RNAi-mediated viral immunity requires amplification
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In diverse eukaryotic organisms, Dicer-processed, virus-derived
small interfering RNAs direct antiviral immunity by RNA silencing
or RNA interference. Here we show that in addition to core dicing
and slicing components of RNAi, the RNAi-mediated viral immunity
in Arabidopsis thaliana requires host RNA-directed RNA polymerase
(RDR) 1 or RDR6 to produce viral secondary siRNAs following viral
RNA replication-triggered biogenesis of primary siRNAs. We found
that the two antiviral RDRs exhibited specificity in targeting the
tripartite positive-strand RNA genome of cucumber mosaic virus
(CMV). RDR1 preferentially amplified the 5'-terminal siRNAs of each
of the three viral genomic RNAs, whereas an increased production
of siRNAs targeting the 3’ half of RNA3 detected in rdr7 mutant
plants appeared to be RDR6-dependent. However, siRNAs derived
from a single-stranded 336-nucleotide satellite RNA of CMV were
not amplified by either antiviral RDR, suggesting avoidance of the
potent RDR-dependent silencing as a strategy for the molecular
parasite of CMV to achieve preferential replication. Our work thus
identifies a distinct mechanism for the amplification of immunity
effectors, which together with the requirement for the biogenesis
of endogenous siRNAs, may play a role in the emergence and ex-
pansion of eukaryotic RDRs.

antiviral immunity | cucumber mosaic virus | RNA silencing | RNA-
dependent RNA polymerase | secondary small interfering RNA

NA silencing or RNA interference in fungi, nematodes and
plants requires amplification of small interfering RNAs by
eukaryotic RNA-directed RNA polymerases (RDRs) (1-3).
Plant and fungal RDRs convert transcripts of target genes into
dsRNA that is subsequently processed into secondary siRNAs by
a Dicer or Dicer-like (DCL) nuclease. In contrast, Caeno-
rhabditis elegans RDRs, such as RRF-1, may directly manu-
facture secondary siRNAs without dicing a dSRNA precursor (1-
3). The genome of Arabidopsis thaliana encodes six RDRs that
are grouped into four clusters (1, 2, 4), among which little is
known about cluster III, consisting of RDRs 3a, 3b, and 3c.
RDR2 and RDR6 are both required for the short-distance
spread of transgene silencing and for the perception, but not the
production, of the long-distance mobile silencing signal (1, 5-9).
RDR2 is also essential for the biogenesis of the DCL3-depend-
ent 24-nucleotide (nt) repeat-associated siRNAs (rasiRNAs)
derived from transposons, retroelements, and other elements,
which are the most abundant endogenous small RNAs in A.
thaliana (3). Similarly, RDR6 coupled with DCL4 or DCL1 is
responsible for the biogenesis of transacting siRNAs (tasiRNAs)
and natural antisense siRNAs (nat-siRNAs), which silence ex-
pression of their target genes like microRNAs (miRNAs) (1-3).
RNA silencing controls antiviral immunity in fungi, plants, and
invertebrates by producing virus-derived siRNAs to be loaded in
an Argonaute protein for antiviral silencing (10-12). In A.
thaliana, DCL4 and DCL2 produce viral siRNAs against distinct
positive (+)-strand RNA viruses in a hierarchical and redundant
manner (13-16). RDR1 and RDR6 of plants and RRF-1 of
C. elegans have been implicated in antiviral silencing because
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RDR-defective mutants exhibit enhanced susceptibility to some
of the RNA viruses examined (5, 13, 17-25). However, although
two recent studies detected RDR-dependent biogenesis of viral
siRNAs in A. thaliana, neither observed a consistent effect of
secondary siRNAs on antiviral silencing (13, 18). For example, a
modestly reduced viral siRNA production observed in rdrl mu-
tant plants was not associated with an expected increase in virus
accumulation (13). Similarly, although virus accumulated to
higher levels in both rdr2 rdr6 and rdrl rdr2 rdr6 plants than in
WT plants, a markedly reduced accumulation of viral siRNAs
was detected only in rdrl rdr2 rdr6 plants (18). Thus, it remains to
be established if host RDRs regulate virus resistance either di-
rectly by amplification of viral siRNAs or indirectly by the ac-
tivity of the endogenous RDR-dependent siRNAs of the host. In
this regard, it should be pointed out that silencing against RNA
viruses does not have to involve a host RDR. RNA viruses en-
code their own RNA-dependent RNA polymerase that synthe-
sizes dsRNA replicative intermediates during viral RNA
replication, which are sufficient to induce antiviral silencing in
Drosophila melanogaster, an organism that neither encodes an
RDR ortholog nor produces secondary siRNAs (26).

Plant and animal viruses encode essential pathogenesis factors
to act as viral suppressors of RNA silencing (VSRs) (27). Recent
studies have shown that use of VSR-deficient mutant viruses
facilitates mapping the genetic requirements of the RNAi-
mediated viral immunity (13, 14, 28, 29). Removal of VSRs
enhances virus sensitivity to the immunity and thus is essential to
reveal some of the induced antiviral silencing events that would
otherwise be undetectable in hosts infected by a wild-type virus.
In this study, we investigated the role of 4. thaliana RDRs in the
RNAi-mediated viral immunity by using a mutant of cucumber
mosaic virus (CMV) that does not express the VSR protein 2b.
CMYV contains three positive-strand genomic RNAs and the 2b
protein encoded by RNA2 is essential for infection by sup-
pressing antiviral silencing initiated by either DCL4 or DCL2
(13). Our results demonstrate an essential role for the amplifi-
cation of viral siRNAs by either RDR1 or RDR6 in antiviral
silencing. Further analyses, including Illumina sequencing of
more than 3.5 million viral siRNAs, indicated target specificity of
the two antiviral RDRs. The possibility that emergence and ex-
pansion of eukaryotic RDRs represent an evolutionary adapta-
tion to virus infection is discussed.
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Results

An Essential Role for the Host RDR Function in Antiviral Silencing. The
2b-deletion mutant of CMV used in this study, CMV{-A2b, was
from the Fny strain of CMV, a subgroup I strain of CMV (30,
31). Unlike the Q strain used previously (13), Fny-CMV induces
clearly visible disease symptoms (Fig. 1) in WT A. thaliana
plants. CMV{-A2b caused no visible disease symptom (see Fig.
1) and accumulated to low levels in WT A. thaliana plants, but
became as virulent as wt Fny-CMYV in mutant plants defective for
both DCL4 and DCL2. Thus, removal of the VSR of CMV
rendered the mutant virus readily silenced in A. thaliana by the
DCL4/DCL2-initiated RNA silencing immunity, similar to other
VSR-deficient viruses previously described (13, 14).

We compared the responses of the WT and the three RDR
mutant plants (rdrl, rdr2, and rdr6) previously characterized (32,
33) and their double and triple mutants following inoculation
with CMV{-A2b (see Fig. 1). Purified virions were used as the
inoculum because virus inoculation by Agrobacterium infiltration
triggers RDR6-dependent RNA silencing (34, 35) that may in-
terfere with antiviral silencing. We found that the three single rdr
mutants, as well as two double mutants, rdrl rdr2 and rdr2 rdr6,
showed no visible pathological changes with or without in-
oculation by CMV{-A2b, and thus were similar to WT plants.
However, the two mutant combinations containing both rdril-1
and rdr6-15 loss-of-function alleles, rdrl rdr6 and rdrl rdr2 rdr6,
developed disease symptoms, including leaf deformation and
severe stunting 3 weeks after inoculation with CMV{-A2b, but
not with buffer alone (mock).

Following inoculation, the virus initially replicated and spread
locally in the inoculated leaf (local infection) before moving out
to systemically infect other parts and newly emerging tissues of
the plant (systemic infection). As expected from previous studies
(13, 31, 36), Northern blot hybridizations confirmed that CMV{-
A2b locally and systemically infected all of the WT and mutant
plants examined (Fig. S1 and Fig. 24). Presence of the rdrl-1
allele both alone and in combination with rdr2-1 was reprodu-
cibly associated with a modestly enhanced (greater than twofold
increase) virus accumulation in the systemically infected leaves
(see Fig. 24, compare Lanes 3 and 6 with Lanes 2,4, 5 and 8; Fig.
S2A4). However, a markedly increased accumulation (>10-fold
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Fig. 1. CMVf-A2b caused diseases in rdr1/2 and rdr1/2/6 mutants, but not in
WT, rdr1, rdr6, rdr1/2, and rdr2/6 mutants. Seedlings were photographed 3
weeks after inoculation with purified virions (20 pg/mL) of CMV or CMVf-A2b.
Mutants rdr2, rdr1 rdr2, and rdr2 rdr6 were identical to WT and were not shown.
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Fig. 2. Accumulation of (A) viral genomic/subgenomic RNAs and (B) viral
siRNAs derived from viral genomic RNAs 1 to 3 in the WT, rdr, and dc/ mu-
tant plants 2 weeks after inoculation with CMVf-A2b virions. The values
below (A) referred to the relative hybridization signal intensity of genomic
RNAs 1 to 3 measured for each sample with the accumulation level in WT
plants set as 1; 255 rRNA and U6 RNA were used as loading controls for the
high and low molecular weight RNA, respectively. RNA samples from WT
plants mock inoculated with buffer were loaded in lane 1 (M). Note that
lanes 1 to 13 were from the same membrane with the same exposure time.
(C) The ratios of the relative accumulation levels for viral siRNAs versus their
corresponding viral genomic RNAs 2 and 3 measured for three independent
experiments. The ratios for both RNA2-siRNAs/RNA2 and RNA3-siRNAs/RNA3
detected in rdr1 rdr2 rdr6 plants were set as 1.

increase) of CMV{-A2b was detected only in the systemically
infected leaves of rdrl rdr6 and rdrl rdr2 rdr6 plants, which car-
ried both rdrl-1 and rdr6-15 alleles and developed disease
symptoms (see Fig. 24, compare Lanes 7 and 9 with Lanes 1-6
and 8; Fig. S24). In contrast, presence of the rdr6-15 allele both
alone and in combination with rdr2-1 had little effect (less than a
onefold difference) on the accumulation of CMV{-A2b (see Fig.
2A). Compared to rdrl rdr6 and rdrl rdr2 rdr6 plants, however,
CMV{-A2b consistently accumulated to higher levels in dcl2 dcl4
and dcl2 dcl3 dcl4 plants (see Fig. 24, Lanes 11 and 13), which
are completely defective in antiviral silencing against RNA vi-
ruses (13-16).

These analyses showed that the mutant virus replicated to high
levels and caused severe disease symptoms in rdrl rdr6 and rdrl
rdr2 rdr6 plants in which both RDR1 and RDR6 were not func-
tional. Therefore, in addition to the core dicing and slicing com-
ponents, A. thaliana requires an essential RDR function mediated by
either RDRI or RDR6 to enhance the potency of RNA silencing-
mediated antiviral immunity. Notably, loss of RDRI alone mod-
estly, but significantly, increased the virus accumulation in
the infected plants (P-values < 0.05), in contrast to removal of
RDR6 and RDR2 both alone and together that had little effect on
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CMV£-A2b infection (see Fig. 24 and Figs. S14 and S24).
Moreover, we found that the increase of RNA3 levels in RDR-
defective plants (rdrl rdr6 and rdr1 rdr2 rdr6) from RDR-silencing
plants (WT, rdrl, rdr2, rdr6, rdrl rdr2, and rdr2 rdr6) was at least 10-
fold higher than the increase of RNA2 levels (see Fig. 24 and Fig.
S2A). Thus, RDRI may not have the same function as RDR6 in
antiviral silencing in targeting the genomic RNAs of CMV.

RDR-Dependent Antiviral Silencing Is Associated with Amplification
of Virus-Derived siRNAs. The contrasting effects of the single and
double rdrl-1/rdr6-15 mutant alleles on the susceptibility of A.
thaliana plants to CMV{-A2b provided a unique opportunity to
determining if amplification of viral siRNAs plays a role in the
RDR-dependent virus resistance. Thus, we next analyzed the ac-
cumulation of viral siRNAs corresponding to the three genomic
RNAs of CMV{-A2b using the same samples analyzed in Fig. 24.
Compared to WT plants, a markedly decreased accumulation of
viral siRNAs was observed in the plants containing both rdri-1 and
rdr6-15 alleles (Fig. 2B, compare Lane 2 with Lanes 7 and 9). The
reduction was detected for siRNAs targeting all of the three ge-
nomic RNAs of CMV{-A2b and in both the inoculated leaves (see
Fig. S1B) and systemically infected leaves (see Fig. 2B) of rdr1 rdr6
and rdrl rdr2 rdr6 plants. It is striking to note that compared to WT
plants, the levels of viral siRNAs were 1- to 2-fold lower in those
symptomatic mutant plants even though CMV{-A2b replicated to
17- to 18-fold higher levels. Amplification of viral siRNAs were
estimated by comparing the ratios of viral siRNAs/genomic RNAs
between WT and mutant plants after the accumulation level of the
viral genomic RNAs in WT plants and of viral siRNAs in rdr1 rdr2
rdr6 plants was both set as 1 (Fig. 2C). We found that the ratios of
viral siRNAs/genomic RNAs in the symptomatic rdr! rdr6 and rdrl
rdr2 rdr6 plants were at least 20-fold lower than that in the resistant
WT plants (P-values < 0.05) (see Fig. 2C and Figs. S2 4 and B),
demonstrating that the RDR-dependent antiviral silencing in
A. thaliana was associated with a substantial amount of RDR-
mediated amplification of viral siRNAs. Participation of multiple
RDRsin the biogenesis of viral siRNAs was also detected in a recent
study (18), which, possibly because of the use of a VSR-expressing
WT virus, did not find a consistent correlation between production
of RDR-dependent viral siRNAs and antiviral silencing.

We found that consistent with previous studies (13-16), the
silencing 21- and 22-nt viral siRNAs were undetectable in dcl4
dcl2 plants infected by CMV{-A2b under the same conditions
(see Fig. 2B). This suggests that the RDR-dependent viral siR-
NAs were produced by the antiviral DCLs, similar to RDR6-
dependent transgene siRNAs and tasiRNAs (2, 37), and that the
low levels of viral siRNAs detected in rdrl rdr6 and rdrl rdr2 rdr6
plants were RDR-independent and represented primary viral
siRNAs. Notably, CMV{-A2b accumulated to much lower levels
in rdrl rdr6 and rdrl rdr2 rdr6 plants than in dcl2 dcl4 plants (see
Fig. 24). Thus, there was active antiviral silencing possibly
mediated by the primary viral siRNAs in those RDR silencing-
defective plants, indicating that antiviral RDRs are involved in
the amplification, but not in the initiation, of antiviral silencing.

Further comparisons of the accumulation of viral siRNAs
between WT and rdr mutants revealed distinct effects of rdrl-1
and rdr6-15 alleles on the amplification of viral siRNAs. The
rdr6-15 allele, either alone or in combination with rdr2-1, had no
obvious effect on the production of siRNAs corresponding to
any of the three genomic RNAs (see Fig. 2). In contrast, and
consistent with our early work (13), presence of the rdrl-1 allele,
both alone and in combination with rdr2-1 and rdr6-15 alleles,
markedly decreased the production of siRNAs targeting RNAs 1
and 2 in both the inoculated leaves (see Fig. S1) and systemically
infected tissues (see Fig. 2). By comparison, the impact of the
rdrl-1 allele either alone or in combination with rdr2-1 on the
amplification of RNA3-specific siRNAs was much smaller than
on the amplification of RNA1/2-specific siRNAs (see Fig. 2), and
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dramatically reduced amplification of RNA3-specific siRNAs
was observed only when both rdrl-1 and rdr6-15 alleles were
present. Subsequent analyses indicated that the three viral ge-
nomic RNAs were similarly targeted for siRNA amplification
by RDR1 and an enhanced amplification of RNA3-specific
siRNAs in rdrl plants partially compensated the loss of RDRI1-
dependent siRNAs (see below).

Profiling Viral siRNAs Produced During Infection. To provide a
genome view of viral siRNAs produced during infection, small
RNA libraries were made from systemically infected tissues of
two independent pools of WT, rdrl, and rdrl rdr2 rdr6 plants
inoculated with CMVf-A2b and sequenced with Solexa tech-
nology in [llumina, Inc and our campus core facility, respectively.
We first verified the genotypes of the A. thaliana mutants used in
this study by examining our small RNA libraries for tasiRNAs
and rasiRNAs, which represent the endogenous products of
RDR6 and RDR2, respectively (1-3). As expected, tasiRNAs
and rasiRNAs were abundant in WT and rdrl plants but both
disappeared in rdrl rdr2 rdr6 plants. Next, only small RNAs that
are 100% identical or complementary to genomic RNAs of
CMV£-A2b were considered because the inoculum was from a
cloned virus. We found that the virus-derived siRNAs were
37.4%, 35.3%, and 16.3% of the total small RNA reads from
WT, rdrl, and rdrl rdr2 rdr6 plants, respectively. Thus, in spite of
much higher levels of CMV{-A2b replication in rdrl rdr2 rdr6
plants than in rdrl and WT plants (see Fig. 24), there was a
twofold drop in the relative abundance of viral siRNAs in the
library made from rdrl rdr2 rdr6 plants as compared to the li-
braries from rdrl and WT plants, which was consistent with the
data presented in Fig. 2C and Figs. S2 4 and B).

No preference for a specific nucleotide was observed for the 5’
termini of viral siRNAs. A great majority of the sequenced viral
siRNAs were the 21-nt species in all of the libraries (72-86%)
whereas 10 to 21% of viral siRNAs were the 22-nt species (Fig.
S3A). Thus, although DCLA4 clearly played a dominant role in
antiviral silencing, there was active DCL2-dependent production
of viral siRNAs in the presence of DCL4. Approximately equal
ratios of viral siRNAs in all of the three libraries from WT and
mutant plants were mapped respectively to the positive and
negative strands of each of the three viral genomic RNAs (Fig.
S3B). This result was similar to that found for several +RNA
viruses, but was in contrast to several other +RNA viruses that
produce significantly more positive-strand siRNAs than negative-
strand siRNAs (11). Because +RNA viruses produce 10- to 100-
fold excesses of positive- over negative-strand RNA (38), the
absence of strand bias in virus-derived siRNAs produced in both
wt and rdrl rdr2 rdr6 plants indicates that the precursor of CMV-
derived siRNAs was dsRNA whether or not there was RDR-
dependent amplification of viral siRNAs.

We compared the relative abundances of siRNAs targeting the
three genomic RNAs, which was not readily achieved by
Northern blot analysis using different probes. In WT plants
infected with CMV{-A2b, 100,581, 91,532, and 452,252 siRNAs
(19- to 25-nt) were mapped to the viral RNAs 1, 2, and 3, re-
spectively. Thus, the abundance of RNA3-specific siRNAs was
more than twice the sum of RNA1- and RNA2-specific siRNAs.
The density of siRNAs targeting RNA3 was at least fivefold
higher than that of RNAs 1 and 2 (Fig. 3) because RNA3 is ~1
and 0.5 kb shorter, respectively, than RNA1 and the 2b-deleted
RNAZ2. The siRNA density of RNA3 was also much higher than
that of either RNA1 or RNA2 in rdr! rdr2 rdr6 plants (see Fig. 3).
Thus, a higher replication rate of the shorter RNA3 may produce
more abundant dsSRNA replication intermediates for dicing, re-
sulting in a higher density of primary siRNAs targeting RNA3
before further amplification by RDR.

Although there were variations in the relative abundance of
siRNAs targeting RNAs 1 and 2 between the duplicate libraries,
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RNA3-specific siRNAs was substantially and consistently
reduced only in rdrl rdr2 rdr6 plants, but not in rdr! plants (Table
S1). Because of the overwhelming abundance of RNA3-specific
siRNAs produced during infection, there was little difference in
the abundance of total viral siRNAs between WT and rdr! plants
(see Table S1). It is important to point out that some RNA3-
specific siRNAs are expected to cross-target RNAs 1 and 2
for silencing because of 96% identity among the 240-nt 3'-
untranslated regions of CMV RNAs (31).

Preferential Amplification of siRNAs Targeting Distinct Viral Genome
Regions by RDR1 and RDR6. Fig. 3 showed the mapping of the
positive- and negative-strand viral siRNAs sequenced from the
infected plants to the top and bottom, respectively, of each of the
three genomic RNAs of CMV{-A2b. Note that two different scales
were used to accommodate the high abundance of RNA3-specific
siRNAs. We found that in WT plants infected with CMV{-A2b, the
density of siRNAs targeting the 5" half of each of the three viral
genomic RNAs was much higher than that of the 3’ half (see Fig.
3). However, siRNAs targeting the 5'-terminal regions of RNAs 1,
2, and 3 largely disappeared in rdr! plants, but no major changes
were observed for the density of siRNAs targeting the remaining
regions between wt and rdrl plants (see Fig. 3). For example,
~30% of RNA1-specific siRNAs were mapped to the 1/5, 5'-ter-
mimal region of RNA1 in WT and rdr6 plants, but only 10% were
mapped to the same region of RNA1 in rdr! plants. The density of
siRNAs targeting the 5'-terminal regions of RNAs 2 and 3 was also
similarly reduced inrdr! plants as compared to WT plants (see Fig.
3). These results indicate that RDR1 played a critical role in the
amplification of siRNAs targeting the 5'-terminal regions of the
three viral genomic RNAs.

We observed a marked increase in the density of siRNAs tar-
geting the 3’ half of RNA3 in rdrl plants compared to that in WT
plants (see Fig. 3). More than 66% of the total RNA3-specific
siRNAs were mapped to this region of RNA3 in rdr! plants,
whereas siRNAs targeting the same region of RNA3 in WT plants
were reduced to x#30% of the total RNA3-specific siRNAs (see
Table S1). Thisregion of RNA3isidentical in sequence to RNA4,a
subgenomic RNA transcribed internally from the negative-strand
RNA3 to act as mRNA of coat protein. Both the reduction of
siRNAs targeting the 5’-terminal regions of the three viral genomic
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Fig. 3. Mapping of viral siRNAs produced in infected
plants. Reads of perfect match 21-nt viral siRNAs per mil-
lion of the total sequenced small RNAs were plotted to the
positive- (Top) and negative- (Bottom) strands of CMV{-
A2b RNAs 1, 2 and 3 with a 20-nt window. Note that the
1 scale of RNA3 is five times that of RNAs 1 and 2, and that
&0 no siRNAs were mapped to the deleted region of RNA2
shown in red. Because of 96% identity in the 240-nt 3'-
untranslated regions among CMV RNAs 1, 2, and 3, siRNAs
from this region were distributed to the individual ge-
100 nomic RNAs according to the overall siRNA density of each
RNA. Genome organization of each viral genomic RNA is
shown. CP, coat protein; MP, movement protein.

RNAs and the surge of siRNAs targeting the RNA4 region of
RNA3were reproducibly detected in rdrl plants by sequencing two
independently constructed small RNA libraries made from CMV{-
A2b-infected wt and rdr! plants, respectively (Fig. S4). In rdrl rdr2
rdr6 plants, however, the density of siRNAs was uniformly reduced
across the entire length of the three genomic RNAs and the surge
of siRNAs targeting the RNA4 region of RNA3 observed in rdr!
plants was absent (see Fig. 3 and Fig. S4). Thus, whereas RDR1
preferentially amplifies the 5’-terminal viral siRNAs, siRNAs tar-
geting the remaining regions of viral genomic RNAs as well as the
RNAA4 region of RNA3 in rdr! plants may be amplified by RDR®6.

To independently verify the observed distribution patterns of
viral siRNAs, total 18- to 28-nt small RNAs were isolated from
infected plants and labeled with **P to probe three panels of DNA
fragments synthesized by PCR representing the evenly divided
regions of viral genomic RNAs 1, 2, and 3 (Fig. S5), as described
previously (26, 39). This approach confirmed a higher density of
siRNAs targeting RNA3 than those of RNAs 1 and 2 because the
small RNA probes from the infected plants of all five different
genotypes produced much stronger hybridization signals to RNA3
than RNAs 1 and 2 (see Fig. S5). The results also supported
RDR1-dependent amplification of the 5’-terminal siRNAs, as
strong siRNA signals for the 5’-terminal regions of genomic RNAs
1,2, and 3 were visible in plants that are WT for RDR1, such as WT
and rdr6 plants, but were absent inrdr!, rdrl rdr6 and rdr1 rdr2 rdr6
plants that carry rdrl-1 allele (see Fig. S5). In rdrl plants, siRNAs
targeting the RNA4 region (the second fragment of RNA3 from
the 3’-end) was the most abundant compared to the other regions
of RNA3. This enhanced signal was RDR6-dependent because it
was not visible in rdr! rdr6 and rdrl rdr2 rdr6 plants that contained
an additional rdr6-15 allele (see Fig. SS5). Importantly, no major
difference was found for the distribution patterns of viral siRNAs
produced in rdr! rdr6 and rdrl rdr2 rdr6 plants (see Fig. S5), sup-
porting the genetic data that RDR2 may not play a critical role in
the viral siRNA biogenesis.

Production of Satellite RNA-Derived siRNAs Is RDR-Independent.
CMV infection is naturally associated with satellite RNAs (sat-
RNAs), which depend on CMYV for replication and transmission
but share no sequence homology with the helper viral genome.
The sat-RNA of CMV is a single-stranded noncoding RNA of
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336-nt, and the same set of DCLs produce siRNAs from both
sat-RNA and its helper virus (13, 15, 40). To determine if sat-
RNA of CMV was a target of host RDRs, we inoculated the
same panel of WT and mutant plants with both sat-RNA and
CMV{-A2b because 2b is not required for sat-RNA replication
(41). A modestly enhanced accumulation of sat-RNA was ob-
served in all of the four mutant plants that contained the rdri-1
allele (Fig. 44), which was likely because of the slightly increased
accumulation of its helper virus in these plants (Fig. S6B).
However, presence of the rdrl-1 allele both alone and in com-
bination with rdr6-15 or rdr2-1 was not associated with reduced
accumulation of siRNAs derived from sat-RNA (Fig. 4B), unlike
the helper viral siRNAs (Fig. S6D). In fact, a substantially in-
creased accumulation of sat-siRNAs was observed in all of those
plants that supported a higher level of sat-RNA replication, re-
gardless of the presence of one or all of the three RDRs (see Fig.
44 and B, and Fig. S6B). As a result, the ratios of sat-siRNAs/
sat-RNA differed less than half-fold between rdr1 rdr2 rdr6 plants
and WT or various single/double rdr mutants with P-values >0.05
(Fig. S6E). These results indicate that production of sat-siRNAs
positively correlated with the replication levels of the sat-RNA
and that sat-RNA of CMV was not targeted for amplification by
either of the host RDRs that amplify the helper viral siRNAs.

Discussion

Our findings demonstrate that in addition to the components
involved in dicing and slicing, the RNA silencing antiviral
defense in plants requires an essential RDR function to amplify
viral siRNAs by either RDR1 or RDR6. We found that the VSR-
deficient mutant of CMV became pathogenic and accumulated
to high levels in A. thaliana plants when both RDR1 and RDR6
were not functional. Unlike RDR6, however, removal of RDR1
alone in rdrl plants modestly enhanced virus accumulation in the
infected plants. These phenotypes of the single and double
knockout mutants of RDR1 and RDR6 in antiviral silencing are
strikingly similar to those of dc/4/dcl2 single and double mutants:
although the virulence of VSR-deficient virus mutants is restored
only in dcl4 dcl2 double mutant plants, antiviral silencing is
partially defective in dcl4 but not in dc/2 mutant plants (13-16).
Importantly, analyses of viral siRNAs by both Northern blot
hybridization and Illumina sequencing show that the RDR-de-
pendent antiviral silencing is associated with more than 20-fold
amplification of viral siRNAs. In contrast to dcl4 dci2 plants that
did not produce detectable silencing viral siRNAs, there was still
accumulation of viral siRNAs at low levels in rdrl rdr6 and rdrl

A rdr
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Fig. 4. Sat-RNA derived siRNAs are RDR-independent. Accumulation of sat-
RNA (A) and (+) and (=) siRNAs derived from sat-RNA (B) in the systemically
infected leaves of WT and single, double, triple rdr mutant plants 3 weeks
after inoculation with CMVf-A2b plus sat-RNA. 255 rRNA and U6 RNA were
used as loading controls for the high and low molecular weight RNA, re-
spectively. M, mock.
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rdr2 rdr6 plants. These RDR-independent viral siRNAs, defined
as primary viral siRNAs, were active in antiviral silencing be-
cause of reduced accumulation levels of CMV{-A2b in these
RDR-defective plants as compared to dcl4 dcl2 plants that
produce no detectable silencing viral siRNAs. Based on these
and previous findings (13-16, 26, 37), we propose the following
model for the induction of antiviral silencing by + RNA viruses in
plants. After induction of antiviral silencing by the primary viral
siRNAs processed from the dsRNA viral replicative inter-
mediates (VRI-dsRNA), new viral dsRNA is synthesized by host
RDR1 or RDR6, recognized by DCL4 or DCL2, and processed
into the secondary viral siRNAs to direct more potent antiviral
silencing. Viral dsRNA synthesized by both viral and host RNA
polymerases as the target for dicing is also consistent with the
demonstrated absence of strand bias in viral siRNAs produced in
either RDR silencing or RDR silencing-defective plants.

Our results illustrate specificity of the two antiviral RDRs in the
amplification of viral siRNAs from the three genomic RNAs of
CMV. It has been previously reported that RDR1, but not RDRG, is
induced by both salicylic acid treatment and virus infection (20,
21). We found that RDRI1 preferentially amplifies siRNAs tar-
geting the 5’-terminal region of each of the three viral genomic
RNAs, whereas the remaining regions of the viral genomic RNAs
are targeted by RDR6. The increased production of siRNAs tar-
geting the RNA4 region of the genomic RNA3 observed in rdr!
plants also appears to be RDR6-dependent. The density of siR-
NAs targeting CMV RNA3 was higher than that of RNAs 1 and 2
in the infected plants and elimination of RDR-dependent silenc-
ing enhanced RNA3 levels at least 10-fold more than RNA2 levels.
These findings indicate that the viral genomic RNA3 is more po-
tently targeted for RDR-dependent silencing in the infected plants
than RNAs 1 and 2. Preferential silencing of RNA3 by RDR6 may
be critical for suppressing the pathogenicity of CMVf-A2b in rdr]
and rdrl rdr2 mutant plants because the presence of the rdrl-1
allele was correlated with an enhanced RDR6-dependent pro-
duction of siRNAs targeting the 3’ half of RNA3.

Unlike CMV, sat-RNA of CMV is not targeted for amplification
by either of the two antiviral RDRs. This was an unexpected
finding because both sat-RNA and CMYV are single-stranded RNA
with a m’G cap and 3'-OH replicated by the same viral replicase
and targeted for the production of siRNAs by the same set of Dicer
nucleases (15, 40). In thisregard, sat-RNA of CMV is analogous to
most of the mRNAs targeted by a miRNA because miRNA-guided
cleavages of these mRNAs do not trigger RDR6-dependent pro-
duction of ta-siRNAs (28). Similar to defective interfering RNAs
and viroids, sat-RNAs contain extensive secondary structures and
are poor targets of RNA silencing (39, 42, 43), which may play a
role in sat-RNA resistance to RDR. Sat-RNAs are considered as
molecular parasites of viruses because they compete for the rep-
lication machinery with the helper virus. Thus, avoiding RDR-
dependent silencing that suppresses the helper viral replication
represents a unique strategy of sat-RNAs to achieve preferential
replication in the infected host, which may be critical for sat-RNAs
to modulate helper-virus pathogenesis.

The molecular basis for the target specificity of RDR1 and
RDRG6 is unknown. Replication of the Flock house virus positive-
strand RNA genome induces a strongly biased production of 5’-
terminal siRNAs in D. melanogaster (26). In contrast, production
of the abundant 5’-terminal viral sSiRNAs in 4. thaliana is RDR1-
dependent. Thus, the vRI-dsSRNA made inside the replication
complex may not be as readily accessible to the Dicer nucleases in
plants as in insects so that host RDR-dependent amplification of
viral siRNAs is necessary for an effective antiviral response in
plants. In this regard, RDRs of plants, and perhaps of C. elegans as
well, may have evolved not only for their roles in the biogenesis of
endogenous siRNAs (2), but also to amplify viral siRNAs as a host
adaptation to virus infection, thereby providing a distinct mecha-
nism for the amplification of the immunity effector molecules.
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Materials and Methods

Virus Infection and RNA Hybridizations. A. thaliana mutants (in Columbia
ecotype background) containing rdr1-1, rdr2-1, and rdré6-15 single loss-of-
function alleles were characterized previously (32, 33), and used to generate
double and triple mutants by genetic crosses. CMVf-A2b containing a 295-nt
deletion in the 2b coding sequence of RNA2 was described previously (30,
31). CMVf-A2b with or without the sat-RNA of Q-CMV (41) was propagated
in Nicotiana glutinosa plants and virions purified and inoculated to
A. thaliana seedlings at the concentration of 20 pg/mL, as described (13). The
inoculated leaves and systemically infected leaves were harvested from
pools of 15 to 20 plants for RNA analyses by Northern blot hybridizations, as
previously described (13). The probe to detect all CMV genomic and sub-
genomic RNAs corresponded to the 3’ terminal 240 nucleotides of Fny-CMV
RNA2. Small RNAs were detected using mixtures of labeled DNA oligonu-
cleotides corresponding to the three genomic RNAs and sat-RNA (13).
Mapping of the distribution of siRNAs targeting different regions of the
three genomic RNAs in Fig. S5 was as described (26) by using as probes total
small RNAs harvested from virus-infected plants. All experiments were re-
peated at least three times with reproducible results.
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Cloning, Sequencing, and Analysis of Viral siRNAs. Small RNAs of 18- to 28-nt
extracted from the systemically infected leaves 14 days after inoculation with
CMV{-A2b were purified from 15% denatured polyacrylamide gel and cloned
as described (44). Briefly, harvested small RNAs were directly ligated to the 3'-
linker used for miRNA cloning (Integrated DNA Technology) by T4 RNA ligase
2Tr (New England Biolabs). The ligation products were purified and ligated to
the 5’ Solexa linker (Illumina) by T4 RNA ligase | (New England Biolabs). The
final ligation products were reverse transcribed using a primer targeting the
3’-linker and the cDNA pool was amplified by PCR and sent for sequencing by
the Solexa technology (Illumina). Duplicate libraries were constructed from
two independent RNA samples from WT, rdr1, and rdr1 rdr2 rdré plants and
sequenced by the Solexa platform in lllumina, Inc, and the University of Cal-
ifornia-Riverside Core Facility, respectively. The analysis of the sequenced
small RNAs was as described previously (26).
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