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Viroids are small self-replicating RNAs that infect plants. How these noncoding pathogenic RNAs interact with hosts to induce
disease symptoms is a long-standing unanswered question. Recent experimental data have led to the suggestive proposal of a
pathogenic model based on the RNA silencing mechanism. However, evidence of a direct relation between key components of
the RNA silencing pathway and symptom expression in infected plants remains elusive. To address this issue, we used a
symptomatic transgenic line of Nicotiana benthamiana that expresses and processes dimeric forms of Hop stunt viroid (HSVd).
These plants were analyzed under different growing temperature conditions and were used as stocks in grafting assays with
the rdr6i-Nb line, in which the RNA-dependent RNA polymerase 6 (RDR6) is constitutively silenced. Here, we show that the
symptom expression in N. benthamiana plants is independent of HSVd accumulation levels but dependent on an active state of
the viroid-specific RNA silencing pathway. The scion of rdr6i-Nb plants remained asymptomatic when grafted onto
symptomatic plants, despite an accumulation of a high level of mature forms of HSVd, indicating the requirement of RDR6
for viroid-induced symptom production. In addition, the RDR6 requirement for symptom expression was also observed in
wild-type N. benthamiana plants mechanically infected with HSVd. These results provide biological evidence of the
involvement of the viroid-specific RNA silencing pathway in the symptom expression associated with viroid pathogenesis.

One of the most intriguing and still unsolved topics
in the study of pathogen-host interactions is how these
agents, on their way to suppress host defense, cause
undesirable pathological effects. Pathogens recruit
host routes/factors to self-perpetuate within the in-
vaded cell and to translocate to neighboring groups of
cells. Plant viruses have the potential to use from five
to 30 viral origin proteins to accomplish these func-
tions, whereas viroids, the smallest known infectious
agents in plants, must take advantage of their struc-
turally informative circular RNA molecule to do so
(Hull, 2002; Tabler and Tsagris, 2004; Daròs et al., 2006;
Ding and Itaya, 2007). In view of the recent picture
emerging with the noncoding RNAs as key compo-
nents of the regulation mechanisms of developmental
and defense processes, viroids have become one of the
most productive tools to unravel some of the funda-

mental principles of life processes (Ding and Itaya,
2007).

Viroid genomes consist of a single-stranded, cova-
lently closed, circular, noncoding, and nonencapsidated
RNA, ranging from 246 to 401 nucleotides long
(Tabler and Tsagris, 2004; Flores et al., 2005; Daròs
et al., 2006; Flores and Pallás, 2006; Ding and Itaya,
2007). The search for plant cell components involved
in the regulation of the biological processes of viroid
diseases has identified different host factors involved
in viroid replication (Daròs and Flores, 2002) and
movement (Gómez and Pallás, 2001, 2004; Owens
et al., 2001; Gómez et al., 2005). Despite intensive
research, however, the basic question of how these
pathogenic RNAs alter, when they do, host develop-
ment and physiology to induce disease symptoms
remains unanswered.

It has long been accepted that the genomic RNA acts
as the primary pathogenic effector via a direct inter-
action between specific viroid motifs and cellular
factors (Diener, 1999; Flores et al., 2004, 2005). How-
ever, the identification of a group of small RNAs that
regulate host and nonhost gene expression in eukary-
otes has led to a new hypothesis based on the viroid
pathogenesis possibly being mediated by the interfer-
ence of specific host-mRNA expression via viroid-
induced RNA silencing (Papaefthimiou et al., 2001;
Conejero, 2003; Markarian et al., 2004; Wang et al.,
2004).

RNA silencing is a sequence-specific RNA-inactivation
mechanism described in diverse eukaryotes that guides
gene regulation, chromatin modification, and defense
against viruses (Baulcombe, 2002; Vogt et al., 2004;
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Brodersen and Voinnet, 2006; Ding and Voinnet, 2007).
These different biological processes share three bio-
chemical characteristics: (1) formation of double-
stranded RNAs (dsRNAs); (2) processing of dsRNAs
to 20- to 26-nucleotide small RNAs (sRNAs); and (3)
inhibitory action of sRNAs on complementary RNA or
DNA (Brodersen and Voinnet, 2006). The sRNAs, the
central molecules of the RNA silencing pathway, are
broadly classified into microRNAs (miRNAs) and
small interfering RNAs (siRNAs), which have similar
chemical structures but differ in their function and
mode of biogenesis. Production of both types of
sRNAs depends on the activity of RNase III-type
enzymes known as Dicer (Llave et al., 2002; Brodersen
and Voinnet, 2006; Vaucheret, 2006; Ding and Voinnet,
2007).

In plants, a RNA-dependent RNA polymerase, ini-
tially identified as RNA-dependent RNA polymerase
6 (RDR6), was shown to be essential for posttranscrip-
tional gene silencing (PTGS) induced by sense trans-
gene and by some viruses but not required for inverted
repeat dsRNA-induced PTGS (Dalmay et al., 2000,
Mourrain et al., 2000; Vance and Vaucheret, 2001).
RDR6 is also involved in the transitivity phenomenon
(Vaistij et al., 2002). Transitivity can be explained as the
transition of primary siRNAs to secondary siRNAs
that serves as an amplification mechanism of the initial
RNA silencing reaction (Brodersen and Voinnet, 2006)
and accounts for their systemic spreading (Himber
et al., 2003; Schwach et al., 2005). Accumulation of
secondary siRNAs during PTGS of exogenous nu-
cleic acids, including many viruses and transgene
transcripts, is dependent on RDR6 in Arabidopsis
(Arabidopsis thaliana) plants. In addition, RDR6 is
functionally involved in the biogenesis of trans-acting
siRNAs (tasiRNAs; Peragine et al., 2004, Vazquez
et al., 2004; Allen et al., 2005) and natural antisense
transcript siRNAs (Brodersen and Voinnet, 2006;
Chapman and Carrington, 2007). Consequently, di-
verse small RNA pathways in plants have an RDR6
requirement.

RNA silencing is also affected by environmental
factors, especially temperature. High temperatures are
frequently associated with enhanced RNA silencing
activity, whereas low temperatures inhibit this regu-
latory mechanism (Szittya et al., 2003; Qu et al., 2005).

Increasing evidence indicates that viroid geno-
mic RNAs and/or their replicative intermediates are
inductors and potential targets of RNA silencing
(Martı́nez de Alba et al., 2002; Vogt et al., 2004; Wang
et al., 2004; Gómez and Pallás, 2007a; Itaya et al., 2007;
Martı́n et al., 2007). Moreover, it was recently demon-
strated that mature forms of Potato spindle tuber viroid
(PSTVd) and Hop stunt viroid (HSVd) can simulta-
neously elicit and resist this plant defense mechanism
in tomato (Solanum lycopersicum; Itaya et al., 2007) and
Nicotiana benthamiana (Gómez and Pallás, 2007a)
plants, respectively. Interestingly, these results have
provided a unified picture in which these noncoding
RNAs are inductors, potential targets, and evaders of

RNA silencing at the same time (Wang et al., 2004;
Ding and Itaya, 2007; Gómez and Pallás, 2007a; Itaya
et al., 2007).

The possibility that viroid-induced RNA silencing
could be associated with the symptom expression in in-
fected plants was originally suggested by Papaefthimiou
et al. (2001). This idea was reinforced by the observa-
tion that the symptom severity in Gynura aurantiaca
plants infected with Citrus exocortis viroid (CEVd)
correlated with CEVd-specific siRNA accumulation
but not with the viroid titer (Markarian et al., 2004).
Later, Wang et al. (2004) showed that transgenic to-
mato plants expressing a hairpin construct of a partial-
length sequence of PSTVd accumulated specific
siRNAs and developed symptoms similar to those of
PSTVd infection. They suggested that RNA silencing
plays an important role in the pathogenesis and evo-
lution of these subviral RNAs. Based on these find-
ings, they proposed that the viroid-specific siRNAs
might function like miRNAs to down-regulate the
expression of physiologically important host genes
and induce disease-associated symptoms by means of
the RNA silencing pathway (Wang et al., 2004). In
addition, there have been recent reports showing that
high levels of PSTVd-specific siRNAs were associated
with the expression of strong symptoms in N. ben-
thamiana plants after biolistic infection (Matoušek
et al., 2007). Even though the involvement of viroid-
specific RNA silencing is currently accepted as a
plausible explanation for viroid-induced pathogene-
sis (Tabler and Tsagris, 2004; Ding and Itaya, 2007),
biological evidence of a direct correlation between the
viroid-specific RNA silencing pathway and symptom
expression is scarce.

We reasoned that if the symptoms developed by a
viroid infection are mediated by RNA silencing, then
the following predictions should be fulfilled: (1) the
inhibition of the RNA silencing activity would be
associated with a decrease in symptom severity; and
(2) infected plants with deficiencies in the RNA silenc-
ing pathway would either be asymptomatic or show a
reduction in the severity of symptoms. In an attempt to
validate these predictions, we used a symptomatic
transgenic line of N. benthamiana (HSVd-Nb) express-
ing and processing a dimeric HSVd RNA into the
biologically active monomeric circular and linear
forms (Gómez and Pallás, 2006). In these plants, the
mature forms of the HSVd could resist the HSVd-
induced RNA silencing-mediated degradation, where-
as the identical full-length HSVd sequences fused to
the mRNA GFP could not. Consequently, the HSVd-
GFP construct could be used as a reporter of the
HSVd-specific RNA silencing activity (Gómez and
Pallás, 2007a). The HSVd-Nb plants were analyzed
under different growth temperature conditions and
used as stocks in grafting assays with the rdr6i-Nb line,
in which the Nb-RDR6 is constitutively silenced
(Schwach et al., 2005). In addition, HSVd agroinocu-
lation assays were performed in wild type (Wt-Nb) and
rdr6i-Nb plants to analyze the interrelation between
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RNA silencing and pathogenesis in a conventional
infection. The findings presented here demonstrate
that in N. benthamiana plants, the symptoms induced
by viroid infection are dependent on RDR6 activity, a
key component of diverse RNA silencing pathways,
and their severity is associated with efficient viroid-
specific RNA silencing activity.

RESULTS

The HSVd Symptom Expression Is Dependent on the
Temperature But Independent of the Accumulation
Levels of HSVd Mature Forms

Stunting was recently observed as the most charac-
teristic symptom induced by the expression of a di-
meric form of HSVd in four independent transgenic
lines of HSVd-Nb plants (Gómez and Pallás, 2006;
Martinez et al., 2008). Thus, this phenotypic charac-
teristic was selected to determine symptom intensity.
To test whether the HSVd-induced symptoms in N.
benthamiana are temperature dependent, HSVd-Nb
plants were grown at different temperatures (28�C,
20�C, and 14�C) and symptoms were evaluated as
severe, moderate, or null.

Striking differences in symptom expression were
observed. As Figure 1A shows, the average height of
HSVd-Nb plants at 28�C was severely reduced, only
60% of the height of Wt-Nb plants at 50 d postincuba-
tion (dpi; Fig. 1B). Stunting was moderate in the HSVd-
Nb plants incubated at 20�C (Fig. 1A), representing
80% of the height of control plants on average (Fig. 1B).
On the other hand, although the plants that were
incubated at 14�C presented a slight reduction in
growth (11%–14% on average) at 30 to 35 dpi (Fig.
1B), the HSVd-induced stunting in relation to controls
was absent at 50 dpi (Fig. 1, A and B). These results
indicate that, as observed for the naturally infected
hosts, the HSVd-induced symptoms in HSVd-Nb are
temperature dependent, being severe at high temper-
atures and decreased at low temperatures until they
eventually disappear.

To check whether the variation in symptom severity
observed in the HSVd-Nb plants grown at different
temperatures was associated with alterations at the
level of accumulation of the viroid, we analyzed the
levels of HSVd in plants incubated at 28�C, 20�C, and
14�C. They presented severe, moderate, or null stunt-
ing, respectively. Hybridization assays revealed that
HSVd circular and linear monomeric forms accumu-
lated at similar levels in N. benthamiana plants at the
tested temperatures (Fig. 1C), indicating that the dif-
ferences observed in symptom intensity in HSVd-Nb
incubated at 28�C, compared with the plants incu-
bated at 20�C and 14�C, were independent of HSVd
accumulation levels. Interestingly, hybridization as-
says revealed a reduction of the HSVd-specific siRNA
concentration in the asymptomatic HSVd-Nb plants
grown at 14�C compared with the symptomatic HSVd-

Nb plants grown at 28�C (Fig. 1D), suggesting a pos-
sible association between the HSVd-specific siRNA
levels and viroid-induced symptoms.

Low Temperatures Affect the HSVd RNA-Induced
RNA Silencing

It was previously demonstrated that the defense
pathway mediated by RNA silencing was inhibited at
low temperatures in diverse plant-virus interactions
(Szittya et al., 2003). Therefore, we went on to deter-
mine whether the lack of symptoms in the HSVd-Nb
plants grown at 14�C could be associated with alter-
ations in the HSVd RNA-induced RNA silencing
pathway. To test this possibility, agroinfiltration assays
using an HSVd-GFP reporter (Gómez and Pallás,
2007b) were carried out in the HSVd-Nb plants incu-
bated at 28�C (symptomatic) and 14�C (asymptom-
atic). Consistent with previous results (Gómez and
Pallás, 2007a), the expression of the HSVd-GFP reporter
was suppressed in the HSVd-Nb plants incubated at
28�C but not in the Wt-Nb control plants, which
indicates an HSVd-specific RNA silencing activity in
symptomatic HSVd-Nb plants incubated at 28�C (Fig.
2, A and B, left). In contrast, when the reporter was
infiltrated in the asymptomatic HSVd-Nb plants incu-
bated at 14�C, the GFP gene was not suppressed and
the fluorescence level was similar to that observed in
control plants (Fig. 2, A and B, right). These results
demonstrate that plants grown under conditions in
which RNA silencing is less efficient did not develop
any symptoms at all, whereas plants grown under
conditions in which RNA silencing was active under-
went severe stunting. These results establish a strong
correlation between the activity level of viroid-specific
RNA silencing and symptom expression.

The Expression of HSVd-Induced Symptoms Depends
on RDR6 Activity

It was recently demonstrated that the reduced expres-
sion of Nb-RDR6 results in hypersusceptibility to some
viruses (Schwach et al., 2005). In addition, Nb-RDR6
has been mechanistically implicated in transitive si-
lencing and diverse small RNA pathways (Brodersen
and Voinnet, 2006; Chapman and Carrington, 2007). To
investigate whether the symptoms observed in infected
plants are related to the viroid-induced RNA silenc-
ing pathway, we examined the symptom develop-
ment in transgenic rdr6i-Nb grafted onto HSVd-Nb
plants.

We reasoned that if RDR6-dependent RNA silencing
pathways mediate viroid pathogenesis, HSVd would
infect the silence-defective rdr6i scions without devel-
oping the characteristic symptoms. Conversely, in the
wild-type scions, HSVd infection would develop the
characteristic pathogenic effects. To test this predic-
tion, the scion length was monitored and measured at
30 and 45 d after grafting (dag).
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Wild-type scions showed moderate stunting at 17
dag, whereas rdr6i scions did not (Supplemental Fig.
S1). Size reduction was more pronounced (44% of the
size of the corresponding rdr6i scions) at later stages of
the incubation, as observed in Figure 3B, which rep-
resents the average length of Wt-Nb and rdr6i-Nb
scions at 30 dag. Severe stunting in the wild-type
scions was observed at 45 dag, representing 32% of the
size of the rdr6i scions on average (Fig. 3, A and B).
Moreover, the leaves of wild-type scions presented a
considerable size reduction and chlorosis followed by
necrosis compared with the normal development of
the rdr6i scions grafted onto identical stocks (Fig. 3A;
Supplemental Figs. S2 and S3). Consistent with previ-
ous results (Gómez and Pallás, 2006), the sequence of
the HSVd RNA isolated from scion tissue was identi-
cal to the HSVd sequence present in the stock (data no
shown).

To test whether the presence or absence of symp-
toms observed in scions was associated with a differ-
ential concentration of the viroid, we analyzed the
levels of HSVd in symptomatic Wt-Nb and asymp-
tomatic rdr6i-Nb scions. Hybridization assays revealed
that the HSVd accumulated at similar levels in both
scion types (Fig. 3C), demonstrating that the viroid-
induced symptoms observed in the infected Wt-Nb
scions are dependent on the RDR6 activity but not on
the HSVd accumulation level. Furthermore, a signifi-

cant reduction of the siRNA concentration in the
asymptomatic rdr6i scions compared with the symp-
tomatic wild-type scions was observed (Fig. 3D),
reinforcing the possible association between the
HSVd-specific siRNA level and viroid-induced symp-
toms. In order to obtain additional evidence of the
relation between HSVd-specific RNA silencing and
symptom expression, we analyzed the accumulation
of HSVd-specific siRNAs and HSVd mature forms in
the HSVd-Nb (stocks) and rdr6i-Nb (scions) plants. The
difference in siRNA accumulation was also observed
when the rdr6i scions were compared with HSVd-Nb
stocks, even though the viroid titer in the two sources
was similar (Fig. 3E). The observation that the levels of
mature forms of HSVd were similar in asymptomatic
scions and symptomatic stocks (Fig. 3E) indicates that
the symptoms observed in infected N. benthamiana
plants are also independent of HSVd accumulation
levels in the graft assays.

To further dispell the notion that HSVd transgene-
derived transcripts could influence the observed dif-
ferences, we performed an alternative experiment
using Wt-Nb and rdr6i-Nb plants infected by mechan-
ical agroinoculation of HSVd RNA, a recently de-
scribed efficient method to induce PSTVd (Carbonell
et al., 2008) and HSVd (R. Flores, personal communi-
cation) infection in N. benthamiana plants. Inoculated
Wt-Nb plants showed moderate stunting at 25 dpi

Figure 1. Symptoms induced by HSVd in
transgenic N. benthamiana plants (HSVd-
Nb). A, HSVd-Nb plants grown for 50 d at
28�C, 20�C, and 14�C compared with an
untransformed control kept under the
same growing conditions. B, Influence of
temperature on the dynamics of HSVd-Nb
growth. The relative heights of 10 HSVd-
Nb plants were measured at 30, 35, 40,
45, and 50 dpi at 28�C, 20�C, and 14�C.
Error bars indicate SD values among the 10
analyzed plants. C, Northern-blot assays of
total RNA from three different HSVd-Nb
plants grown at 28�C, 20�C, and 14�C. The
levels of circular (CM) and linear (LM)
monomeric forms of HSVd were kept con-
stant at the different temperatures. D,
Small RNA-enriched RNAs were extracted
from three pooled HSVd-Nb plants main-
tained at 28�C (symptomatic) and 14�C
(asymptomatic). The RNAs were diluted 1:1,
1:5, and 1:25 and analyzed by northern-
blot assays to detect HSVd-specific siRNAs.
RNAs were quantified by spectrometry and
their concentrations equalized. Ethidium
bromide-stained gels are shown as RNA
loading controls (in C and D).

RDR6 Role in Viroid Pathogenesis

Plant Physiol. Vol. 148, 2008 417



compared with the noninoculated controls, whereas
inoculated rdr6i-Nb plants did not (data no shown).
Size reduction was more significant at 30 and 45 dpi,
representing 81% of the size of the uninoculated
controls on average (Fig. 4A; Supplemental Fig. S4).
Both the stunting and leaf size reduction were induced
by HSVd in the infected Wt-Nb plants as well as in
the HSVd-Nb plants, indicating that the symptomatic
phenotype described in the HSVd-Nb plants was
the consequence of a viroid-induced pathogenesis
process. The slight differences in stunting intensity
between HSVd-infected N. benthamiana plants (ap-
proximately 80% of the control) and HSVd-Nb plants
(approximately 60% of the control) maintained at the
same temperature can be explained by considering
that in transgenic plants, the HSVd RNA input is
constitutively provided from the first development
stage. Thus, the symptom expression is enhanced in
comparison with a conventional pathogenesis process.

To check whether the lack of symptoms in the rdr6i-
Nb plants was related to alterations in the accumula-
tion of the HSVd, we analyzed the levels of viroid in
inoculated plants. Hybridization assays showed that
HSVd accumulated at similar levels in both Wt-Nb and
rdr6i-Nb plants (Fig. 4B), indicating that in a conven-
tional pathogenic process, the symptom expression is
also independent of HSVd accumulation levels but
dependent on the RDR6 activity. In agreement with the
results described in the grafting assays, a significant
reduction of the HSVd-specific siRNA concentration

was observed in the asymptomatic rdr6i-Nb plants
compared with the symptomatic Wt-Nb plants (Fig.
4B, bottom).

Next, we went on to determine, by means of agro-
infiltration assays, whether the HSVd RNA-induced
RNA silencing pathway is active in the infected N.
benthamiana plants. Consistent with the results ob-
served in HSVd-Nb plants, the expression of the HSVd-
GFP reporter was suppressed in the infected Wt-Nb
plants but not in the uninoculated control plants (Fig.
4, C and D). These results indicate an HSVd-specific
RNA silencing activity in the symptomatic N. ben-
thamiana plants, reinforcing the strong correlation be-
tween the activity level of the viroid-specific RNA
silencing and the symptom expression observed in the
HSVd-Nb plants.

DISCUSSION

Since the discovery of the PSTVd (Diener, 1971),
viroids have always been puzzling exceptions to the
rules that have been commonly accepted for other
plant pathogenic RNAs (Tabler and Tsagris, 2004;
Daròs et al., 2006; Flores and Pallás, 2006; Ding and
Itaya, 2007). Their genome consists of a naked RNA
characterized by the absence of any functional open
reading frame. In the ‘‘viroid world,’’ however, non-
coding does not signify nonfunctional. Thus, a viroid
contains sufficient genetic information to establish

Figure 2. HSVd-GFP expression is not suppressed in
asymptomatic HSVd-Nb plants grown at 14�C. A,
Wt-Nb and HSVd-Nb plants, kept at 28�C (left) and
14�C (right), were agroinfiltrated with the HSVd-GFP
reporter. As observed in panel 4 (left), the reporter
expression was suppressed in symptomatic HSVd-Nb
plants incubated at 28�C. In contrast, when the
silencing reporter was infiltrated in the asymptomatic
HSVd-Nb incubated at 14�C (panel 4, right), GFP
fluorescence was similar to that observed in the
control plants. B, Detection of the HSVd-GFP re-
porter by western-blot analysis of total proteins
extracted from agroinfiltrated Wt-Nb and HSVd-Nb
plants. Silver-stained gels are shown as protein load-
ing controls.
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infection in susceptible hosts. Very little information
is currently known regarding how these sui generis
RNAs elicit the pathogenic process.

An emergent view in viroid research links the
RNA silencing pathway with viroid pathogenesis
(Papaefthimiou et al., 2001; Conejero, 2003; Markarian
et al., 2004; Wang et al., 2004). Much of the evidence
that supports this association is based on the observation
of a positive correlation among the levels of small RNAs,
the hallmarks of the RNA silencing mechanisms, and

symptom severity (Itaya et al., 2001; Papaefthimiou et al.,
2001; Markarian et al., 2004; Matoušek et al., 2007).
However, this correlation is not fulfilled in some viroid-
host combinations (Papaefthimiou et al., 2001; Markarian
et al., 2004; Sano and Matsuura, 2004), which raises
significant doubts about this attractive hypothesis. The
most robust evidence linking RNA silencing and viroid
pathogenesis is the observation made by Wang et al.
(2004) that tomato plants expressing hairpin RNAs,
derived from PSTVd, developed symptoms similar to

Figure 3. Effects of HSVd accumulation in Wt-Nb
and rdr6i-Nb plants. Two-week-old Wt-Nb and rdr6i-
Nb scions were grafted onto symptomatic transgenic
HSVd-Nb stocks and kept at 28�C. A (middle), Gen-
eral symptoms induced by HSVd in a representative
Wt-Nb scion compared with an rdr6i-Nb scion
grafted onto an identical HSVd-Nb stock at 45 dag.
The left and right panels show magnified images of
the grafts. B, Relative length of Wt-Nb and rdr6i-Nb
scions grafted onto Wt-Nb and HSVd-Nb plants. The
scion length was measured at 30 and 45 dag. Error
bars indicate SD values between six analyzed sam-
ples. C, Total RNAs were extracted from three differ-
ent scions at 45 dag and analyzed by northern-blot
assays. The HSVd RNA circular (CM) and linear (LM)
monomeric form levels were significantly similar in
symptomless rdr6i-Nb (lanes 1–3) and symptomatic
Wt-Nb (lanes 4–6) scions. D, Small RNA-enriched
RNAs were extracted from three pooled rdr6i-Nb and
Wt-Nb scions at 45 dag. The RNAs were analyzed by
northern-blot assays to detect HSVd-specific siRNAs.
E, Total RNAs and small RNA-enriched RNAs were
extracted from three pooled rdr6i-Nb scions and their
respective HSVd-Nb stocks at 45 dag. The RNAs were
diluted 1:1, 1:5, and 1:25 and analyzed by northern-
blot assays to detect mature forms and specific
siRNAs of HSVd. RNAs were quantified by spectrom-
etry and their concentrations equalized. Ethidium
bromide-stained gels are shown as RNA loading
controls (in C–E). [See online article for color version
of this figure.]
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those of PSTVd infection. Nonetheless, direct evidence
for the involvement of the RNA silencing pathway in
viroid pathogenesis has not yet been reported. Here,
we present solid evidence that RDR6 must be active
for a characteristic pathogenic response due to viroid
infection. N. benthamiana plants that accumulate high
levels of HSVd but have a reduced RDR6 expression,
or that were grown under environmental conditions in
which the RNA silencing pathway is less efficient, did
not develop the characteristic stunting induced by the
HSVd.

Low temperature has been demonstrated to inhibit
the RNA silencing-mediated defense (Szittya et al.,
2003; Chellappan et al., 2005; Qu et al., 2005). Thus, we
analyzed symptom expression in the HSVd-Nb plants
growing at different temperatures. The HSVd-Nb
plants kept at 28�C, which is the optimal temperature
for RNA silencing (Szittya et al., 2003; Chellappan
et al., 2005; Qu et al., 2005), presented the characteristic
symptoms previously described in N. benthamiana
plants expressing HSVd (Gómez and Pallás, 2006;
Martinez et al., 2008). This phenotypic characteristic
was reduced in HSVd-Nb plants kept at 20�C and 14�C
until it eventually disappeared (Fig. 1, A and B),
temperatures at which the RNA silencing-based de-
fense has been shown to have a diminished activity in
N. benthamiana plants (Szittya et al., 2003; Qu et al.,
2005). Interestingly, the accumulation of circular and

linear forms of HSVd was similar in the plants grow-
ing at the three different temperatures (Fig. 1C). This
indicates that the symptoms observed in the HSVd-Nb
plants growing at 28�C do not correlate with HSVd
accumulation. These results are in accordance with
previous reports showing that, in general, symptom
severity was not correlated with accumulation levels
of viroid RNAs (Schnölzer et al., 1985; Gruner et al.,
1995; Gora et al., 1996; Rodio et al., 2006). In addition,
the symptom expression in G. aurantiaca plants infected
with CEVd was associated with a specific temperature-
sensitive response without any alteration to viroid
sequences or structures (Skoric et al., 2001). Although
these findings demonstrate a direct relation between
temperature and symptom intensity, irrespective of
genomic HSVd-RNA accumulation, they do not pro-
vide evidence to support the involvement of RNA
silencing in the viroid-associated pathogenesis process.

The first suggestion that the lack of symptom
expression in the HSVd-Nb plants grown at lower
temperatures should be related to deficiencies in the
RNA silencing-based pathway was provided by the
results obtained after transitory expression of an
HSVd-GFP reporter in HSVd-Nb plants. This reporter
was normally expressed in the HSVd-Nb plants at 14�C
(Fig. 2, A and B), indicating that the HSVd-specific
RNA silencing was inhibited or severely affected in
these asymptomatic plants, whereas the reporter was

Figure 4. Influence of HSVd on the growth of me-
chanically infected N. benthamiana plants compared
with noninoculated controls. A, The relative heights
with respect to mock-inoculated controls of six Wt-
Nb and six rdr6i-Nb HSVd-infected plants were
measured at 30 and 45 dpi. Error bars indicate SD

values between the analyzed plants. B, Total RNAs
and small RNA-enriched RNAs were extracted from
three different symptomatic Wt-Nb plants (lanes 1–3)
and symptomless rdr6i-Nb plants (lanes 4–6) at 45
dpi and analyzed by northern-blot assays to detect
mature forms (top) and specific siRNAs (bottom) of
HSVd. RNAs were quantified by spectrometry and
their concentrations equalized. Ethidium bromide-
stained gels are shown as RNA loading controls. C,
HSVd-infected Wt-Nb plants were agroinfiltrated
with the HSVd-GFP reporter. As observed in panel
4, the reporter expression was suppressed in symp-
tomatic HSVd-infected Wt-Nb plants. D, Detection
of the HSVd-GFP reporter by western-blot analysis of
total proteins extracted from three HSVd-infected Wt-
Nb plants. Silver-stained gels are shown as protein
loading controls. [See online article for color version
of this figure.]
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suppressed in symptomatic plants. In addition, a sig-
nificant reduction in the HSVd-specific siRNA levels
was observed in the asymptomatic HSVd-Nb plants.
These results show a clear association between symp-
tom expression and the activity of the HSVd-specific
RNA silencing pathway. However, the possibility that
low temperatures would block the direct interaction
between the HSVd and cellular factors that serve as
targets for symptom expression cannot be ruled out.

The most robust evidence supporting the involve-
ment of RNA silencing in the expression of HSVd
symptoms was provided by the findings obtained in
the grafting assays using HSVd-Nb plants as stocks
and Wt-Nb or rdr6i-Nb plants as scions. Here, we
demonstrate that the infected rdr6i-Nb scions were
unable to develop HSVd-characteristic symptoms un-
der identical growing temperature conditions (Fig. 3,
A and B). The symptomless phenotype of the infected
rdr6i-Nb scions contrasts with the severe stunting
observed in the infected Wt-Nb scions grafted onto
identical HSVd-Nb stocks. Remarkably, this RDR6 de-
pendence of viroid-induced symptom development
was also observed in Wt-Nb plants infected by HSVd
agroinoculation (Fig. 4A). Interestingly, while the
symptomatic N. benthamiana plants presented a signif-
icant amount of HSVd-specific siRNAs, the symptom-
less rdr6i-Nb plants did not.

Taking into account that the rdr6i-Nb plants down-
regulated the expression of an enzyme playing a key
role in sense transgene-induced PTGS and the transi-
tive RNA silencing pathway, and that the biogenesis of
tasiRNAs and natural antisense transcript siRNAs is
RDR6 dependent, we propose that the asymptomatic
phenotype exhibited by these infected plants is a direct
consequence of deficiencies in the RNA-mediated
silencing mechanism. Interestingly, the accumulation
of biological forms of the viroid molecule in RNA
silencing-deficient host plants that would not develop
symptoms was previously suggested to be a require-
ment for the pathogenicity model based on the RNA
silencing pathway (Tabler and Tsagris, 2004).

An intriguing question that emerges from our re-
sults is which of the RDR6-dependent pathways could
be associated with the expression of viroid-induced
symptoms. Several remarkable observations prompt
us to speculate that the pathogenic process induced by
the viroid infection could be a consequence of inter-
ference in the regulatory pathway involving tasiRNA
biogenesis, possibly due to fortuitous matches be-
tween HSVd-derived siRNAs and the N. benthamiana
genome. The existence in the Nicotiana genus database
of sequences presenting a high similarity to specific
regions of the HSVd sequence (Supplemental Table S1)
is in agreement with this idea. Indeed, both tasiRNA
precursors and HSVd RNA replication intermediates
are nuclear noncoding RNAs dependent on RNA
polymerase II activity (Peragine et al., 2004; Allen
et al., 2005; Flores et al., 2005). In addition, it has been
suggested that tasiRNAs could regulate transcription
factors involved in growth, development, and flower-

ing in Arabidopsis plants (Remington et al., 2004; Allen
et al., 2005; Adenot et al., 2006; Xu et al., 2006), resem-
bling the morphological alterations associated with
HSVd infection in diverse hosts (Diener et al., 1988;
Shikata, 1990; Martinez et al., 2008). The potential
involvement of other relevant players in this regulatory
pathway would shed light on the role of RDR6 in viroid
pathogenesis.

In short, our results demonstrate the requirement of
RDR6 activity, a key factor in diverse RNA silencing
pathways, for the production of viroid-induced symp-
toms, reinforcing the emergent view that the viroid-
specific RNA silencing-based pathway modulates
symptom expression in infected plants (Papaefthimiou
et al., 2001; Conejero, 2003; Markarian et al., 2004;
Wang et al., 2004).

MATERIALS AND METHODS

Plant Material

HSVd-transgenic Nicotiana benthamiana (line HSVd-Nb/6), expressing and

correctly processing dimeric (1)HSVd cDNA, has been described previously

(Gómez and Pallás, 2006). Seeds of rdr6i-Nb were kindly provided by Dr. D.

Baulcombe (Sainsbury Laboratory, John Innes Centre). The plants were grown

at 28�C under natural light with supplementary illumination to maintain a

16-h photoperiod. For temperature treatment, plants were grown in climate

boxes (Versatile Environmental Test Chambers; Sanyo) under a 16-h-light (50

mE m22 s21) and 8-h-dark regime at 14�C and 20�C.

RNA Extraction and Northern-Blot Analysis

Total RNA was extracted using the TRI reagent (Sigma) according to the

manufacturer’s instructions. Briefly, 250 mg of leaves from N. benthamiana

plants was ground in 2 mL of TRI reagent, 400 mL of chloroform was added,

and the sample was vigorously vortexed, followed by centrifugation. The

supernatant was recovered, and the total RNAs were precipitated with

isopropanol and resuspended in 50 mL of sterile water. The total RNA

preparations were quantified by spectrometry, and their concentrations were

equalized. To analyze the mature forms of HSVd by northern-blot analysis, 1.5

mg of the total RNA preparations was electrophoresed under denaturing

conditions on a 5% polyacrylamide gel with 0.253 Tris-borate/EDTA and 8 M

urea (Pallás et al., 1987). The RNA was blotted to nylon membranes (Roche

Diagnostics) and hybridized as described previously (Gómez and Pallás,

2007a).

To analyze the small RNAs, total nucleic acids were extracted from 4 g of

leaves as described previously. The pellets obtained were used as starting

material to purify the small RNAs (,200 nucleotides) enriched for siRNA

using miRACLE (miRNA isolation kit; Stratagene) according to the manufac-

turer’s instructions. Equal amounts of small RNAs (25 mg) were loaded onto

20% polyacrylamide gels with 0.253 Tris-borate/EDTA and 8 M urea. The

RNA was transferred to nylon membranes (Roche Diagnostics). Hybridization

was performed at 32.5�C for 14 to 16 h using a digoxigenin-labeled negative

strand-specific HSVd RNA as a probe. The membrane was washed with 23

SSC, 0.1% SDS for 15 min at 24�C and for 15 min at 32.5�C. Chemiluminescent

detection was performed as described previously (Gómez and Pallás, 2007a).

Agroinfiltration

Binary pMOG800 plasmids carrying the HSVd-GFP reporter (Gómez and

Pallás, 2007b) were transformed into Agrobacterium tumefaciens strain C58C1

(Hamilton et al., 1996). The N. benthamiana plants were agroinfiltrated in basal

leaves as described previously (Gómez and Pallás, 2007b). Three days after

agroinfiltration, leaf discs (three per leaf) were obtained. GFP expression was

analyzed with a Leica TCS SL confocal laser-scanning microscope, with

excitation at 488 nm and emission at 510 to 560 nm, and by western-blot assays

as described previously (Gómez and Pallás, 2007b).
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Agroinoculation

The N. benthamiana plants were agroinoculated with Agrobacterium strain

C58C1 transformed with a binary pMOG800 vector carrying a head-to-tail

infectious dimeric HSVd cDNA (Gómez and Pallás, 2006) as described

previously (Carbonell et al., 2008). The agroinfiltrated leaves were eliminated

at 6 dpi. The plants were maintained in environmentally controlled growing

chambers at 30�C for 16 h with fluorescent light and at 25�C for 8 h in darkness

and analyzed at 30 and 45 dpi.

Grafting Assays

Two-week-old Wt-Nb and rdr6i-Nb scions were cut to a wedge shape that

was then inserted into a vertical slit cut into HSVd-Nb/6 and Wt-Nb stocks. The

grafting junction was wrapped with Parafilm, and grafted plants were kept at

22�C for 10 d under controlled humidity conditions under plastic covers and

later moved to environmentally controlled growth chambers (28�C/14 h of

light). The scion length was measured at 30 and 45 dag. Total RNAs were

obtained from the excised scions and stocks as described above.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Wt-Nb and rdr6i-Nb scions grafted onto symp-

tomatic HSVd-Nb stocks.

Supplemental Figure S2. HSVd-induced symptoms in Wt-Nb scions.

Supplemental Figure S3. Symptomatic Wt-Nb and asymptomatic rdr6i-Nb

scions grafted onto the same stock branch.

Supplemental Figure S4. Symptoms in HSVd-infected Wt-Nb plants.

Supplemental Table S1. Nb mRNAs with high similarity with HSVd.
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