (Duan et 
al. 2012). The diverse mode of action by VSR from different 
viruses suggests that they have evolved separately to suit spe-
cific virus–host interactions. 

Viroids are subviral agents that have small (120- to 475-nt) 
RNA genomes and do not encode functional proteins. To avoid 
antiviral silencing by the host, viroids appear to have evolved 
alternative strategies by forming degradation-resistant second-
ary RNA structure (Itaya et al. 2007; Wang et al. 2004) and by 
replicating in the nucleus or chloroplast away from the cyto-
plasm where RISC is assumed to predominantly function. Simi-
lar to viroids, satellite RNAs and defective-interfering viral 
RNAs are also shown to adopt secondary structures that are 
resistant to siRNA-mediated degradation (Szittya et al. 2002; 
Wang et al. 2004). Some viruses may also have evolved RNA 
structure-based strategies to evade RNA silencing. siRNAs from 
infecting Cauliflower mosaic virus (CaMV) are almost entirely 
derived from its 35S leader sequence (Blevins et al. 2011; 
Moissiard and Voinnet 2006). This 600-nt leader sequence is 
highly structured and resistant to siRNA-directed degradation 

and, consequently, these siRNAs do not appear to have an im-
pact on CaMV accumulation (Blevins et al. 2011). Furthermore, 
it is suggested that this leader sequence functions to sequester 
silencing machineries to reduce siRNA biogenesis from other 
part of the CaMV genome, thereby minimizing RNA silencing 
against the virus (Blevins et al. 2011). 

RNA silencing as a mediator of viral diseases in plants. 
Before RNA silencing was known, viral disease symptoms 

were thought to be a consequence of direct interaction between 
viral and host essential proteins. However, there are only a few 
cases where a viral protein was found to affect the intrinsic 
function of a host protein through direct or indirect binding. In 
one example, the P2 protein of Rice dwarf virus (RDV) was 
demonstrated to have a direct interaction with rice ent-kaurene 
oxidases (Zhu et al. 2005) that play a role in the biosynthesis 
of a phytohormone, gibberellin. Thus, it is reasonable to postu-
late that this interaction leads to reduced accumulation of the 
hormone resulting in stunting of the infected rice plants. An-
other recent study (Inaba et al. 2011) provided evidence that 
the 2b protein of CMV can bind to an Arabidopsis catalase 
(CAT3) that is important in scavenging cellular hydrogen per-
oxide, resulting in the induction of specific necrosis in the in-
fected leaves of Arabidopsis. Many attempts have been made 
to find host factors that interact with viral proteins, resulting in 
viral pathogenicity. For example, more than 10 host factors re-
quired for multiplication of tobamoviruses have been identi-
fied (Ishibashi et al. 2010); these factors will certainly play a 
role in viral pathogenicity as well as viral multiplication. How-
ever, it is usually difficult to establish a link between virus–
host protein interactions and observed symptoms unless the 
host protein has an essential physiological function related to 
the virus-caused phenotype. 

Role of VSR in symptom induction.  
VSR are often found to be a primary pathogenicity determi-

nant of viruses. Viral disease symptoms will undoubtedly be 
affected by the level of viral accumulation in infected tissues 
which, in turn, would be affected by the arms race between 
host RNA silencing and the activity of VSR. This is perhaps 
well illustrated by the mosaic phenotypes in virus-infected 
leaves with the appearance of dark-green zones, where viral 
accumulation is diminished, compared with the light-green 
zones due to host RNA-silencing-mediated resistance to subse-
quent viral invasion (Moore et al. 2001; Hirai et al. 2008). 
However, recent studies suggest that VSR may contribute to 
viral disease induction primarily by interfering with the host 
miRNA pathway that is required for normal plant development 
(Fig. 3). 

Plant miRNAs have been demonstrated to negatively regu-
late mRNAs encoding important regulatory factors in various 
developmental processes, nutrient homeostasis, stress responses, 
and defense against pathogens (Carrington and Ambros 2003; 
Pasquinelli and Ruvkun 2002; Zhang et al. 2010). Therefore, it 
is conceivable that VSR can cause developmental abnormalities 
in processes such as cell division, leaf formation, and flower 
development by affecting the expression and function of 
miRNAs, thus resulting in disease symptoms (Kasschau et al. 
2003). Consistent with this, transgenic plants expressing VSR 
often showed viral symptom-like phenotypes (Chapman et al. 
2004; Chellappan et al. 2005; Jay et al. 2011). VSR proteins 
usually have a basic, positively charged domain, which directly 
interacts with sRNAs. An example of this is the tombusvirus-
encoded P19, which binds 21-nt siRNA or miRNA duplexes 
preventing the formation of RISC (Lakatos et al. 2006). Unre-
lated VSR from multiple viruses have also been shown to 
affect miRNA accumulation in plants. Some VSR were shown 



1280 / Molecular Plant-Microbe Interactions 

to reduce host miRNA accumulation while others increase the 
accumulation of miRNAs. In contrast, many animal viruses 
have been reported to downregulate the expression of host 
miRNAs (Du et al. 2011). A recent study showed that Rice 
stripe virus (RSV) and RDV infections differentially affected 
rice sRNA profiles, and that RSV but not RDV induced the ex-
pression of novel miRNAs from conserved miRNA precursors 
(Du et al. 2011). RSV infection significantly enhanced the lev-
els of rice DCL and AGO proteins, which are essential players 
in the host RNA-silencing machinery. Thus, these observations 
suggest that VSR and viral infection induce major changes in 
the entire RNA-silencing pathway, including the miRNA path-
way in plants, and that these VSR-induced changes play an im-
portant role in viral disease induction. 

Recent studies have demonstrated that plant miRNAs target 
and negatively regulate plant nucleotide-binding leucine-rich 
repeat defense genes (R genes) by inducing the production of 
phased siRNAs against these R genes, and this miRNA-medi-
ated regulation is inhibited upon viral or bacterial infection 
(Pignatta et al. 2012; Zhai et al. 2011). Unregulated overex-
pression of R genes can trigger unwanted autoimmunity and 

result in inhibition of plant growth and sometimes lethal ne-
crosis. Therefore, it is possible that some viral symptoms are a 
combined result of the general effect of VSR on the plant 
miRNA pathway and their specific effect on R-gene-mediated 
defense response. 

It is also worth noting here that there exists a direct interac-
tion between R-gene-mediated defense and VSR which appears 
independent of the host RNA-silencing pathways. For example, 
the CMV 2b VSR was found to inhibit salicylic-acid-mediated 
defense response (Ji and Ding 2001) whereas the HC-Pro VSR 
of Potato virus Y was shown to induce defense responses 
(Shams-Bakhsh et al. 2007). These observations indicate that 
some VSR are recognized by the host defense mechanism to 
induce disease resistance. A well-established example of such 
host recognition of VSR comes from the coat protein gene of 
Turnip crinkle virus (TCV), which is a VSR but also serves as 
the TCV Avr gene to induce R gene (HRT)-mediated resistance 
(Choi et al. 2004). 

In addition to the miRNA pathway, VSR can cause pheno-
typic changes in host plants by affecting the siRNA-mediated 
RNA degradation pathway. There is a petunia variety called 

Fig. 3. Hypothetical model for RNA-silencing-mediated viral pathogenicity in plants. Viral suppressors of RNA silencing (VSR) interfere with host micro 
(mi)RNA function, causing developmental defects or disease symptoms in the host plants. VSR can repress naturally occurring silencing of host genes, re-
sulting in phenotypic changes such as mottling of soybean seed coat. Alternatively, viral small interfering (si)RNAs can direct silencing of host genes due to 
fortuitous sequence homology between the viral genome and host genes, causing disease symptoms. Host gene silencing could also be induced by viral 
RNA-dependent RNA polymerase (RDR)-mediated double-stranded RNA synthesis of host mRNA due to existence of sequence motifs in the mRNA that re-
semble viral replication origin. In addition to these RNA silencing–based pathways, VSR can function as avirulence proteins to trigger resistance gene–
mediated defense response (blue arrow), which could also result in viral-like symptoms. 
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‘Red Star’ whose petals lack pigmentation along the veins and, 
thus, have a star-type color pattern. This lack of pigmentation 
is due to reduced chalcone synthase (CHS) mRNA levels caused 
by natural RNA silencing, as demonstrated by the accumula-
tion of CHS siRNAs in the white but not the red sectors of the 
flower. When the Red Star plants are infected with a CMV virus, 
the CHS mRNA level in the white sectors increases signifi-
cantly and all white sectors turn red (Koseki et al. 2005). An-
other similar example is the mottling seed coat phenotype in 
soybean plants infected by viruses such as CMV and Soybean 
mosaic virus, which was demonstrated to be also caused by 
VSR-mediated reversal of natural silencing of the CHS gene 
that occurs in uninfected plants with the I allele (Senda et al. 
2004) (Fig. 1B). These observations indicate that VSR can 
modulate plant phenotypes or cause symptoms by inhibiting 
naturally occurring silencing of host genes (Fig. 3). 

Viral siRNAs as a direct inducer of symptoms:  
An example from CMV Y satellite RNA. 

Infection of plants with viruses and subviral agents is asso-
ciated with the accumulation of siRNAs from the whole regions 
of the viral genome. It can be expected that some of these viral 
siRNAs would share sequence identity (or complementarity) 
with certain host genes and, thus, have the potential to cause 
silencing of the host genes. Viral siRNAs can silence host 
genes in several ways. siRNAs with high levels of sequence 
complementarity to a host gene could induce cleavage of the 
host mRNA, whereas those with partial complementarity could 
induce translational inhibition. siRNAs having high degrees of 
sequence identity with host gene promoters could induce cyto-
sine methylation of the promoter through the RdDM pathway, 
potentially leading to transcriptional inactivation of host gene 
promoters. Furthermore, viral siRNA could silence host genes 
indirectly by initiating RDR6-mediated synthesis of secondary 
dsRNA of the gene, in a way similar to the biogenesis of ta-
siRNAs (Eamens et al. 2008). It is also conceivable that some 
host mRNA sequences may contain motifs that can be recog-
nized by viral RDR to initiate dsRNA synthesis, resulting in 
silencing of the mRNA (Fig. 3). Such viral siRNA-directed si-
lencing of host genes can result in developmental defects or 
symptoms in the host plants (Fig. 3). The first demonstration 
of such viral siRNA-mediated viral symptoms came from two 
independent and simultaneously published studies on CMV Y 
satellite RNA (Y-sat) (Shimura et al. 2011; Smith et al. 2011). 
Both articles demonstrated that the bright yellowing symptoms 
(Fig. 1C) on tobacco plants infected with CMV Y-sat were due 
to silencing of the chlorophyll biosynthetic gene ChlI directed 
by Y-sat-derived sRNAs. The 369-nt Y-sat genome has a 22-nt 
sequence region complementary to the ChlI mRNA, which 
may have been accidentally acquired by Y-sat during its evolu-
tion in the host Nicotiana spp. siRNAs derived from the 22-nt 
region of Y-sat function as a guide to direct cleavage of the cel-
lular ChlI mRNA, eventually inducing the bright yellow symp-
toms observed in CMV Y-sat-infected plants. Plants expressing 
a silencing-resistant variant of the ChlI mRNA, or infected 
with a mutant Y-sat, in which the 22-nt complementary regions 
are modified, no longer develop the yellowing symptoms upon 
CMV Y-sat infection (Fig. 1C). These observations provide evi-
dence that the previously observed host species specificity of 
satellite-RNA-mediated disease symptoms is due to sequence 
variation in the host gene or satellite RNA genome. 

siRNAs derived from another subviral agent, viroids, have 
also been implicated in the viroid symptom induction, although 
target genes of viroid siRNAs have yet to be discovered 
(Diermann et al. 2010; Gómez et al. 2008; Wang et al. 2004). 
As a possible alternative to the siRNA-mediated model, it was 
shown that viroid infection downregulates the level of miR319 

which targets the TCP (TB1, CYC, and PCF) family of tran-
scription factors required for leaf development in tomato 
(Diermann et al. 2010). This suggests that there is a possible 
link between endogenous miRNA expression and viroid-
induced symptoms. 

Recent studies using sRNA sequencing and bioinformatic 
analyses showed that siRNAs derived from plant viruses can 
also target host genes for silencing, which suggests that viral 
siRNA-directed host gene silencing may also play a role in dis-
ease induction by plant viruses. siRNAs derived from the Cg 
strain of TMV (TMV-Cg) have recently been shown to poten-
tially target at least two host genes, the cleavage and polyadenyl-
ation specificity factor (CPSF30) and the translocon-associated 
protein α (TRAPα); siRNA-mediated specific cleavage of these 
mRNAs was actually verified by 5′ rapid amplification of cDNA 
ends assays (Qi et al. 2009). Earlier work also showed that a 
number of siRNAs derived from CaMV have near-perfect se-
quence complementarity to Arabidopsis transcripts and, there-
fore, have the potential to direct silencing of these genes in 
infected plants (Moissiard and Voinnet 2006). However, in these 
studies, the authors did not go further to demonstrate the possi-
ble link between viral siRNA-induced host gene silencing and 
viral pathogenicity leading to symptoms. 

Unlike plant viruses, the replication of animal viruses does 
not seem to be associated with siRNA production. However, 
many mammalian viruses encode miRNAs that can inhibit the 
expression of host-encoded genes such as host immune system 
genes, resulting in physiological effects in favor of their infec-
tion (Cullen 2009; Grundhoff and Sullivan 2011; Sullivan et al. 
2005). For example, Kaposi’s-sarcoma-associate herpes virus 
(KSHV) encodes miR-K12-11, which shares significant se-
quence homology with cellular miR-155 and targets common 
cellular mRNAs with roles in cell growth, resulting in the in-
duction of KSHV-positive B-cell tumors in infected patients 
(Gottwein and Cullen 2008; Gottwein et al. 2007). Another in-
teresting example is human cytomegarovirus, which encodes 
miRNAs such as miR-UL112 and miR-US25-1 to regulate cel-
lular processes. miR-UL112 downregulates cellular stress-
induced ligand proteins such as MICB for recognition by the 
natural killer (NK) cell so that infected cells can escape from 
NK cell killing in favor of viral infection (Stern-Ginossar et al. 
2007). miR-US25-1 was shown by RISC/miRNA pull-down to 
bind target sites primarily within 5′ UTR, mediating signifi-
cant reduction in gene expression involved in cell cycle control 
to prevent apoptosis (Grey et al. 2010). However, like siRNAs 
from plant viruses, more evidence is required to confirm a di-
rect involvement of viral miRNA-mediated host gene silencing 
in disease development in animals. 

RNA SILENCING AS POTENTIAL MEDIATOR  
OF VIRUS AND HOST GENOME EVOLUTION 

Host RNA-silencing forces the evolution  
of viral genome structures.  

It has become clear that RNA silencing is an important se-
lective force in shaping plant viral genomes. To avoid viral 
siRNA-directed silencing of their genome, plant viral and sub-
viral genomes have evolved the capacity to encode VSR or to 
form silencing-resistant secondary structures. In addition, the 
selective pressure of being potentially targeted by host-encoded 
sRNAs, and the developing ability to target host genes with 
their own siRNAs or miRNAs, may have also contributed to 
viral genome evolution. Single-nucleotide polymorphisms that 
prevent viral siRNA or miRNA-directed “lethal” silencing of 
certain host genes might be under strong positive selection in 
the viral genome. Similarly, sequence variations in the viral 
genome that prevent viruses from being efficiently targeted by 
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specific host-encoded sRNAs may also be positively selected 
during viral genome evolution. Such sRNA-mediated selection 
could partly account for some of the virus–host specificities. 

Viral replications have a relatively high error rate, and viruses 
often exist as quasispecies (mixtures of minor sequence vari-
ants), and this rapid sequence evolution may have served to 
minimize host sRNA-directed silencing facilitating viral infec-
tion in a specific host–virus interaction. The host antiviral 
RNA silencing may also account for the lack of sequence ho-
mology between satellites and their helper viruses, which is 
presumably to avoid silencing of helper viral genome by satel-
lite-derived siRNAs which usually accumulate at very high 
abundance in infected host tissue. 

Viruses use RNA silencing to impact host genome.  
The involvement of RNA silencing in plant–virus interac-

tions is not a one-way street. Although the host plant uses 
RNA silencing to inhibit viral infection, our discovery of 
CMV Y-sat siRNA-directed host gene silencing suggests that 
viruses also use RNA silencing to impact the host genome. Viral 
siRNAs often accumulate to relatively high levels in infected 
tissues in comparison with endogenous sRNAs. As discussed 
earlier, these viral siRNAs have the potential to match host 
gene sequences either partially or completely and direct silenc-
ing of the host genes through mRNA degradation, translational 
repression, or DNA methylation. Therefore, it is possible that 
fortuitous silencing of host genes by virus-derived siRNAs is a 
widespread phenomenon. In this respect, single-nucleotide 
polymorphisms of the host genome could contribute to plant 
resistance to viral diseases, as demonstrated by the different 
Nicotiana spp. responding differently to CMV Y-sat-induced 
yellowing symptoms (Fig. 1C) (Smith et al. 2011). Conse-
quently, nucleotide sequence variations in favor of host viral 
resistance may be positively selected for the host genome. 

A major consequence of VSR function on host antiviral 
silencing is the interference of the host RNA silencing path-
ways. In addition to changes in genome-wide gene expression, 
recent studies suggest that this VSR effect could also result in 
both genetic and epigenetic modifications in the host genome. 
For instance, transgenic expression of VSR derived from ger-
miniviruses results in genome-wide reduction of DNA methyl-
ation and transcriptional activation of transposons and trans-
genes (Buchmann et al. 2009). Similarly, infection of plants 
with a tobamovirus leads to a decrease in global genome 
methylation and promotes genetic rearrangements in systemic 
tissues (Kathiria et al. 2010; Yao et al. 2011). Increased trans-
poson activity and genetic rearrangement can both cause ge-
netic mutations in the host genome. In addition to genetic mu-
tations, virus-induced changes in DNA methylation would alter 
the epigenetic status of the host genome, an effect that can be 
heritable. The effect of VSR or viral infection on host genome 
stability could be one reason why plant viruses usually are 
excluded from meristematic or germline cells because genetic 
and epigenetic mutations in these cells would likely be passed 
on to subsequent generations. 

However, host genome changes caused by VSR or viral infec-
tion could also contribute positively to host genome evolution 
by increasing genetic and epigenetic diversities. In this respect, 
viruses are not just pathogenic but can also be regarded as a 
beneficial symbiot of plants. Virus-induced genetic and epige-
netic changes could potentially be exploited for developing new 
crop varieties. Naturally occurring mutant buds (“sports”) are 
often the source of new horticultural varieties, and the occur-
rence of these natural variants may well be the result of trans-
poson-mediated genomic changes in somatic tissues in response 
to environmental stimuli. Therefore, deliberate infection of hor-
ticultural plants with viruses that express strong silencing sup-

pressors could increase the frequency of sports and facilitate the 
breeding of new varieties. Regeneration of plants from virus-
infected somatic tissues of other crop plants could also help to 
generate new populations of genetic and epigenetic variants with 
novel traits. 

CONCLUSION 

Viruses have been extensively studied ever since they were 
first identified over a century ago, and many technologies have 
been developed to prevent viral infection or combat viral dis-
eases in animals and plants. Therefore, it is remarkable that 
very little is known about the molecular mechanisms of viral 
disease induction and host specificity of viral diseases. The un-
derstanding of RNA-silencing mechanisms over the last dec-
ade or so has opened up a new avenue for us to examine these 
critical questions. It has now become clear that RNA silencing 
plays a critical role in plant–virus interaction: viruses are both 
the inducer and target of RNA silencing, some of the key plant 
RNA-silencing machineries appear to function primarily in 
antiviral defense, and viruses have evolved various strategies 
to overcome these antiviral silencing mechanisms. Recent 
studies have indicated that viruses in animals are also subject 
to RNA-silencing-mediated resistance (Ding and Voinnett 
2007), suggesting that RNA silencing may also play an im-
portant role in animal–virus interactions. However, it remains 
unknown whether RNA silencing plays a major role in deter-
mining the host specificity of virus infection. Most viruses in 
plants are transmitted through insect vectors and, for some of 
these viruses, an extended period inside the insect body is 
indispensable for successful infection of the host plants; the 
specific insect vector of a particular virus is often a major de-
terminant of its natural host range. Therefore, in order to 
understand the role of RNA silencing in host specificity of vi-
ruses, it is important to investigate whether RNA silencing 
plays a role in the three-way interaction among viruses, insects, 
and host plants. 

In this review, we have discussed several scenarios where 
RNA silencing might be involved in viral disease induction in 
plants (Fig. 3), including i) interference of host miRNA function 
and, hence, development by VSR; ii) suppression of naturally 
occurring host gene silencing by VSR; and iii) silencing of host 
genes directed by virus-derived sRNAs due to sequence homol-
ogy. However, although evidence has become available to sup-
port these possible mechanisms in plants, further studies are 
needed to confirm whether they account for most of the plant 
virus symptoms or if alternative RNA-silencing-dependent or 
independent mechanisms are responsible for virus disease in-
duction. Furthermore, while animal viruses are shown to encode 
VSR and encode sRNAs, it remains unclear if these viral VSR 
and sRNAs play a direct role in disease induction. The recent 
advance in RNA sequencing technologies will undoubtedly re-
sult in identification of new viral sRNAs and their potential host 
target genes in animals, which would help to answer the ques-
tion as to whether viral sRNA-directed host gene silencing also 
plays a role in viral disease induction in animals. Further under-
standing of the functions of host sRNA pathways in gene regula-
tion and disease development in animals would also help to 
understand the possible role of viral VSR in disease induction. 

Plant viruses are often accompanied by small, “parasitic”, 
subviral molecules, including satellites and defective interfering 
(DI) RNAs (Hu et al. 2009; Pathak and Nagy 2009), which de-
pend on the associated virus for replication, encapsidation, and 
transmission. In most cases, the presence of these small subviral 
species attenuates the symptoms of the associated viruses. It has 
long been thought that such symptom attenuation is caused by 
the subviral species competing for viral replicase, reducing the 
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replication of the associated virus. However, recent studies have 
implicated RNA-silencing mechanisms in satellite or DI RNA-
mediated symptom attenuation. For instance, a satellite RNA of 
CMV was shown to downregulate the expression of the 2b VSR 
of CMV (Hou et al. 2011), suggesting that attenuation of CMV-
caused symptoms by the satellite RNA may result from in-
creased RNA silencing against CMV or reduced interference of 
endogenous sRNA function due to decreased expression of 2b. 
Also, it was shown that replication of DI RNAs of tombusvirus 
dramatically increases the level of virus-specific siRNAs, result-
ing in the saturation of the P19 VSR and the accumulation of 
unbound siRNAs (Havelda et al. 2005). The authors suggested 
that these unbound siRNAs have the potential to be loaded to 
RISC, inducing antiviral silencing and, hence, reducing the ac-
cumulation of the helper tombusvirus, resulting in reduced viral 
symptoms. Reduced symptoms could also be a result of dimin-
ished interference of host sRNA functions by P19 due to its 
saturation by DI siRNAs. It is interesting to note that animal 
viruses also have DI molecules (Pathak and Nagy 2009), and at 
least one animal virus (hepatitis B) is associated with a satellite 
(hepatitis D). Therefore, it would be interesting to examine 
whether these subviral species interact with VSR to modulate 
virus-induced symptoms in animals. 

Our understanding of RNA-silencing mechanisms has pro-
vided a technical platform for developing new antiviral strate-
gies in plants as well as in animals. Long hpRNA and artificial 
miRNA transgenes have been demonstrated to be effective at 
conferring resistance against RNA viruses in plants (Niu et al. 
2006; Qu et al. 2007; Schwab et al. 2006; Wang and Waterhouse 
2001). hpRNA transgenes targeting both the coding region (to 
induce RNA degradation) and the regulatory region (to induce 
DNA methylation) of DNA virus genomes could also be po-
tentially used to engineer resistance against DNA viruses in 
plants. Similar RNAi-based approaches are also being exploited 
for preventing viral infections in animals, although issues such 
as how to effectively and safely deliver RNAi constructs to tar-
get tissues have yet to be resolved (DeVincenzo 2012). Further 
understanding of the role of RNA silencing in viral disease in-
duction may allow us to develop alternative antiviral strategies. 
For instance, the expression of a silencing-resistant version of 
the CHLI gene, in which the nucleotide sequence targeted by 
the CMV Y-satellite siRNAs is modified to disrupt the homol-
ogy and, hence, prevent silencing, completely blocked the de-
velopment of the yellowing symptoms in tobacco (Fig. 1C) 
(Smith et al. 2011). Thus, technologies that can block viral 
sRNA-induced host gene silencing, such as expressing silenc-
ing-resistant target genes or inhibiting the function of viral 
sRNAs, could become an effective therapeutic for preventing 
viral sRNA-caused diseases. Introducing nucleic acid species 
that can sequester VSR functions could also be used to reduce 
virus symptoms. 
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