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Associated with Posttranscriptional Gene Silencing
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In plants, posttranscriptional gene silencing (PTGS) has been reported for cytoplasmic RNAs from endog-
enous nuclear genes, transgenes, viruses, and, recently, for a viroid with nuclear replication and accumulation.
However, phenomena of this kind have not been described for mitochondrial or chloroplastic RNAs. Here we
show that viroids that replicate and accumulate in the chloroplast are also targets of PTGS and this process
may control viroid titer.

Posttranscriptional gene silencing (PTGS), a mechanism
that regulates gene expression in eukaryotes, results in the
sequence-specific degradation of single-stranded RNAs
(ssRNAs) from genetic elements of internal or foreign origin
(2). The present model proposes that PTGS is triggered by
double-stranded RNAs, resulting in most cases from ssRNAs
that reach anomalous cellular levels and serve as templates for
an RNA-dependent RNA polymerase (18, 19), which are sub-
sequently processed into 21- to 23-nucleotide (nt) fragments
(7) called small interfering RNAs (siRNAs). These siRNAs
presumably become associated with an RNase and guide it for
the purpose of degrading their cognate ssRNA (8). Because
siRNAs homologous and complementary to the targeted ss-
RNA have been detected in all systems exhibiting PTGS, the
siRNAs are regarded as markers for this phenomenon.

In plants, PTGS has been reported for cytoplasmic ssRNAs
from endogenous nuclear genes, transgenes, and RNA and
DNA viruses (18). Recently, the presence of siRNAs homol-
ogous to the positive and negative strands of the Potato spindle
tuber viroid (PSTVd) has been observed in plants infected by
this pathogen and such an observation has been taken as evi-
dence that PSTVd induces PTGS (11, 17). Like all viroids,
PSTVd is a small circular ssRNA not coding for proteins and,
therefore, has a strong dependence on host enzymes for com-
pleting its biological cycle. PSTVd is the type species of the
family Pospiviroidae, comprising 25 species that have a central
conserved region (CCR), lack hammerhead ribozymes, and
replicate and accumulate in the nucleus (5). In contrast, the
three members of the family Avsunviroidae, Avocado sunblotch
viroid (ASBVd) (10), Peach latent mosaic viroid (PLMVd) (9),
and Chrysanthemum chlorotic mottle viroid (CChMVd) (15)
lack a CCR, self-cleave through hammerhead ribozymes that
can be formed by both polarity strands, and, at least ASBVd
and PLMVd (and most likely CChMVd), replicate and accu-
mulate in the chloroplast (6). In this report, we have addressed
the question of whether the viroids of this second family are
also able to trigger a PTGS response in their natural hosts.

Nucleic acids from PLMVd-, CChMVd-, and ASBVd-in-
fected material and from parallel healthy controls were ex-
tracted and fractionated on nonionic cellulose as reported pre-
viously (16). Samples corresponding to approximately 50 �g of
healthy and viroid-enriched nucleic acid preparations were
heat treated in buffered formamide and loaded onto 1� Tris-
borate-EDTA polyacrylamide gels (15%) containing 8 M urea.
DNA oligonucleotides ranging from 19 to 35 nt were also
loaded onto the gels as size markers. After electrophoresis, the
nucleic acids were electroblotted to positively charged nylon
membranes (Hybond N�; Amersham Biosciences) and fixed
by UV irradiation. Strand-specific riboprobes were generated
by in vitro RNA transcription of appropriate cDNA clones in
the presence of [�-32P]UTP. Prehybridization and hybridiza-
tion were carried out in a mixture containing 50% formamide,
5� SSPE (1� SSPE is 0.15 M NaCl, 10 mM NaH2PO4, and 1
mM EDTA [pH 7.7]), 0.1% Ficoll, 0.1% polyvinylpyrrolidone,
1% sodium dodecyl sulfate, and 0.1 mg of salmon sperm
DNA/ml at 45 to 50°C for 2 and 16 h, respectively. Signals were
visualized by autoradiography or with a bioimage analyzer
(Fuji Bas 1500).

To test whether PLMVd could trigger a PTGS-like response
in its natural host, PLMVd-infected peach material was ana-
lyzed for the presence of siRNAs with sequence specificity to
this viroid. Figure 1 shows nucleic acid extracts from healthy
and PLMVd-infected tissue hybridized with riboprobes specific
for detecting positive and negative PLMVd strands. Small
RNAs of approximately 21 to 23 nt were detected in PLMVd-
infected plants but not in the healthy controls, thus indicating
that PLMVd is an inducer of PTGS. The siRNAs could be
detected with partial or full-length PLMVd-specific probes of
either polarity (Fig. 1 and data not shown), showing that they
form a population of sequences not restricted to specific viroid
regions but likely representing most of the viroid molecule.

Nucleic acid extracts from CChMVd-infected tissue were
analyzed in the same way. In this case, nucleic acid prepara-
tions from chrysanthemum leaves infected either with the
symptomatic or the nonsymptomatic CChMVd strains were
included. As reported previously, both strains have a high
homology and accumulate to similar levels but differ in the
sequence of a tetraloop in the secondary structure of the vi-
roid, which has been identified as the major pathogenicity
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determinant (4, 15). No significant difference in the PTGS
response induced by both CChMVd strains was observed, since
the accumulation levels of the siRNAs were essentially the
same (Fig. 2). This lack of correlation between the virulence of
the viroid strain and the in vivo concentration of the siRNAs
was also observed for PSTVd (17), supporting the view that
such a level is not directly involved in symptom development.
As for PLMVd, siRNAs were also detected with partial-length
probes of either polarity, indicating that different regions of the
positive and negative CChMVd strands are represented in
these RNAs (data not shown).

In contrast to the situation observed for PLMVd and
CChMVd, no ASBVd-specific siRNAs were detected in nu-
cleic acid preparations from ASBVd-infected avocado leaves,
even when the hybridization temperature was reduced to 35°C
in the presence or absence of formamide (Fig. 3). Interestingly,
ASBVd accumulates at very high levels in this tissue, whereas
PLMVd and CChMVd reach much lower concentrations (6).
This inverse correlation between the viroid accumulation levels
and the presence and/or the absence of the siRNAs is consis-
tent with the involvement of the latter in a PTGS defense
response of the host that would attenuate the detrimental
effect of viroids by lowering their in vivo titer. In this context,
it is worth noting that members of family Avsunviroidae are
characterized by a restricted host range (6). The possibility

exists that this narrow host range might be related to efficient
PTGS processes induced in other plants by these viroids that
would impede their ability to overcome the strong defense
response.

The reason that ASBVd infection did not lead to siRNA
accumulation remains to be determined. ASBVd might not
induce PTGS in avocado because of a particularly short transit
time in the cytoplasm during intercellular movement (see be-

FIG. 1. Detection by Northern blot analysis of the PLMVd-specific
small RNAs associated with PTGS. Nucleic acid preparations from
healthy (H) and PLMVd-infected (I) peach leaves were separated in a
15% denaturing polyacrylamide gel and hybridized with positive- and
negative-sense radioactive riboprobes derived from the “left” (A) and
“right” (B) parts of the PLMVd molecule as indicated by thick lines on
the schematic representation of the PLMVd secondary structure
shown below the panels. Positions of the 24- and 20-mer DNA markers
are at the right, and the signals corresponding to the small RNAs are
indicated by an arrowhead at the left. The bands visible in the upper
part of the gel are mainly generated by unit- and shorter-than-unit-
length PLMVd RNAs.

FIG. 2. Detection by Northern blot analysis of the CChMVd-spe-
cific small RNAs associated with PTGS. Nucleic acid preparations
from leaves of healthy (H) chrysanthemum plants and those infected
with a nonsymptomatic (NS) or a symptomatic (S) strain of CChMVd
were separated in a 15% denaturing polyacrylamide gel and hybridized
with full-length radioactive riboprobes for the detection of positive and
negative viroid strands. Positions of the 24- and 20-mer DNA markers
are at the right, and the signals corresponding to the small RNAs are
indicated by an arrowhead at the left. The bands visible in the upper
part of the gel lanes containing the infected extracts are mainly gen-
erated by unit- and shorter-than-unit-length CChMVd RNAs. The
weak signals observed in the upper part of the gel lanes containing the
healthy extracts result from nonspecific hybridization.

FIG. 3. Northern blot analysis to search for the viroid-specific small
RNAs associated with PTGS in nucleic acid preparations from leaves
of avocado plants. Preparations from healthy (H) and ASBVd-infected
(I) samples were separated in a 15% denaturing polyacrylamide gel
and hybridized with full-length radioactive riboprobes for the detec-
tion of positive and negative viroid strands. Positions of the 24- and
20-mer DNA markers are at the right. The bands visible in the upper
part of the gel are generated by unit-, shorter-than-unit, and longer-
than-unit-length ASBVd RNAs.
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low) or because once PTGS is induced the viroid might be able
to suppress it. This latter possibility implies that some viroid
RNAs could act as PTGS supressors (11), a function that has
only been described for viral and cellular proteins so far (1, 19).

The finding of siRNAs derived from PSTVd, a viroid with
nuclear replication and accumulation, has suggested that
PTGS may take place in the cell nucleus (17). Consistent with
this notion, some observations point to a nuclear step in PTGS,
although firm evidence in this respect is still lacking (3, 12, 14).
The detection of siRNAs derived from RNAs that replicate
and accumulate in the chloroplast raises the question of
whether PTGS-like processes may occur in this organelle or,
alternatively, in the cytoplasm in the course of viroid move-
ment from cell to cell; the identification of the subcellular
localization site of the siRNAs may provide a clue in this
respect. The prokaryotic origin of chloroplasts (13) makes the
answer to this question intriguing because, so far, PTGS has
been exclusively described for eukaryotic systems.
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