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In plants, small RNA-guided processes referred to as RNA silencing control gene expression and serve as an
efficient antiviral mechanism. Plant viruses are inducers and targets of RNA silencing as infection involves the
production of functional virus-derived small interfering RNAs (siRNAs). Here we investigate the structural
and genetic components influencing the formation of Tobacco rattle virus (TRV)-derived siRNAs. TRV siRNAs
are mostly 21 nucleotides in length and derive from positive and negative viral RNA strands, although TRV
siRNAs of positive polarity are significantly more abundant. This asymmetry appears not to correlate with the
presence of highly structured regions of single-stranded viral RNA. The Dicer-like enzyme DCL4, DCL3, or
DCL2 targets, alone or in combination, viral templates to promote synthesis of siRNAs of both polarities from
all regions of the viral genome. The heterogeneous distribution profile of TRV siRNAs reveals differential
contributions throughout the TRV genome to siRNA formation. Indirect evidence suggests that DCL2 is
responsible for production of a subset of siRNAs derived from the 3’ end region of TRV. TRV siRNA biogenesis
and antiviral silencing are strongly dependent on the combined activity of the host-encoded RNA-dependent
RNA polymerases RDR1, RDR2, and RDR6, thus providing evidence that perfectly complementary double-
stranded RNA serves as a substrate for siRNA production. We conclude that the overall composition of viral
siRNAs in TRV-infected plants reflects the combined action of several interconnected pathways involving

different DCL and RDR activities.

RNA silencing includes a set of small RNA-guided pathways
that regulate gene expression in eukaryotes and control pro-
cesses such as development, genome stability, stress-induced
responses, and defense against molecular parasites (4, 6,
10). An essential component of RNA silencing is RNase III
Dicer, an enzyme that cleaves RNA with double-stranded
(ds) features into 21- to 24-nucleotide (nt) duplex small
interfering RNA (siRNA) or microRNA (miRNA). The
Arabidopsis thaliana genome encodes four Dicer-like (DCL)
enzymes and six RNA-dependent RNA polymerases
(RDR), other components of the silencing machinery in
plants (26, 39, 46, 55, 58). DCL1 produces 21-nt miRNAs
derived from RNA polymerase II transcripts with imperfect
self-complementary fold-back structures (22). Endogenous
siRNAs are likely generated from dsRNA substrates be-
cause of the requirement for a specific RDR for the pro-
duction of each siRNA class (32, 33). The 24-nt cis-acting
siRNA class derives mostly from retroelements, trans-
posons, and DNA repeats and depends on DCL3 and RDR2
that use RNA polymerase IV transcripts as a template for
dsRNA production (33). Synthesis of 21-nt trans-acting

* Corresponding author. Mailing address: Departamento de Biolo-
gia de Plantas, Centro de Investigaciones Bioldgicas, Consejo Superior
de Investigaciones Cientificas, Ramiro de Maeztu 9, 28040 Madrid,
Spain. Phone: 34 918 37 31 12. Fax: 34 915 36 04 32. E-mail: cesarllave
(@cib.csic.es.

+ Supplemental material for this article may be found at http://jvi
.asm.org/.

¥ Published ahead of print on 19 March 2008.

5167

siRNAs is DCL4 dependent and occurs through an initial
DCL1-dependent, miRNA-directed cleavage of trans-acting
siRNA precursor transcripts, which are subsequently pro-
cessed into long, perfect dSRNA by RDRG6 (5, 32).

In plants, RNA interference is guided by two distinct classes
of siRNAs, named primary siRNAs, which result from DCL-
mediated cleavage of the initial trigger, and secondary siRNAs,
whose biogenesis requires an RDR enzyme (19, 55). DCLA4,
DCL2, and DCL3 process exogenous hairpin RNAs into
siRNAs of 21, 22, and 24 nt, respectively, although cleavage of
target transcripts is mainly caused by DCL4 siRNAs (19, 23).
In Arabidopsis, RDR6 and RDR2 are required for RNA si-
lencing of transgenes, the spread of long-range cell-to-cell
silencing, and the reception of the long-distance mRNA silenc-
ing signal (11, 12, 29, 42).

Among their functions, RDR and DCL enzymes partici-
pate in viral-induced silencing and antiviral defense (17, 20).
RNA and DNA viruses produce virus-associated siRNAs
upon infection in plants (17, 54) though the structural and
genetic requirements for their biogenesis are only partially
understood. Infection with several RNA viruses results in
the accumulation of both sense and antisense viral siRNAs,
consistent with DCL-mediated processing of perfectly com-
plementary dsRNA (7, 9, 15, 25, 31, 52). The predominant
plus-strand polarity and genomic distribution of siRNAs
produced by Cymbidium ringspot virus and Cucumber mosaic
virus (CMV) satellite RNAs suggest that viral siRNA may
also be produced by direct DCL cleavage of imperfect du-
plexes originating from highly base-paired structures from
the positive-strand viral RNA (18, 41, 51). A recent study
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showed that the structured, 35S RNA leader region of Cau-
liflower mosaic virus contributes significantly to virus-derived
siRNA production (40).

Analysis of Arabidopsis loss-of-function dcl mutants provides
genetic evidence that RNA viruses are mainly targeted by
DCL4, DCL2, and DCL3 to generate virus-derived siRNAs of
21, 22, and 24 nt, respectively (7, 9, 13, 18, 58). DCL4- and
DCL2-dependent siRNAs are capable of recruiting an antiviral
effector complex to promote degradation of viral genomes (9,
13), whereas the antiviral role of DCL3 might be related to the
perception of the non-cell-autonomous silencing signal (11,
15). Infection with several single-stranded DNA geminiviruses
and dsDNA caulimoviruses also results in accumulation of
different siRNA size classes, which reflects the activity of dis-
tinct DCL proteins (2, 7).

In plants, RDRs are postulated to strengthen primary silenc-
ing-based antiviral responses, probably by using viral templates
to produce dsRNA substrates for siRNA synthesis (42, 60).
Nicotiana benthamiana and Arabidopsis plants with compro-
mised RDR6 activity display enhanced susceptibility to infec-
tion by several RNA viruses (42, 47, 49). It was proposed that
RDRG6 responds to incoming long-distance silencing signals to
trigger a rapid response to viral infection that involves produc-
tion of secondary siRNAs (29, 49, 52). Likewise, inhibition of
RDRI function correlates with increased susceptibility to sev-
eral RNA viruses (57, 59, 60). Although RDR1 and RDR6
seem to be dispensable for the production of virus-derived
siRNAs from several RNA viruses (7, 13, 60), Ding and col-
leagues recently demonstrated that without interference of the
virus-encoded 2b silencing suppressor protein, accumulation of
virus-specific siRNAs produced in response to infection with
CMV is RDR1 dependent (15). For most RNA viruses, how-
ever, the role of RDR enzymes in the biogenesis of viral
siRNAs remains unclear.

Tobacco rattle virus (TRV) is a bipartite, single-stranded,
positive-sense RNA plant virus and the type member of the
genus Tobravirus. The genomic RNA1 encodes four open read-
ing frames (38). The 134- and 194-kDa replicase proteins are
expressed directly from the genomic RNA, whereas the 29-
kDa cell-to-cell movement protein and the 16-kDa silencing
suppressor protein are translated from subgenomic RNAs. The
genomic RNA2 usually contains the coat protein, a nematode-
transmission factor 2b, and factor 2c, a protein of unknown
function. A characteristic of TRV is that RNA1 is capable of
replicating and spreading in host plants in the absence of
RNA2 (27). RNA1 and RNA2 are herein referred to as TRV1
and TRV2, respectively.

In this paper, we carried out a molecular characterization of
TRV-derived siRNAs produced during viral infection in Arabi-
dopsis and N. benthamiana to understand the structural and
genetic factors necessary for viral siRNA formation. This study
reveals that several pathways for siRNA biogenesis function
coordinately to produce viral siRNAs. We analyzed target
specificities throughout the virus genome and the contribution
of each DCL to the synthesis of siRNA of sense and antisense
polarities and present genetic evidence that the biogenesis of
TRV siRNAs was largely affected by redundant activities of
host-encoded RDR enzymes.

J. VIROL.

MATERIALS AND METHODS

Plant materials and TRV inoculation. Arabidopsis mutants lines for dcl2-1,
dcl3-1, dcl4-2, dcl2 dcl3, dcl2 dcld4, dcl3 dcl4, dcl2 dcl3 dcl4, rdrl-1, rdr2-1, rdr6-15
were described previously (3, 13, 44, 45, 48, 53, 56, 58). Mutants rdr1 rdr6, rdr2
rdr6, and rdr1 rdr2 rdr6 were kindly provided by Jim Carrington (Center for Gene
Research and Biocomputing, Oregon State University). All mutants were in the
ecotype Columbia background.

The infectious clone of TRV-phytoene desaturase (PDS) was described before
(34). N. benthamiana plants were inoculated by infiltration of Agrobacterium
cultures containing pTRV1 and pTRV2-PDS mixed in a 1:1 ratio as described
previously (16). Arabidopsis plants were sap inoculated on rosette leaves using
inoculum prepared from N. benthamiana systemically infected leaves. In Arabi-
dopsis, the genomic and subgenomic TRV RNAs as well as TRV siRNAs accu-
mulated consistently in upper, noninoculated inflorescence tissue, as opposed to
rosette leaves, where they showed a rather erratic accumulation pattern (data not
shown).

RNA isolation and blot analysis. Total RNA was extracted with Trizol reagent
(Invitrogen) from pools of 10 to 20 plants using upper, noninoculated TRV-
infected inflorescence tissue of Arabidopsis or systemically infected N. benthami-
ana leaves. Low- and high-molecular-weight RNAs were further isolated by
anion-exchange chromatography using an RNA/DNA Midi Kit (Qiagen) accord-
ing to the manufacturer’s instructions.

Blot hybridization was performed as described previously (36) with some
modifications. For analysis of viral RNAs, high-molecular-weight RNA (20 pg)
was separated on 1.5% formaldehyde-HEPES agarose gels and blotted onto
positively charged, nylon membranes (Roche). For analysis of virus-derived
siRNAs, low-molecular-weight RNA (30 wg) was separated in denaturing poly-
acrylamide gels and transferred to nylon membranes using a Trans-Blot semidry
transfer cell (Bio-Rad). Blots were prehybridized and hybridized at 42°C using
Perfect-Hyb buffer (Sigma). Radiolabeled DNA probes from cloned sequences
were made by random priming reactions in the presence of [a-**P]dCTP. Oligo-
nucleotides complementary to positive or negative viral RNA strands were end
labeled with [y->*P]JATP using T4 polynucleotide kinase (PNK; New England
Biolabs). Unincorporated nucleotides were removed using Micro Bio-Spin Chro-
matography columns (Bio-Rad). Ethidium bromide staining of gels before blot
transfer was used to visualize rRNA and ensure even loading of RNA samples.

For purification and labeling of small RNAs, ~250 pg of total RNA was
subjected to denaturing electrophoresis as described above. A gel slice contain-
ing RNAs of ~15 to 40 nt (based on RNA oligonucleotide size standards) was
excised and eluted overnight in 0.3 M NaCl at 4°C. The small RNAs were
dephosphorylated using calf intestinal phosphatase (New England Biolabs) and
subsequently labeled with [y->?P]ATP by using PNK. The labeled small RNAs
were used for hybridization of DNA blots containing PCR-amplified fragments
of ~500 bp corresponding to the TRV1 genomic sequence, as described above.
DNA properties of the PCR fragments and primer sequences used for amplifi-
cation are available in Table S2 in the supplemental material. Relative siRNA
accumulation was measured by densitometry of RNA blots exposed to autora-
diographic film.

Cloning and sequencing of TRV siRNAs. Small RNA was gel purified from
total RNA preparations and cloned as described previously (35) with minor
modifications. Briefly, purified small RNA was dephosphorylated by calf intes-
tinal phosphatase and ligated to a 5’ phosphorylated 3" RNA oligonucleotide
adaptor using T4 RNA ligase (New England Biolabs). The ligation product was
gel purified, 5’ phosphorylated using PNK, and ligated to a 5" RNA oligonucle-
otide adaptor containing 5’ and 3’ hydroxyl groups. The new ligation product was
reverse transcribed and PCR amplified. The PCR product was then digested with
Banl and concatemerized using T4 DNA ligase (Promega). Concatemers larger
than ~200 bp were eluted from low-melting-point agarose gels, and the ends
were filled by incubation with Tag DNA polymerase (Perkin Elmer). The DNA
product was ligated into a pGEM-T Easy vector (Promega) using T4 DNA ligase.
Individual clones were randomly selected and sequenced. TRV siRNAs were
identified by a BLAST search against the TRV genome (accession numbers
NC_003805 and AF406991; isolate PpK20), and only sequences with perfect
matches were considered.

Statistical procedures. Correlation between variables was tested using Pearson
coefficients. Differences in the accumulation of TRV siRNAs between DNA
fragments and between genetic backgrounds were analyzed using one-way anal-
ysis of variance (ANOVA). Significant differences between classes within each
factor were analyzed using a least significant difference (LSD) test. The propor-
tion of total variance explained by each factor was calculated as percentage by
variance component (VC) analyses in the corresponding model. Broad-sense
heritability (4%,) was estimated as the percentage of the total variance accounted
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by genetic (background) differences (h%, _ o*¢/cF, where ¢ is the genetic VC
of 6" total phenotypic variance). 0*” and o°¢ were derived by VC analysis using
separated univariate analyses for each fragment. All statistical analyses were
performed using the statistical software Statgraphics Plus, version 5.1 (Statistical
Graphics Corp.).

RESULTS

The formation of virus-derived siRNAs in plants likely in-
volves the production of virus-derived dsRNA. Non-mutually
excluding pathways can be envisioned whereby dsRNA can be
formed upon infection, including replication of RNA viruses,
which is hypothesized to produce dsRNA of positive and neg-
ative strands of genomic RNA; partial annealing of comple-
mentary regions between viral RNAs of positive and negative
polarities; RDR-dependent synthesis of dsSRNA from virus
templates; and local base pairing of imperfectly complemen-
tary regions in the positive-strand viral RNA. We used a re-
combinant TRV carrying a fragment of the N. benthamiana
PDS gene to gain insight into the biosynthetic pathways of
virus-derived siRNAs in N. benthamiana and Arabidopsis
plants and to assess the relative contribution of each of the
above mechanisms to TRV siRNA formation (Fig. 1A). TRV
infection was associated with accumulation of functional virus-
derived siRNAs in both plant species, which targeted cRNA
sequences for degradation, as evidenced by decreased viral
titer over time and, in the case of N. benthamiana, extensive
photobleaching due to PDS silencing (Fig. 1B and C) (14).

Composition of the TRV siRNA population in TRV-infected
plants. To investigate the size and origin of TRV siRNAs, we
analyzed a pool of siRNAs with perfect homology to the TRV
genome cloned from N. benthamiana and Arabidopsis plants
systemically infected with TRV (see Table S1 in the supple-
mental material). The siRNAs ranged in length between 17
and 24 nt, with the most common lengths being 21 and 22 nt
(Fig. 1D). Interestingly, TRV siRNAs of 21 nt (42.5%) were
cloned to the same extent as 22 nt (44.7%) in TR V-infected N.
benthamiana leaves, whereas 21-nt siRNA species were over-
represented (65.2%) in TRV-infected Arabidopsis (Fig. 1D).
Viral siRNAs mapped throughout the full-length TRV ge-
nome in both sense and antisense orientations (Fig. 1E). In N.
benthamiana, 45.6% of the total TRV1 siRNAs cloned were of
positive polarity, while 54.4% were of negative polarity, sug-
gesting that viral RNAs of both polarities contributed to a
similar degree to siRNA formation (Fig. 1E). In contrast, 73%
of the cloned siRNAs derived from TRV2 were of positive
polarity, which indicated an asymmetrical distribution. Several
clusters of partially overlapping sense siRNA sequences were
particularly evident throughout TRV2 (Fig. 1E; see also Table
S1 in the supplemental material). Among the TRV2 siRNA
sequences, three sense/antisense pairs were fully complemen-
tary in base pairing and contained either blunt ends or 3’
overhangs ranging between 1 and 3 nt in length (see Table S1
in the supplemental material). This suggests that these siRNA
sequences might arise as complementary strands from a single
DCL processing event. Asymmetry in strand polarity was also
found in Arabidopsis, where 64% of the cloned TRV1 siRNAs
were derived from the positive strand, and 36% were derived
from the negative viral strand. Only nine TRV2 siRNA se-
quences of positive (44.4%) and negative (55.6%) polarities
were identified in the library from TRV-infected Arabidopsis.
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FIG. 1. Production and molecular characterization of virus-derived
siRNAs in TRV-infected plants. (A) Schematic representation of the
TRV-PDS recombinant system. (B) Bleached phenotype caused by
PDS silencing in TRV-infected N. benthamiana plants. (C) RNA gel
blot analysis showing time course accumulation of genomic (g) and
subgenomic (sg) TRV RNAs (top) and TRV siRNAs (bottom) after
infection with TRV in N. benthamiana. Blots were probed with a
radiolabeled DNA fragment corresponding to the 3" UTR of TRV
(top) and the 134-kDa protein-coding region of TRV1 (bottom). The
positions of RNA size markers are shown on the left side of each
panel. Ethidium bromide-stained RNA (prior to transfer) is shown as
a loading control. dpi, days postinoculation. (D) Histogram of sizes of
cloned TRV siRNAs from infected N. benthamiana and Arabidopsis.
(E) Distribution of cloned sense (S) and antisense (A) TRV siRNA
sequences along the TRV1 and TRV2 genomes from infected N.
benthamiana and Arabidopsis plants.

To corroborate these preliminary data and avoid misinter-
pretation due to a potential bias in the cloning method (43, 50),
low-molecular-weight RNA from TRV-infected Arabidopsis
plants was sequentially hybridized with a mixture of TRV-
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FIG. 2. Accumulation of TRV siRNAs and viral TRV RNAs in virus-infected plants. (A) RNA gel blot analysis of sense (+) and antisense (—)
TRYV siRNAs in wild-type Arabidopsis and dcl double mutants. The RNA blot was sequentially hybridized with a mixture of TRV-specific sense
or antisense **P-labeled oligonucleotide probes as indicated. (B) Accumulation of genomic (g) and subgenomic (sg) TRV RNAs from inflorescence
tissue of wild-type and single, double, and triple dcl Arabidopsis mutants infected with TRV. Duplicate samples were analyzed at 16 days
postinoculation. Radiolabeled probes correspond to the 3" UTR of TRV. The positions of RNA size markers are shown on the left side of each
panel. Ethidium bromide-stained RNA (prior to transfer) is shown as a loading control. dcl2/3, dcl2 dcl3; dcl2/4, dcl2 dcl4; dcl3/4, dcl3 dcl4; dcl2/3/4,

dcl2 dcl3 dcl4.

specific, sense or antisense ~21-nt DNA probes encompassing
the entire TRV1 genome (see Table S2 in the supplemental
material). RNA blots showed that viral siRNAs of both polar-
ities migrated as a heterogeneous population with two predom-
inant bands of 21 and 24 nt (Fig. 2A). Densitometric analysis of
the hybridization signals revealed that TRV infection in Arabi-
dopsis triggered nearly 50% more 21-nt siRNAs of sense and
antisense polarities relative to 24-nt siRNAs (Fig. 2A). Iden-
tical results were obtained from several independent experi-
ments using TRVI1- and TRV2-specific probes (data not
shown). Similarly, there were more siRNAs of 21 to 22 nt than
siRNAs of 24 nt in TRV-infected N. benthamiana (Fig. 1C).
Using oligonucleotide probes normalized for total radioactiv-
ity, RNA blot assays revealed that plus-strand siRNAs that
hybridized to antisense probes represented nearly 80% of the
total TRV siRNA population in TRV-infected Arabidopsis tis-
sue (Fig. 2A). Furthermore, **P-labeled small RNAs from
TRV-infected Arabidopsis plants hybridized more strongly
(three- to fourfold) to negative-strand TRV1 and TRV2 tran-
scripts than to the corresponding positive-strand transcripts
(data not shown). Therefore, in general, the hybridization-
based analyses of sense and antisense siRNAs showed good
consistency with the results obtained from the sequence data
and demonstrated that TRV siRNAs accumulating in the in-
fected tissue were mostly 21 nt in length and derived predom-
inantly from viral positive-strand RNA.

This asymmetry in strand polarity apparently fits well with
the hypothesis that a large fraction of TRV siRNAs might
originate from regions within the plus-strand viral RNA with a
high probability of forming secondary structures, as was pre-
viously shown for other RNA viruses (18, 31, 41). We used
Mfold, version 3.2 (61), to generate secondary structure maps
from diverse regions of the TRV genome containing siRNA
sequences. The Mfold prediction indicated that siRNA clusters
in TRV1 and TRV2 corresponded to regions with relatively
high local base pairing as well as regions predicted to lack
extensive base pairing (see Fig. S1 in the supplemental mate-
rial). Therefore, there was no obvious correlation between
proximity to base-paired sequences, including stem-loops or
T-shaped hairpins, and siRNA production. The above obser-

vation was well illustrated by the 3" untranslated region (UTR)
of TRV2, which contains three clusters of two to seven cloned,
overlapping siRNA sequences with a predominant plus polar-
ity (see Table S1 in the supplemental material). Prediction of
secondary structures within the 3" UTR of TRV2 revealed the
occurrence of three stable stem structures, named stem-loops
A (AG of —24.50 Kcal/mol), B (AG of —25.20 Kcal/mol), and
C (AG of —30.20 Kcal/mol) (see Fig. S2 in the supplemental
material). The majority of the cloned siRNAs mapping to the
3" UTR clustered in a region that apparently lacks local sec-
ondary structure, whereas the other two siRNA clusters
mapped to stem-loops C and A, implying that the presence of
siRNA did not necessarily correlate with local secondary struc-
tures (see Fig. S2 in the supplemental material).

DCL requirements for the production of plus- and minus-
strand TRV siRNAs in Arabidopsis. Recent studies using TRV
and other plant RNA viruses demonstrated that DCL4 is the
main producer of 21-nt siRNAs of potent antiviral activity and
that DCL2 and DCL3 generate siRNAs of 22 and 24 nt, re-
spectively, whereas DCL1 is not directly required for viral
siRNA biogenesis (7, 9, 13). To gain additional insight into the
production of viral siRNAs, we investigated the contribution of
each DCL enzyme to the synthesis of sense and antisense TRV
siRNAs. First, we studied the effects of the various DCLs on
the outcome of viral infection using combinations of dc/ mu-
tants. Northern blot analysis using a probe specific for both
TRV1 and TRV2 showed that accumulation of full-length
genomic TRV1 and TRV2 and the two subgenomic RNAs of
TRV1 did not differ substantially between wild-type plants and
single dcl2 and dcl3 and double dcl2 dcl3 mutants (Fig. 2B).
However, single, double, and triple mutants involving dys-
functional DCL4 activity (dcl2 dcl4, dcl3 dcl4, and dcl2 dcl3
dcl4) exhibited higher TRV RNA titers than wild-type plants
(Fig. 2B).

We next carried out northern hybridizations of low-molec-
ular-weight RNA extracted from TRV-infected Arabidopsis
carrying dcl knockout double mutations. A mixture of sense or
antisense TRV-specific DNA oligonucleotides normalized for
total radioactivity was used as a probe. RNA blots showed that
in dcl2 dcl3 mutants infected with TRV, DCL4 produced TRV
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siRNA of 21 nt of sense polarity that accumulated to the same
high levels as in wild-type plants (Fig. 2A). A band of 21-nt
minus-strand siRNA that hybridized with sense probes was
also detected in dcl2 dcl3 although this was decreased by nearly
70% in the mutant compared to wild-type Arabidopsis in two
independent experiments (Fig. 2A). A possible explanation for
this observation is that production of antisense, but not sense,
DCLA4-dependent 21-nt siRNAs might be assisted, although
indirectly, by DCL2 or DCL3. In dcl2 dcl4 mutants, increased
levels of TRV genomic and subgenomic RNAs and increased
developmental defects (data not shown) correlated with the
absence of DCL4-dependent, 21-nt TRV siRNAs (Fig. 2A and
B), confirming that this siRNA species targets viral RNA for
silencing-mediated cleavage (9, 13). DCL3 generated increas-
ing amounts of 24-nt species of both sense and antisense po-
larity in dcl2 dcl4 compared to wild-type plants infected with
TRYV, probably due to the high levels of virus genomic and
subgenomic RNA in the mutant tissue (Fig. 2A and B). DCL4
was the major producer of siRNA of both positive and negative
polarities in wild-type plants, as indicated by the finding that
DCLA4-dependent, 21-nt siRNAs were more abundant than
DCL3-dependent, 24-nt siRNAs (Fig. 2A). DCL2-dependent
siRNAs of both polarities accumulated to equivalent levels in
dcl3 dcl4 and wild-type plants (Fig. 2A). Despite the increasing
levels of viral RNASs in the dcl3 dcl4 mutant, these data indi-
cated that the global contribution of DCL2 to siRNA forma-
tion and antiviral defense is lower than that of DCL4 and
DCL3. These results confirmed DCL specificities to produce
different sizes of viral siRNAs and showed that DCL4, DCL3,
or DCL2 was each alone capable of targeting viral templates to
promote synthesis of siRNAs of both polarities.

In agreement with our previous observations in wild-type
plants, sense and antisense siRNA species produced by each
DCL were not equally represented in the pool of TRV siRNAs
in the infected tissue. Data from two independent experiments
revealed that there was an approximately fivefold increase in
the amount of positive-strand TRV siRNAs (antisense probes)
with respect to siRNAs derived from negative strands (sense
probes), irrespective of the size class and the DCL involved.
These results were confirmed by northern hybridization of 5
32P-labeled siRNAs isolated from TRV-infected dc! tissue to
viral transcripts of both positive and negative polarities. La-
beled TRV siRNAs hybridized consistently to negative tran-
scripts derived from TRV1 and TRV2 with higher intensities
(data not shown).

Spatial distribution profile of TRV siRNAs. To gather fur-
ther knowledge on the distribution profile of TRV siRNAs in
infected Arabidopsis plants, a reverse RNA blot assay was used.
The TRV1 genome was amplified by PCR into 14 DNA frag-
ments, ~500 bp each, using sequence-specific primers (Fig. 3;
see also Table S2 in the supplemental material). Normalized
amounts of each DNA fragment were separated by electro-
phoresis, immobilized onto a nylon membrane, and hybridized
to purified **P-labeled small RNAs. The results in Fig. 3 show
the spatial distribution profile of TRV siRNAs in several in-
dependent experiments. siRNAs isolated from TRV-infected
Arabidopsis hybridized to each of the DNA fragments although
to different intensities, suggesting a heterogeneous contribu-
tion of the TRV genome to siRNA formation (Fig. 3). One-
way ANOVA showed significant differences in the production
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FIG. 3. Spatial distribution profile of TRV1-derived siRNAs. A
schematic of the TRV1 genome and the location of PCR-amplified
DNA fragments are shown. DNA blots of PCR fragments were probed
with 5" radiolabeled siRNAs purified from TRV-infected Arabidopsis
inflorescence tissue. A DNA fragment corresponding to the B-gluco-
ronidase gene (GUS) was used as a negative hybridization control. The
ethidium bromide-stained agarose gel is shown as a loading control.
Blots were exposed to autoradiographic film, and the hybridization
signals were measured by densitometry using Quantity One-4.2.3 (Bio-
Rad). Histograms below the DNA gel blot represent the percentages
of the intensities of the hybridization signals corresponding to each
PCR fragment relative to the total intensity of all the fragments.
Intensity values are the averages of four independent experiments.
Error bars represent standard deviations. Numbers below the histo-
grams indicate the PCR-amplified DNA fragments.

of siRNAs between fragments (F,5 55 = 3.29; P = 0.0017) in
Arabidopsis. An LSD test revealed that genomic regions cor-
responding to fragments 1 to 12 produced comparable levels of
TRYV siRNAs, whereas fragments 13 and 14 accumulated sig-
nificantly higher levels of viral siRNAs. In this analysis, frag-
ments 7, 10, and 11 exhibited a tendency to accumulate low
levels of siRNA, and fragment 12 had a tendency to overac-
cumulate siRNAs. This observation suggests that some special
features might be associated with these genomic areas that
ultimately prevent or stimulate formation of siRNAs, perhaps
through differential substrate affinities for specific DCL/RDR
activities. No hybridization signals were detected using labeled
small RNA from mock-inoculated plants (Fig. 3).

To determine whether the higher/lower abundance of
siRNA was associated with genomic regions with extensive
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FIG. 4. Spatial distribution profile of TRV1-derived siRNAs in Arabidopsis dcl mutants. Histograms represent the percentage of siRNA
accumulation in each PCR fragment relative to the total accumulation in all the fragments, as determined by DNA blotting of PCR-amplified DNA
fragments hybridized with 5’ radiolabeled siRNAs purified from single, double, and triple dc/ Arabidopsis mutants infected with TRV. Hybrid-
ization signals were measured by densitometry from three independent experiments. Mean values and standard deviations are shown. Figure
content is as described in the legend of Fig. 3. dcl2/3, dcl2 dcl3; dcl2/4, dcl2 dcl4; dcl3/4, dcl3 dcl4; GUS, B-glucoronidase gene.

secondary structure, we used Mfold to calculate the minimum
folding free energy corresponding to each of the above 14
TRV1 fragments as well as that of 14 RNA sequences of
similar size derived from randomly selected Arabidopsis
mRNAs (see Table S3 in the supplemental material). We
found no statistically significant difference in the minimum free
energy of folding between TRV-derived sequences and the
Arabidopsis transcriptome (t = —1.38; P = 0.18). These data
suggest that none of the TRV fragments contained structural
features involving extensive base pairing that differed substan-
tially from those found in host mRNAs. Indeed, the Mfold
calculations revealed the existence of equivalent base-paired
structures in the form of local fold-back or T-shaped structures
in both TRV and Arabidopsis transcripts (data not shown).
Moreover, there was no significant correlation between the
relative abundance of siRNAs from each TRV fragment and
their corresponding minimum folding energy (r = 0.39; P =
0.16).

DCL target specificities throughout the TRV genome. We
next investigated whether the various DCL pathways in Arabi-
dopsis exhibited their processing activities along the entire viral
genome or, by contrast, whether each DCL was associated with
specific genomic regions. Single, double, and triple dc/ mutants
were infected with TRV, and the corresponding small RNA
population was isolated from inflorescence tissue and *?P la-
beled. Northern blot analysis showed that TRV siRNAs from
single as well as double dc/ mutants hybridized with each of the
~500-bp DNA fragments (Fig. 4; see also Fig. S3 in the sup-
plemental material). Therefore, the sole or combined activity
of DCL2, DCL3, and DCLA4 was sufficient to produce siRNAs
corresponding to all regions of the TRV1 genome, thus rein-
forcing the silencing-mediated antiviral effect exerted against
the viral RNA. No detectable levels of siRNAs were found to

hybridize with any of the TRV fragments in the dcl2 dcl3 dcl4
mutant, confirming that DCLI is not directly involved in the
synthesis of significant amounts of virus-derived siRNAs (see
Fig. S3 in the supplemental material).

We then examined the spatial distribution pattern of TRV
siRNAs associated with each DCL enzyme. Using three inde-
pendent biological replicates per mutant, we found that most
of the mutants tested displayed viral siRNA distribution pro-
files that essentially resembled those produced in wild-type
plants infected with TRV (Fig. 4). One-way ANOVA indicated
that in all single and double dc/ mutants tested, there were
statistically significant differences in the accumulation of TRV
siRNAs between fragments (Fy5,4, > 2.87; P < 0.0094). An
LSD test showed that fragments 7, 10, and 11 consistently
formed a homogeneous group that differed significantly from
other fragments by producing small amounts of TRV siRNAs.
Besides, there was a manifest tendency, which was highly rep-
resentative in certain mutants, for siRNAs to overaccumulate
in fragments 1, 4, 6, and 8. In single dcl2, dcl3, and dcl4 mutants
and double dcl3 dcl4 mutants, siRNA levels from fragments 12
to 14 were significantly different from those from fragments 10
and 11 and were classified into different homogeneous groups.
In contrast, in double dc/2 dcl3 and dcl2 dcl4 mutants, frag-
ments 12 to 14 produced amounts of siRNAs that were as small
as the amounts from fragments 10 and 11. In addition, differ-
ences between fragments explained a significant fraction of the
variance in siRNA production (VC of 0.36 to 0.79, depending
on genetic background).

We next used the same statistical procedures to analyze our
data using the genetic background as a factor to determine if
the siRNA accumulation profile differed between wild-type
and the various dc/ knockout mutants tested. Consistent with
our previous analysis, one-way ANOVA showed that in frag-
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FIG. 5. Accumulation of TRV siRNAs and viral TRV RNAs in Arabidopsis rdr mutants. RNA gel blot analysis of TRV siRNAs (A) and
genomic (g) and subgenomic (sg) TRV RNAs (B) from inflorescence tissue of wild-type and single, double, and triple rdr Arabidopsis mutants
infected with TRV. Duplicate samples were analyzed using a radiolabeled probe specific for the 3" UTR of TRV. The relative accumulations (RA)
of TRV siRNAs were calculated from band intensities and are indicated below the siRNA bands. Band intensities in tissue from wild-type-
inoculated plants with the highest hybridization signal were normalized to 1.0. Composite images from single blots are shown. Figure content is
as described in the legend of Fig. 2. (C) Spatial distribution profile of TRV1-derived siRNAs in Arabidospsis rdr mutants. Histograms represent
the percentage of siRNA accumulation in each PCR fragment relative to the total accumulation in all the fragments, as determined for Fig. 3 and
4, using double and triple rdr mutants infected with TRV. Mean values and standard deviations from three independent experiments are shown.
Figure content is as described in the legend of Fig. 3. dpi, days postinoculation; GUS, B-glucoronidase; rdr1/6, rdrl rdr6; rdr2/6, rdr2 rdr6, rdr1/2/6,

rdl rdr2 rdr6.

ments 1 to 12, no significant differences were found in all
mutants tested (Fg,; < 2.78; P > 0.0509). However, there was
a significant difference in the amount of viral siRNA that
accumulated in fragments 13 and 14 between genetic back-
grounds (F,, > 3.73; P < 0.017). An LSD test showed that
wild-type Arabidopsis accumulated high levels of siRNAs in
fragments 13 and 14 and formed a homogeneous group with
single dcl and double dcl3 dcl4 mutants, whereas double dcl2
dcl3 and dcl2 dcl4 mutants formed a distinct homogeneous
group that accumulated lower levels of siRNAs in these frag-
ments. In these fragments, siRNA accumulation showed mod-
erate broad-sense heritability (A%, of 0.47 and /2, of 0.52 for
fragments 13 and 14, respectively). Thus, genetic background
explained a significant fraction of the variance in siRNA accu-
mulation in our experimental system. Although our analysis
did not identify significant differences in the accumulation of
siRNAs from fragment 12 between genetic backgrounds, the
lowest mean values corresponded to dcl2 dcl3 and dcl2 dcl4

mutants, which reflected a tendency to accumulate less siRNAs
in this region.

Collectively, these findings suggested that the three DCL
enzymes would be capable of processing, albeit with different
affinities, dSRNA structures generated along the entire viral
RNA to yield similar patterns of siRNA distribution. However,
a substantial amount of TRV siRNAs originating at the 3" end
of the TRV1 genome specifically required DCL2-mediated
processing of viral templates.

RDR requirements for the biogenesis of TRV siRNAs in
Arabidopsis. In plants, host-encoded RDRs may use viral tem-
plates to produce dsRNAs that serve as substrates for the
formation of secondary siRNAs, hence amplifying initial si-
lencing responses. We studied the involvement of host RDR
enzymes in TRV siRNA biogenesis by infecting loss-of-func-
tion single, double, and triple mutants of rdrl, rdr2, and rdr6 in
Arabidopsis. Northern blot analysis showed that accumulation
of the two major 21- and 24-nt TRV siRNA classes in upper,
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noninoculated inflorescence tissue was not affected by single
loss-of-function rdr mutations (Fig. 5SA). Accordingly, accumu-
lation of TRV genomic RNA in single rdr mutants was not
substantially different from that in wild-type plants (Fig. 5B).
However, while TRV siRNAs were only slightly less abundant
in rdrl rdr6 and rdr2 rdr6 mutants, they were strongly reduced
in the rdrl rdr2 rdr6 triple mutant compared to wild-type plants
at 10 and 16 days postinfection (Fig. 5A). This result was
reproducible using a probe corresponding to TRV2 (data not
shown). The low accumulation of siRNAs was not due to lack
of TRV replication or movement in the tissue analyzed, as
double and triple rdr mutants accumulated significantly higher
levels of full-length viral genomic and subgenomic RNAs over
time than did the wild-type plants (Fig. 5B). This result reflects
a considerable difference in the ratio of viral genomic and
subgenomic RNA relative to TRV-specific siRNAs between
the wild-type and each of the double and triple rdr mutants.
We suspect that in the absence of functional RDRs, only a
limited amount of viral-derived dsRNA was formed, and con-
sequently less substrate was available for DCL-mediated cleav-
age and siRNA generation despite increasing amounts of viral
RNAs. TRV siRNA detected in the rdr! rdr2 rdr6 triple mutant
probably represented a pool of primary and secondary siRNAs
derived from cleavage of the silencing inducer viral RNA and
redundant activities of other endogenous RDR enzymes. From
these data, we conclude that biogenesis of a large fraction of
the TRV siRNA population is largely influenced by the activity
of at least three RDR homologs in Arabidopsis, which presum-
ably exhibit partially complementary functions.

We further examined whether the loss of specific RDRs
altered substantially the spatial distribution of TRV siRNAs.
Northern analysis revealed that **P-labeled TRV siRNAs from
rdr mutants hybridized to each of the ~500-bp TRV-derived
DNA fragments according to the same pattern observed in
wild-type plants (Fig. 5C; see also Fig. S4 in the supplemental
material). One-way ANOVA, using the genetic background as
a factor, indicated that there were not statistically significant
differences in the siRNA accumulation profile between wild-
type and the rdr mutant series tested (F 5, < 2.45; P > 0.0745).
Nevertheless, these results are difficult to interpret since other
RDR enzymes among the six RDR genes in Arabidopsis may
compensate, at least partially, for RDR deficiencies during the
production of viral siRNAs, complicating the identification of
target regions for specific RDR activities. Further studies using
mutant combinations involving rdr3, rdr4, and rdr5 should pro-
vide a more comprehensive scenario on the implication of the
different plant RDRs on siRNA biogenesis.

DISCUSSION

In this study, we investigated the origin and the genetic
components implicated in the biogenesis of viral siRNAs using
TRYV. Our data revealed a global population of TRV siRNAs
in systemically infected plants that was influenced by distinct
interconnected RNA silencing pathways involving coordinated
DCL and RDR activities.

We used two experimental approaches to analyze the pop-
ulation of viral siRNAs in two host species systemically in-
fected with TRV. In Arabidopsis, cloning of small RNAs and
RNA hybridization-based analyses revealed a set of TRV

J. VIROL.

siRNAs derived from positive and negative viral RNA strands,
although TRV siRNAs of positive polarity were significantly
more abundant than those derived from the complementary
strand of negative polarity. Formation of both sense and anti-
sense, 21- to 24-nt siRNAs was associated with the processing
activity of DCL4, DCL3, and DCL2, which all functioned
throughout the viral genome to produce multiple siRNA se-
quences. DCL4-dependent, siRNA of 21 nt was the dominant
species, while the DCL3-dependent, 24-nt class accumulated
to lower levels in the infected tissue. In general, data from
RNA hybridizations and sequence analysis were consistent and
indicated that the profile of TRV siRNAs was fairly represen-
tative of the entire siRNA population in TRV-infected plants.
Interestingly, in N. benthamiana, asymmetry in strand polarity
was evident only for TRV2, whereas TRV1 generated equiv-
alent numbers of sense and antisense siRNA sequences in the
cloned set. Another particularity of the cloned library in N.
benthamiana is that sSiRNAs of 22 nt accumulated to the same
high levels as 21-nt siRNAs in the infected tissue. It will be
interesting to investigate whether this symmetrical distribution
in strand polarity and size class distribution accurately reflects
the siRNA population and to determine if the biosynthetic
pathways of siRNAs in N. benthamiana differ from those in
Arabidopsis.

The preferential enrichment of viral positive-strand siRNAs
in response to virus infection observed for many plant viruses,
including the CMV satellite RNA, supports a model whereby
secondary structures within viral single-stranded RNA strands
serve as a substrate for DCL-mediated cleavage (17, 18, 31, 40,
41, 51). In the case of TRV, we wonder whether the dominance
of sense siRNAs in the infected tissue reflects a biogenesis
mechanism that preferentially targets single-stranded RNAs
or, by contrast, is the result of maturation events downstream
of cleavage of perfectly complementary dsRNA that ultimately
favors the accumulation of sense siRNAs to the detriment of
antisense siRNAs. In this regard, it is plausible that structural
and/or biochemical modifications particularly associated to
siRNAs derived from positive viral strands or preferential in-
corporation of sense siRNAs into effector complexes might
account for the higher incidence of these siRNA species. Using
Mfold to predict RNA secondary structures, we found that
there was little, if any, correlation between regions of predicted
local base pairing within the sense TRV and the sequences of
siRNAs. Therefore, the direct contribution of internal folded
regions to the final population of TRV siRNAs is not clear.
Considering that analysis and designation of structural RNA
features by means of computational algorithms must be inter-
preted with caution, it will be necessary to demonstrate exper-
imentally that these proposed base-paired structures exist in
vivo and can be processed by DCL into viral siRNAs. On the
other hand, there is no reason to presume that the presence of
siRNA clusters, which is also associated with processing of
perfectly complementary dsRNA in plants and animals (21, 32,
35, 43), is a reliable indicator of cleavage of folded RNA.

In addition to sense siRNAs, accumulation of antisense viral
siRNAs in the infected tissue has been reported for most, if not
all, plant viruses tested, including TRV (this study), demon-
strating that synthesis of negative-stranded RNA is also a com-
mon step in the formation of virus-derived siRNAs (7, 15, 25,
31, 52). This leads us to the question of whether DCL enzymes
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use different types of substrates to generate siRNAs of differ-
ent polarities. Derivation of antisense siRNA from single neg-
ative-strand viral RNA may involve processing of internal
folded regions, as proposed for certain siRNAs derived from
CMV satellite RNAs (18). If this is case, the relatively low
abundance of antisense siRNA would correlate well with the
assumption that negative-strand viral RNA is much less abun-
dant than positive-strand viral RNA. Another possibility is that
siRNAs of both polarities derive from dsRNA substrates that
result from intermolecular base pairing of positive viral RNAs
and the complementary negative strands. It is assumed that
dsRNA intermediates can be formed during the infectious
cycle in the host cell and can potentially be processed into viral
siRNAs (1, 17). The existence of long dsSRNA replicative forms
and their accessibility for DCL processing have not yet been
proven experimentally, and therefore their contribution to
siRNA formation is debatable. However, we consider it likely
that other shorter viral RNA species of positive and negative
polarities (subgenomic RNA or partly degraded or partly syn-
thesized pieces of genomic RNA) anneal to create dsRNA
molecules with the potential to initiate a silencing response.
A complementary mechanism for dsRNA production in-
volves host-encoded RDRs using positive-strand viral RNA as
a template for synthesis of negative-strand RNA (54). Host-
encoded RDRs play a crucial role in the maintenance stage of
virus-induced RNA silencing in plants, which is linked to the
formation of secondary siRNAs (12, 29, 42, 49, 52, 60). The
results presented in this study indicated that a large portion of
TRV siRNAs was RDR dependent and identified RDRI1,
RDR2, and RDR6 as host factors required for biogenesis of
TRV siRNAs and antiviral silencing. But what is the overall
contribution of the RDR-mediated pathways to viral siRNA
formation? The reduction in viral siRNA accumulation in con-
trast to the increased accumulation of viral genomic and sub-
genomic RNAs (which should potentially serve as additional
substrates for direct DCL-mediated cleavage) in the rdrl rdr2
rdr6 triple mutant argues against secondary structures as the
main source of siRNAs and emphasizes the relevance of RDR-
dependent silencing pathways in the formation of secondary
siRNAs. An important issue to clarify is the specific role of
each of the remaining Arabidopsis RDR genes since they might
function redundantly in siRNA biogenesis. Previous studies
showed that silencing of RDR6 alone in N. benthamiana en-
hances susceptibility to Potato virus X, Potato virus Y, and CMV
in combination with its Y satellite but not to TRV and Tobacco
mosaic virus (49). Similarly, the rdr6 Arabidopsis mutant is
hypersusceptible to CMV but not to Tobacco mosaic virus,
TRV, Turnip mosaic virus, or the Turnip vein clearing virus (12,
13, 42). The fact that inactivation of a single RDR does not
substantially alter susceptibility to all RNA viruses belonging
to different groups may be due to functional redundancy in
mediating antiviral silencing among RDR enzymes. Consistent
with this idea, we found that diminished siRNA accumulation
and hypersusceptibility to TRV infection were evident in dou-
ble and triple rdr mutants but not in single rdr Arabidopsis
mutants. This finding firmly suggests that more than one
RDR-dependent pathway functions in the biogenesis of TRV
siRNAs and subsequent antiviral defense. Alternatively, virus-
encoded proteins with silencing suppressor properties may in-
hibit one or more RDR pathways of siRNA biogenesis, as
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reported for the CMV-encoded 2b protein, which specifically
interferes with RDR1-dependent synthesis of secondary viral
siRNAs (15).

Our study reveals a heterogeneous distribution profile of
viral siRNAs along the TRV genome, presumably due to the
existence of genomic areas with some special features that may
influence accessibility, affinity, or enzymatic activity of one or
more components of the RNA silencing machinery required
for siRNA biogenesis. For instance, we show in this study that
TRV siRNAs were particularly abundant at the 3’ end of
TRV1 (fragments 12 to 14). This region encompasses the 29-
kDa- and 16-kDa-coding genes which are translated from two
subgenomic RNAs (la and 1b) (Fig. 1A). Therefore, high
accumulation of siRNAs at the 3’ end of TRV1 was relatively
easy to envision since both subgenomic RNAs most probably
provided additional templates for the formation of viral
dsRNA substrates. The accumulation of siRNAs at this region
was significantly reduced in double dc/ mutants lacking DCL2
activity. A possible scenario for this target specificity is that
certain dsSRNA substrates derived from this genomic region
possess structural features that favor preferential DCL2 tar-
geting. For instance, complementary regions from overlapping
subgenomic RNAs of positive and negative polarity might an-
neal either together or with complementary sequences derived
from longer viral RNAs to form dsRNA substrates. This hy-
pothetical dSRNA would resemble that produced by annealing
of complementary regions in converging transcripts from an-
tisense genes, which is the endogenous target for the DCL2
pathway (8). This substrate specificity is also presumably con-
ditioned by the association of each DCL enzyme with any of
the dsRNA-binding proteins that function as essential cofac-
tors in RNA silencing (30). Nevertheless, since we did not
observe any statistically noticeable effect on the accumulation
of siRNA at the 3’ end of TRV1 in single dc/2 mutants, it is
reasonable to think that the three DCL enzymes contributed
significantly to siRNA formation along this region, perhaps by
targeting different types of dSRNA generated through distinct
mechanisms of dsSRNA synthesis.

Closely related to possible preferential cleavage zones in
siRNA precursors is the issue of whether viral sequences con-
taining dsRNA structure extend to all regions of the virus
genome. Besides the putative sites of RNA folding within viral
sequences, the involvement of host RDR activities and the
hypothetical presence of optimal and suboptimal sites for
RDR activity to initiate synthesis of minus RNA strands ap-
pear to be critical in determining the extent of dSRNA forma-
tion along the virus template. Several reports proposed that
viral RNAs that lack features of host transcripts such as a 5’
cap or poly(A) tail may enter the RNA silencing pathway
because they are converted to dSRNA by host RDR enzymes
(5,24,28,37, 60). These aberrant viral RNAs might be formed
during virus replication or as a result of initial cleavage events
guided by primary viral siRNAs originated at the earliest steps
of the infectious cycle. Alternatively, we cannot totally rule out
the possibility that RDRs may also function to generate sec-
ondary siRNAs of antisense polarity directly from non-RNA-
induced silencing complex-cleaved RNA templates, as de-
scribed in Caenorhabditis elegans (43, 50).

The results presented here may well support a model in
which primary siRNAs result from DCL-mediated cleavage of
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the original viral RNA trigger in the earliest stages of virus
infection. The trigger might appear in the form of secondary
structures along the viral RNA and/or dsRNA formed through
base pairing of complementary positive and negative viral
strands. Secondary siRNAs would represent a large fraction of
the population of TRV siRNAs which would derive either
from processing of viral dsSRNAs generated by the action of
endogenous RDRs or as direct RDR products. The challenge
ahead is to determine how broadly applicable our findings with
TRV may be to different viruses and host species in order to
build a general model for virus-derived siRNA biogenesis in
plants.
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