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Antiviral immunity controlled by RNA interference (RNAI) in plants
and animals is thought to specifically target only viral RNAs by the
virus-derived small interfering RNAs (siRNAs). Here we show that
activation of antiviral RNAI in Arabidopsis plants is accompanied by
the production of an abundant class of endogenous siRNAs mapped
to the exon regions of more than 1,000 host genes and rRNA. These
virus-activated siRNAs (vasiRNAs) are predominantly 21 nucleotides
long with an approximately equal ratio of sense and antisense
strands. Genetically, vasiRNAs are distinct from the known plant
endogenous siRNAs characterized to date and instead resemble viral
siRNAs by requiring Dicer-like 4 and RNA-dependent RNA polymer-
ase 1 (RDR1) for biogenesis. However, loss of EXORIBONUCLEASE4/
THYLENE-INSENSITIVES enhances vasiRNA biogenesis and virus re-
sistance without altering the biogenesis of viral siRNAs. We show
that vasiRNAs are active in directing widespread silencing of the
target host genes and that Argonaute-2 binds to and is essential
for the silencing activity of vasiRNAs. Production of vasiRNAs is read-
ily detectable in Arabidopsis after infection by viruses from two
distinct supergroups of plant RNA virus families and is targeted for
inhibition by the silencing suppressor protein 2b of Cucumber mosaic
virus. These findings reveal RDR1 production of Arabidopsis endog-
enous siRNAs and identify production of vasiRNAs to direct wide-
spread silencing of host genes as a conserved response of plants to
infection by diverse viruses. A possible function for vasiRNAs to con-
fer broad-spectrum antiviral activity distinct to the virus-specific an-
tiviral RNAI by viral siRNAs is discussed.
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NA silencing, also referred as RNA interference (RNAI),

regulates gene expression in eukaryotes by Argonaute pro-
tein complexes loaded with small interfering RNAs (siRNAs) or
microRNAs (1, 2). RNA silencing is highly specific because the
targeted genes are selected by the base pairing between the small
RNA in an Argonaute complex and its target RNA. Studies from
the last two decades have shown that RNA silencing acts as
a major natural antiviral defense mechanism in plants and inver-
tebrates (1, 3, 4). Recent reports have further provided evidence
for a similar antiviral function of RNAi in mammals (5, 6). A
unifying feature of antiviral silencing in all of these host organisms
is the production of virus-derived siRNAs processed from virus-spe-
cific double-stranded RNA (dsRNA) by a Dicer endoribonuclease (1,
3-6). As a result, antiviral silencing is considered to be highly specific
and target only the virus that initially triggers the immune response
(1, 3, 4). Silencing of specific host genes occurs when there is near-
perfect complementarity between a viral siRNA and the cellular
mRNA (7, 8).

Genetic studies in the model plant Arabidopsis thaliana have
identified both hierarchical and overlapping pathways for the
production and amplification of viral siRNAs (3, 4). Viral siRNAs
targeting RNA viruses are primarily made by Dicer-like 4 (DCLA4)
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and are 21 nucleotides (nt) in length. The 22-nt viral siRNAs made
by DCL2 are much less abundant, but are sufficient to confer
protective immunity in the absence of 21-nt viral siRNAs pro-
cessed by DCL4 (9-12). The majority of viral siRNAs produced
during antiviral silencing are “secondary” viral siRNAs amplified
by RNA-dependent RNA polymerase 1 (RDR1) or RDR6 of
Arabidopsis (13, 14). Among the 10 Argonaute proteins in Arabi-
dopsis, Argonaute 1 (AGO1) and AGO2 have been found to load
two different sets of viral siRNAs and mediate antiviral silencing in
a cooperative manner (15-18).

RNAi-mediated antiviral immunity shares key features with the
animal and plant innate immunity initiated following recognition
of pathogen-associated molecular patterns (PAMPs) by pattern
recognition receptors (PRRs) (19). For example, both types of
immunity mechanisms become active immediately after infection
and antiviral silencing also depends on the recognition of viral
dsRNA as a broadly conserved PAMP by the host Dicer complex.
However, the PRR-activated innate immunity mechanisms, in-
cluding PAMP-triggered and effector-triggered immunities (PTI
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and ETI) in plants, involve activation of transcriptional signaling
cascades and confer broad-spectrum pathogen resistance (20-25).
Moreover, degradation of single-stranded RNA by RNaseL and
repression of protein translation by protein kinase R target both
viral and host genes and are an integral part of the vertebrate
innate antiviral immunity regulated by type 1 interferons (26). By
contrast, recognition of viral dsSRNA by Dicer in antiviral si-
lencing produces viral siRNAs to direct virus-specific resistance.
The impact of active antiviral silencing on either the global host
gene expression or the broad-spectrum local and systemic ac-
quired virus resistance is unknown.

In this study, we show that activation of antiviral silencing in
Arabidopsis is accompanied by RDR1-dependent production of
abundant siRNAs encoded by the host genome to target hundreds
of host genes for silencing. Genetic analyses reveal that these virus-
activated Arabidopsis siRNAs resemble viral siRNAs in the bio-
genesis but distinct from all of the Arabidopsis siRNAs charac-
terized to date (27-33). Our findings reveal that RDR1-dependent
production of the endogenous siRNAs is a conserved response of
Arabidopsis to infection by either Cucumber mosaic virus (CMV)
or Turnip mosaic virus (TuMV) and is targeted for inhibition by
the viral suppressor of RNAi (VSR) encoded by CMV, but not by
the VSR of TuMV. We propose that production of the endoge-
nous siRNAs confers a broad-spectrum antiviral activity comple-
mentary to the virus-specific resistance directed by viral siRNAs.

Results

Detection of a Distinct Class of Arabidopsis siRNAs Induced by Virus
Infection. Viral siRNAs are amplified by both RDR1 and RDR6
in Arabidopsis during CMV infection when its VSR protein 2b is
rendered nonexpressing (13). Therefore, we searched for novel
Arabidopsis small RNAs activated by virus infection in wild type
(WT) plants challenged by the VSR-deficient mutant of CMV,
CMV-A2b (13). Comparative analysis of the populations of small
RNAs with 100% sequence identity to the Arabidopsis genome
revealed that CMV-A2b infection induced a markedly enhanced
population of 21-nt RNAs in contrast to the remaining size
classes of endogenous small RNAs (Fig. 14). To identify the
genomic origins of these virus-activated small RNAs, the total
sequenced Arabidopsis genome-specific 21-nt RNAs were divided
into microRNAs (miRNAs), frans-acting (ta)siRNAs, and small
RNAs mapped to protein-coding genes, transposons, sense and
antisense strands of rRNAs, and other loci. As shown in Fig. 1B,
CMV-A2b infection caused greatly increased accumulation of
21-nt RNAs mapped to the protein-coding genes and the antisense
strand of rRNAs by 10 and 4 folds, respectively. The total small
RNAs mapped to these protein-coding genes exhibited an over-
whelming size preference for 21-nt (71.2%) with a minor peak of
22-nt species (Fig. 1C). Notably, both 21-nt and 22-nt RNAs from
these target genes were divided approximately equally into sense
and antisense strands (Fig. 1C) and were mapped only to the
mature mRNA of the target genes without spreading into introns
or neighboring genes (Fig. 1D and Fig. S14). All of the three
rRNAs (5.8S, 18S, and 25S) were targeted in the infected plants by
antisense small RNAs (Fig. S24), which also were predominantly
21 nucleotides long in contrast to the random size distribution of
sense small RNAs of rRNAs (Fig. 1C). These properties of the
dominant 21-nt RNAs derived from the protein-coding genes and
antisense strand rRNAs suggest that they are novel Arabidopsis
siRNAs, designated as virus-activated siRNAs (vasiRNAs). In
total, 21-nt vasiRNAs corresponding to the protein-coding genes
and antisense strand rRNAs represented 20% and 4%, re-
spectively, of the total endogenous 21-nt RNAs sequenced from
the virus-infected plants (Fig. 1B).

Unique Genetic Requirements for the Biogenesis of vasiRNAs. Ara-
bidopsis siRNAs characterized to date are dependent on either
RDR2 or RDR6 although it is curious that RDR1 as the first
characterized RDR has no known endogenous siRNAs so far
(27). To investigate the genetic pathway for the biogenesis of
vasiRNAs, we examined total small RNAs sequenced from CMV-
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Fig. 1. Properties of virus-activated Arabidopsis siRNAs. Relative abundance
of unique Arabidopsis small RNAs according to their lengths (A) and of the
total 21-nt RNAs from different sequence groups (B) in plants without (mock)
or with infection by CMV-A2b. (C) Length distribution (in nucleotides) and
abundance (reads per million of total reads) of the total Arabidopsis small
RNAs derived from protein-coding genes, rRNAs, tasiRNAs, and transposons
from WT plants after mock or CMV-A2b infection. (D) Distribution pattern of
sense (top) and antisense (bottom) vasiRNAs specific to one representative
RDR1 target gene, photosystem Il light harvesting complex gene 1.3 (LHCB1.3).
Various regions of the target gene and the neighboring gene(s) are indicated
by colored lines. CDS, the protein-coding region; UTR, untranslated region.

A2b-infected Arabidopsis mutants carrying a loss-of-function
allele for RDRI, RDRG, or both. As expected (34, 35), the RDR6-
dependent 21-nt tasiRNAs became undetectable in both rdr6 and
rdrl rdr6 mutants whereas the RDR2-dependent 24-nt hetero-
chromatic (het)siRNAs accumulated to high levels in all of the
three mutants (Fig. 24 and Fig. S1 C and D). The population of
21-nt vasiRNAs remained highly abundant in rdr6, but disappeared
in both rdr! and rdrl rdr6 mutants (Fig. 24 and Fig. S1 C and D),
indicating that vasiRNA production requires RDR1. Similar to WT
plants, the small RNAs mapped to the protein-coding genes and
antisense rRNAs in rdr6 plants infected with CMV-A2b were pre-
dominantly 21-nt with a small population of 22-nt RNAs (Fig. S1 C
and D). In contrast to WT and rdr6 plants, however, both rdrl and
rdr1 rdr6 mutants failed to produce these vasiRNAs after CMV-A2b
infection (Fig. S1 C and D).

We focused on the 1,708 protein-coding genes with at least 10
reads per million of the total sequenced Arabidopsis small RNAs
in small RNA libraries from mock and CMV-A2b infected WT
plants. We found that 1,272 from the 1,708 genes were targeted
by vasiRNAs with a twofold or greater increase in read count in
WT plants after CMV-A2b infection compared with mock in-
fection (Fig. 2B and Fig. S1B). Notably, vasiRNAs targeting
1,172 of these 1,272 genes exhibited a twofold or greater de-
crease in read count in rdrl plants compared with WT plants
after CMV-A2b infection. In contrast, vasiRNAs targeting only
32 of these 1,272 genes were depleted twofold or greater in rdr6
plants. These 1,172 were thus defined as the genes targeted
specifically by RDR1-dependent vasiRNAs in subsequent analyses
(Dataset S1).

We found that vasiRNAs specific to the RDR1 target genes
and 25S rRNA were abundant and readily detectable by Northern
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Fig. 2. Genetic requirements for vasiRNA biogenesis. (A) Relative abun-
dance of unique Arabidopsis small RNAs according to their lengths induced
by CMV-A2b in mutant plants defective for RDR1, RDR6, or both. (B) Venn
diagram depicting the proportion of loci that posses a twofold or greater
enrichment of vasiRNAs in WT plants after CMV-A2b infection and are also
depleted twofold or more in rdr1 plants (Left) or in rdré plants (Right)
compared with WT plants after CMV-A2b infection. (C) Northern blot de-
tection of vasiRNAs derived from LHCB1.3 and the antisense strand of 255
rRNA in WT plants and 17 different mutants after CMV-A2b infection (+) as
well as in WT plants after mock infection (=). The same set of RNA samples
were also probed for CMV-A2b siRNAs, tasiRNA ASRP255, microRNA 167
(miR167), and U6 RNA.

blot hybridization in WT plants after CMV-A2b infection, but not
after mock inoculation (Fig. 2C). Gel blot hybridization also
verified the accumulation of vasiRNAS in rdr2, rdr6, and rdr2 rdr6
mutants, but not in any of the single, double, or triple mutants
that contained the rdr! allele after CMV-A2b infection (Fig. 2C).
The accumulation patterns of ta-siRNAs and hetsiRNAs in these
mutants (Fig. 2C) were as expected (34, 35). These results illus-
trate that the biogenesis of vasiRNAs requires RDR1 but neither
RDR2 nor RDRG, thus identifying vasiRNAs as the first en-
dogenous siRNAs of RDR1. Because many vasiRNAs map to
exon—exon junctions (Fig. 1D and Fig. S14), it is likely that ma-
ture mRNAs are used as templates for their synthesis by RDR1.

To further characterize the biogenesis pathway of vasiRNAs, we
infected an expanded panel of Arabidopsis mutants with CMV-A2b
(Fig. 2C). Our analysis of the set of dc/ mutants showed that the
dominant 21-nt vasiRNAs were produced by DCL4 as predicted by
the dominant size of vasiRNAs, because they were undetectable in
the dcl4-containing single, double, or triple mutant plants (Fig.
2C). We noted that the disappearance of the 21-nt vasiRNAs in
dcl4 and dcl3/4 mutant plants was accompanied with the accu-
mulation of a major 22-nt species and that neither 21-nt nor 22-nt
vasiRNAs were detectable in the dcl2/3/4 triple mutant plants
(Fig. 2C). No obvious defect was detected for the biogenesis of
vasiRNAs in mutant plants carrying a loss of function allele in
SGS3, Pol IV, or Pol V' (Fig. 2C), known to be essential for the
biogenesis of various types of siRNAs of Arabidopsis (27). To-
gether, our findings suggest that vasiRNAs are genetically dis-
tinct from the known plant endogenous siRNAs characterized to
date, but instead resemble viral siRNAs by requiring both DCL4
and RDRI for biogenesis (3, 27).

Detection of vasiRNAs in AGO1 and AGO2 Complexes. Viral siRNAs
have been previously shown to load into AGO1 and AGO2 among
the 10 AGOs of Arabidopsis (15-17). We found that the small
RNAs mapped to the RDR1 target genes and rRNAs were de-
tectable and predominantly 21 nucleotides in length with approxi-
mately equal strand ratios in both AGO1 and AGO2 complexes
coimmunoprecipitated from healthy WT Arabidopsis plants (Fig. 34).
By comparison, vasiRNAs targeting rRNAs were more abundant
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than those derived from the RDR1 target genes and both types
of vasiRNAs were more abundant in AGO2 complex than in AGO1
complex (Fig. 34). CMV-A2b infection triggered strong enrichment
of the vasiRNAs specific for the RDR1 target genes in both AGO1
and AGO2 complexes, but such enrichment was not observed for
rRNA-specific vasiRNAs (Fig. 34) even through these vasiRNAs
were strongly induced (Fig. 2C). Specifically, vasiRNAs were
enriched twofold or greater for 86.7% and 79.9% of the 1,172
RDR1 target genes in AGO1 and AGO2 complexes, respectively,
or for 71.9% of the RDR1 target genes in both AGO1 and AGO2
complexes (Fig. S34). In total, 21-nt vasiRNAs from the infected
Arabidopsis represented 5.7% and 10.9% of the total endogenous
21-nt small RNAs found in AGO1 and AGO2 complexes, re-
spectively. Similar to viral siRNAs and Arabidopsis siRNAs and
miRNAs (15-17), vasiRNAs loaded into AGO1 and AGO2
complexes exhibited strong bias for U and A at the 5'-termini,
respectively (Fig. S3B).

Widespread Silencing of Host Genes Directed by vasiRNAs. Detection
of vasiRNAs in the in vivo Argonaute complexes suggests that they
are biologically active during infection. To investigate whether
vasiRNAs direct silencing of the corresponding host genes, we
compared the mRNA levels of six RDR1 target genes in WT and
rdrl plants after infection with CMV-A2b or CMV using mock-
inoculated WT plants as controls (Fig. 3B). Northern blotting
analyses detected consistently reduced accumulation of the tran-
scripts from all of the six RDRI target genes in WT plants after
CMV-A2b infection compared with mock infection (Fig. 3B, Bot-
tom). In contrast, reduced expression of these RDR1 target genes
was not detected either in rdr! plants after CMV-A2b infection or
in WT plants after CMV infection, in both of which production of
vasiRNAs was undetectable (Fig. 3B). These results suggest that
infection triggers widespread silencing of host genes by the RDR1-
dependent vasiRNAs. However, the accumulation of rRNAs in the
infected plants was not altered in an RDR1-dependent manner
(Fig. S4), suggesting that rRNA-specific vasiRNAs may not direct
RNA silencing during infection.

Arabidopsis EXORIBONUCLEASE4 (XRN4)/ETHYLENE-
INSENSITIVES (EINS5) encodes a cytoplasmic exoribonuclease
that degrades RNA intermediates from mRNA decay and Argo-
naute slicing, which in turn inhibits RDR6-dependent production
of siRNAs targeting transgene transcripts (36—38). The ein5 mu-
tant also accumulates 21-nt small RNAs from an unknown bio-
genesis pathway to target ~130 endogenous mRNAs in immature
flower bud tissues (38, 39), 19 of which were identified here as
RDR1 target genes in leaf tissues. Northern blotting analyses
detected a greatly increased accumulation of vasiRNAs in CM V-
A2b-infected ein5 plants compared with either mock-inoculated
ein5 plants or CMV-A2b-infected WT plants (Fig. 3B). We found
that CMV-A2b infection also induced stronger silencing of the six
RDR1 target genes in ein5 plants than in WT plants (Fig. 3B),
consistent with the increased levels of vasiRNAs. Moreover, no
obvious changes in the accumulation of vasiRNAs were observed
in ein5 plants with or without infection by CMV that expresses the
VSR 2b protein, and the silencing of the RDRI1 target transcripts
was not detected in CMV-infected ein5 plants (Fig. 3B). These
results further support a role of vasiRNAs in the widespread si-
lencing of host genes induced by virus infection.

CMYV accumulated to lower levels in ein5 plants than in WT
plants (Fig. 3B, Middle), similar to that described previously in a
study based on the infection of a different xrn4/ein5 mutant by
a different CMV isolate (40). We found that ein5 plants were
also more resistant to CMV-A2b than WT plants and that CMV-
A2b accumulated to the highest level in rdrl plants (Fig. 3B). In
contrast to the dramatic effects of ein5 and rdrl alleles on the
accumulation of vasiRNAs, the accumulation of the viral siRNAs
exhibited no obvious differences among WT, ein5, and rdr! plants
infected by either CMV-A2b or CMV (Fig. 3B, Top). CMV-A2b
replicated to lower levels in rdrl plants than CMV did in WT
plants because the 2b protein suppresses the amplification of viral
siRNAs to target CMV-A2b by both RDR1 and RDR6 (11, 13).
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Fig. 3. VasiRNAs are biologically active. (A) Length distribution and abun-
dance (reads per million of total reads) of the small RNAs derived from the
1,172 RDR1 target genes, rRNAs, and tasiRNAs found in AGO1 and AGO2
complexes coimmunoprecipitated (IP) from WT plants after mock or CMV-
A2b infection. (B—D) Northern blot analyses of the accumulation of the large
and small RNAs in WT and mutant plants after inoculation with buffer
(mock), CMV, and/or CMV-A2b. LHCB1.3 was examined as the RDR1 target
gene in C and D whereas five additional target genes (membrane related
protein CP5; AT5G20700; HSP70-1, heat shock protein 70-1; RBCS-1A,
Rubisco small subunit 1A; RCA, Rubisco activase) were analyzed in B.
Methylene blue staining of 255 rRNA and Northern blot detection of Tubulin
beta 2 (TUB2) mRNA, viral siRNAs, miR167, and U6 RNA were shown as
controls. All of the mutant alleles (dc/2-1, dcl4-2, and ago2-1) used were null
alleles except for ago7-27, which is hypomorphic because AGOT1 is indispens-
able for development.

Therefore, the increased virus resistance in ein5 plants was cor-
related with an increased accumulation of vasiRNAs whereas loss
of vasiRNA production in rdrl plants was associated with the
highest accumulation of CMV-A2b. These results strongly suggest
that the RDR1-dependent widespread silencing of host genes
directed by vasiRNAs plays a role in the virus resistance activated
during antiviral silencing in a manner independent of the antiviral
activity of viral siRNAs.

DCL4 and AGO2 Are Essential for RNA Silencing by vasiRNAs. We next
examined vasiRNA silencing in mutant plants defective in those
DCL and AGO genes involved in the biogenesis and loading of
vasiRNAs (Figs. 2 and 34). CMV-A2b replicated to higher levels in
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dcl4 and ago2 mutant plants than indcl2, agol, or WT plants (Fig. 3
C and D). A strong decrease in LHCB1.3 mRNA accumulation
was detected in both dcl2 and agol plants as found in WT plants
following the infection of CMV-A2b (Fig. 3 C and D). By contrast,
LHCB1.3 mRNA levels were nearly as high in dcl4 and ago2
mutant plants as they were in rdr] plants after CMV-A2b infection
(Fig. 3 C and D). Moreover, LHCB1.3 mRNA did not accumulate
to higher levels in dcl2/dcl4 and agol/ago2 double mutant plants
than in dcl4 and ago2 single mutant plants (Fig. 3 C and D). These
results show that both DCL4 and AGO2 are essential for RNA
silencing by vasiRNAs. These findings also indicate that the 22-nt
vasiRNAs produced by DCL2 in absence of DCL4 are inactive in
RNA silencing and that AGO1 does not independently mediate
vasiRNA silencing in ago2 plants. We noted that production of
vasiRNAs was efficiently induced by CMV-A2b in both agol and
ago?2 plants (Fig. 3C). Thus, targeting the mature mRNA for ef-
ficient vasiRNA biogenesis by DCL4 and RDR1 in ago2 plants
is insufficient to ensure vasiRNA silencing, suggesting that RNA
silencing of the target genes requires the AGO2-mediated silenc-
ing activity of vasiRNAs.

Production of vasiRNAs in Arabidopsis Infected by Distinct Viruses.
We further investigated the production of vasiRNAs in response to
infection by Q strain of CMV (Q-CMV) related distantly to Fny-
CMYV used above and TuMYV, which is classified into a supergroup
of plant RNA virus families that does not include CMV. Pro-
duction of vasiRNAs was also induced by Q-CMV-A2b in WT and
ein$ plants, but not in rdr1 plants, and vasiRNAs were undetectable
in all of the Arabidopsis lines infected by Q-CMV (Fig. S5) that
expresses the 2b protein with 53.5% sequence identity to Fny-
CMV 2b protein (41). Notably, infection by a recombinant green
fluorescent protein-expressing isolate of TuMV (TuMV-GFP)
strongly induced production of vasiRNAs targeting the gene
LHCBI.3 and 25S rRNA in WT, rdr6, and ein5 plants, but not in
rdrl plants (Fig. 44). Similar to the infections by VSR-deficient
mutant of either CMV strain, ein5 plants produced the highest
vasiRNA levels in response to TuMV-GFP, which expresses its
VSR helper component proteinase (HC-Pro). These results sug-
gest that the biogenesis of vasiRNAs is inhibited by the VSRs of
CMV strains, but not by the VSR of TuMV. Our findings to-
gether identify the RDR1-dependent production of vasiRNAs as
a conserved host response to infection by diverse RNA viruses.

We next sequenced the small RNA populations from WT, rdr1,
and rdr6 plants infected with TuMV-GFP. TuMV-GFP infection
in both WT and rdr6 plants, but not in rdr! plants, induced a pop-
ulation of 21-nt RNAs (Fig. 4B) mapped predominantly to the
protein-coding genes and rRNAs of the Arabidopsis genome (Fig.
4C and Fig. S2B). The total small RNAs specific to these protein-
coding genes and rRNAs were predominantly 21-nt with a minor
peak of 22-nt species, were divided approximately equally into
sense and antisense strands (Fig. 4C), and targeted only the mature
mRNA of the target genes without spreading into introns or
neighboring genes (Fig. 4F and Fig. S6B). Thus, these RDR1-
dependent 21-nt Arabidopsis small RNAs induced by TuMV-GFP
infection, representing 17% of the total sequenced endogenous
21-nt RNAs, are genetically identical to the vasiRNAs character-
ized above in CMV-A2b infections (Fig. S64). A total of 1,068
protein-coding genes were defined as the RDRI1 target genes in
response to TuMV-GFP infection (Dataset S1) because vasiRNAs
targeting these genes were enriched twofold or greater in WT
plants after TuMV-GFP infection, but were depleted twofold or
more in rdrl plants compared with WT plants after TuMV-GFP
infection. Notably, we found that a substantially overlapping set of
host genes was targeted for silencing by the RDR1-dependent
vasiRNAs as part of the Arabidopsis antiviral silencing response to
either CMV or TuMV (Fig. 4D and Dataset S1). Gene ontology
(GO) analysis revealed that genes responsive to biotic and abiotic
stimuli were significantly enriched in the RDR1 target genes in-
duced by CMV-A2b, TuMV-GFP, or both (Fig. S7 A—C). These
findings suggest that vasiRNAs act to modulate host responses to
virus infection.
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Fig. 4. Production and properties of vasiRNAs induced by TuMV-GFP. (A)
Northern blot detection of vasiRNAs specific to LHCB1.3 and the antisense
25S rRNA in WT and mutant plants after inoculation with buffer (mock) or
TuMV-GFP. Viral genomic RNA and siRNAs as well as miR167 and U6 RNA
were also probed. (B) Relative abundance of unique Arabidopsis small RNAs
according to their lengths in WT and mutant plants after TUMV-GFP in-
fection. (C) Length distribution and abundance of the total Arabidopsis
small RNAs derived from protein-coding genes, rRNAs, tasiRNAs, and trans-
posons from WT and mutant plants after TUMV-GFP infection. (D) Venn
diagram depicting the proportion of loci that posses a twofold or greater
enrichment of vasiRNAs in WT plants after CMV-A2b infection and are also
enriched twofold or more after TUMV-GFP infection. (E) Distribution pattern
of sense (top) and antisense (bottom) vasiRNAs specific to LHCB1.3.

Discussion

In this study, we examined the population of the total host-specific
small RNAs in Arabidopsis plants after induction of antiviral
silencing by WT or mutant viruses that do not suppress the am-
plification of viral siRNAs. This led to the discovery of vasiRNAs as
an abundant class of 21-nt Arabidopsis siRNAs that are mapped to
the exon regions of more than 1,000 genes and are genetically
distinct to all of the Arabidopsis siRNAs characterized to date,
including hetsiRNAs, tasiRNAs, natural antisense siRNAs, epi-
genetically activated siRNAs, and DNA double-strand break-
induced small RNAs (27-33). These vasiRNAs are produced by
DCL4 and RDRI1, and loss of XRN4/EINS5 enhances vasiRNA
biogenesis. Northern blot analysis indicates that vasiRNAs are
active in directing the widespread silencing of the target genes. Our
results further reveal that AGO2 binds to vasiRNAs in vivo and is
essential for vasiRNA silencing although it is dispensable for
vasiRNA biogenesis. However, the vasiRNAs induced by virus
infection to target rRNA do not appear to direct RNA silencing in
the infected plants and are not specifically loaded in AGO1 or
AGO?2. Notably, vasiRNAs are readily detectable only after in-
fection with TuMV-GFP or the VSR-deficient mutants of the two
distantly related CMYV strains. This requirement for vasiRNA bio-
genesis explains why the endogenous siRNAs produced by RDR1
remain elusive until now even through RDR1 was the first cellular
RDR cloned in 1998 (42). The discovery of vasiRNAs expands the
repertoire of siRNAs and suggests that the siRNA-processing
activity of Dicer proteins may play a more important role in the
regulation of plant and animal gene expression than what is cur-
rently known (5, 6, 27).
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The hypersensitive response triggered by plant virus infec-
tion is associated with both local and systemic acquired resistance
(LAR and SAR) effective against broad-spectrum viruses (43).
Much is known about the mechanisms of PTI, ETI, and SAR that
control the plant resistance to bacterial and fungal pathogens
regulated by the hormone salicylic acid (21, 25, 44). However,
the genetic pathway and the effector molecules that control LAR
and SAR against viral pathogens are poorly characterized.
RNAi-mediated antiviral immunity clearly acts as the major virus
resistance mechanism in plants and exhibits features of PTI in-
cluding Dicer detection of the viral dsSRNA and induction of ETI
to specifically recognize VSRs (19, 45, 46). However, the prop-
erties of antiviral silencing described to date are not consistent
with the broad-spectrum antiviral activity as defined in LAR and
SAR. Several observations made in this study led us to propose
that induction of antiviral silencing confers broad-spectrum an-
tiviral activity as a result of widespread silencing of host genes
directed by vasiRNAs in addition to specific antiviral defense by
viral siRNAs. First, the relative abundance of vasiRNAs in WT
and mutant plants is positively correlated to the host resistance to
infection by either CMV or CMV-A2b under conditions in which
viral siRNAs accumulated to similar levels. Second, rRNA and an
overlapping set of host genes, particularly genes responsive to
biotic and abiotic stimuli, are targeted by vasiRNAs in plants after
immune challenge by viruses from distinct supergroups of RNA
viruses. Third, the DCL4-RDR1-AGO?2 genetic pathway for the
biogenesis and activity of vasiRNAs is identical to the pathway
controlling the production of one of the viral siRNA populations,
which is analogous to the broad-spectrum targeting of viral and
host genes by the same innate immunity components in verte-
brates (26). Fourth, production of vasiRNAs is targeted for viral
inhibition as found in plants infected by CMV strains. Although
TuMV does not inhibit vasiRNA production, it remains possible
that the silencing activity of vasiRNAs is susceptible to suppres-
sion by the potyviral VSR HC-Pro (47, 48).

Materials and Methods

Plant Materials, Viruses, and Infection Assays. Use of WT Arabidopsis thaliana
ecotype Columbia, dc/, rdr, or ago single, double, and/or triple mutants, sgs3-1,
and transgenic lines expressing HA-tagged AGO2 in the WT background and
FLAG-tagged AGO1 in the ago7-36 mutant background driven by their native
promoters were described previously (11, 13, 15). Mutants ein5-6, pollV-3, and
polV-11 were described by others (49-51). The plant growth room was set with
10 h in light and 14 h in dark at 24 °C. CMV-A2b from both Fny and Q strains
contained a deletion of the 2b coding sequence and triggered amplification of
viral siRNAs by both RDR1 and RDR6 as described previously (11, 13). Unlike
previous studies, the inocula for WT and mutant CMV isolates used in this
study contained purified virions at 5 pg/mL The recombinant TuMV isolate
used here, TUMV-GFP, expresses green fluorescent protein and its propaga-
tion and infection followed the method described (14).

Northern Blot Hybridizations. Both high and low molecular weight RNAs were
extracted from the upper uninoculated leaves of Arabidopsis seedlings 14 d
after virus inoculation and analyzed by Northern blot hybridizations as de-
scribed previously (15). High molecular weight RNA gel blots were probed
with 32P-labeled DNAs corresponding to the conserved 3’ terminal sequence
of RNA2 of Fny-CMV or Q-CMV, the coat protein-coding region of TuMV, to
the protein-coding region of the six RDR1 target genes photosystem Il light
harvesting complex gene 1.3 (LHCB1.3), membrane related protein CP5
(CP5), AT5G20700, heat shock protein 70-1 (HSP70-1), Rubisco small subunit
1A (RBCS-1A), and Rubisco activase (RCA). Tubulin beta 2 (TUB2) mRNA and
25S rRNA were probed as controls. A mixture of seven DNA oligonucleotides
(Table S1) corresponding to the (+)-strand of CMV RNA3 was used for
detecting the negative-strand siRNAs specific to the Fny and Q strains (11,
13). A PCR fragment of the cylindrical inclusion protein-coding region was
used to synthesize the 3’P-labeled probe for TuMV siRNAs by random
priming as describe previously (14). A mixture of DNA oligonucleotides was
designed and synthesized according to the deep sequencing profiles to hy-
bridize to the antisense hot spot vasiRNAs of 255 rRNA or to the sense and
antisense hot spot vasiRNAs of the individual RDR1 target genes, LHCB1.3,
CP5, AT5G20700, and HSP70-1. Transacting siRNA ASRP255, microRNA 167,
and U6 RNA were detected by 32P-labeled DNA oligonucleotide probes. The
blot signals were detected by phosphor imager and multiple film exposures.
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Small RNA Sequencing and Bioinformatics Analysis. We previously reported
the analysis of viral siRNAs in duplicate total small RNA libraries sequenced
from WT and rdr1 plants 14 d after infection with CMV-A2b of the Fny strain
(13). This study constructed and sequenced two independent small RNA li-
braries from the upper uninoculated leaves of (i) WT Arabidopsis plants 14 d
after mock inoculation and of (i) rdré and (iii) rdr1 rdré plants 14 d after
infection with Fny CMV-A2b, and one library each from the upper un-
inoculated leaves of (iv) WT, (v) rdr1, and (vi) rdré plants 14 d after infection
with TUMV-GFP as well as of (vii) the FLAG-AGO1/ago7-36 plants and (viii)
the HA-AGO2 plants 14 d after mock inoculation. Coimmunoprecipitation
with FLAG- and HA-specific antibodies was used to obtain (ix) AGO1 and (x)
AGO2 complexes, respectively, from the FLAG-AGO1/ago7-36 and HA-AGO2
plants 14 d after infection with Fny CMV-A2b for extracting total loaded
small RNAs for the construction and sequencing of small RNA libraries as
described (52). Bioinformatic analysis was carried out as described previously
(13, 15, 53). Briefly, small RNAs in the size range of 18-26 nt were used for
further analysis after removing the adaptor sequences. Bowtie software was
used for alignment analysis (54). Small RNAs with perfect matches to the
Arabidopsis genome were used for further analysis and normalization. The
small RNAs were annotated with reference to the following databases: TAIR
database (ftp:/ftp.arabidopsis.org/home/tair/Genes/TAIR9_genome_release/)
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