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SUMMARY Immune recognition of viral genome-derived double-stranded RNA (dsRNA)
molecules and their subsequent processing into small interfering RNAs (siRNAs) in plants,
invertebrates, and mammals trigger specific antiviral immunity known as antiviral RNA in-
terference (RNAi). Immune sensing of viral dsRNA is sequence-independent, and most
regions of viral RNAs are targeted by virus-derived siRNAs which extensively overlap in
sequence. Thus, the high mutation rates of viruses do not drive immune escape from
antiviral RNAi, in contrast to other mechanisms involving specific virus recognition by host
immune proteins such as antibodies and resistance (R) proteins in mammals and plants,
respectively. Instead, viruses actively suppress antiviral RNAi at various key steps with a
group of proteins known as viral suppressors of RNAi (VSRs). Some VSRs are so effective
in virus counter-defense that potent inhibition of virus infection by antiviral RNAi is unde-
tectable unless the cognate VSR is rendered nonexpressing or nonfunctional. Since viral
proteins are often multifunctional, resistance phenotypes of antiviral RNAi are accurately
defined by those infection defects of VSR-deletion mutant viruses that are efficiently res-
cued by host deficiency in antiviral RNAi. Here, we review and discuss in vivo infection
defects of VSR-deficient RNA and DNA viruses resulting from the actions of host antiviral
RNAi in model systems.

KEYWORDS RNA interference, antiviral immunity, antiviral RNAi, viral suppressors of RNAi

INTRODUCTION

Viruses are obligate intracellular pathogens and cause devastating diseases in
plants, animals, and humans. In response to viral infection, hosts activate distinct

innate and adaptive immune responses to restrict virus entry, replication, cell-to-cell
and systemic spread, and disease development. Over the past two decades, virus
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infection in plants, invertebrates, and mammals has been shown to induce production
of small interfering RNAs (siRNAs) to direct specific virus clearance by RNA interference
(RNAi) (1–3). First discovered in the nematode Caenorhabditis elegans (4), RNAi refers to
the sequence-specific RNA degradation pathway which is conserved broadly in eukar-
yotes and includes two sequential RNase cleavage reactions (1, 2). In the first reaction,
long double-stranded RNA (dsRNA) is cleaved by the RNase III enzyme Dicer into
siRNAs 21 to 24 nucleotides in length. The subsequent target RNA cleavages are car-
ried out by the RNA-induced silencing complex (RISC), which contains one strand of
siRNA and at least one Argonaute protein (AGO) that harbors an enzyme domain ho-
mologous to RNase H.

In antiviral RNAi, viral genome-derived dsRNA molecules synthesized during infection
are recognized intracellularly and processed into siRNAs by a Dicer enzyme (1, 2, 5–9).
These virus-derived siRNAs (vsiRNAs) act as specificity determinants inside the antiviral
RISC to direct virus clearance by base-pairing with the viral RNAs. Because the vsiRNAs
produced by the host immune system overlap extensively in nucleotide sequences, it is
possible to identify viruses by deep sequencing and bioinformatic assembly of the pools
of vsiRNAs (10–14).

It is known that virus-host coevolution drives the rapid emergence of new virus var-
iants which escape immunity mechanisms dependent on specific virus recognition by
host immune proteins such as antibodies in mammals and resistance (R) proteins in
plants (1–3). However, high mutation rates of viruses do not drive immune escape from
antiviral RNAi because Dicer recognition of the viral dsRNA molecules is not sequence-
dependent and the repertoire of vsiRNAs generated by the host immune system is enor-
mous. Therefore, as their major counter-defensive strategy, plant and animal viruses
have evolved proteins known as viral suppressors of RNAi (VSRs) to actively suppress
antiviral RNAi (15–19). Notably, VSRs encoded by distinct virus families often exhibit no
detectable sequence similarity, suggesting independent origins (16, 18).

VSRs target almost all key steps in the antiviral RNAi pathway to promote virus
infection (15–19). Some viruses express VSRs to suppress vsiRNA biogenesis so that vir-
ulent infection with these viruses induces undetectable or low abundant accumulation
of vsiRNAs. In contrast, many viruses develop virulent systemic infection in host organ-
isms despite production of abundant vsiRNAs because they encode VSRs to suppress
the antiviral activity of vsiRNAs without interfering with their biogenesis. Therefore, the
function, regulation, and physiological significance of the antiviral RNAi response in an
infected host are best defined by characterizing infection with mutant viruses incapa-
ble of RNAi suppression.

In this article, we review the infection-defective phenotypes and mechanisms of RNA
and DNA viruses in model animal and plant hosts after each is rendered defective in RNAi
suppression. In particular, we highlight in vivo infection defects of VSR-inactivated mutant
viruses whose robust infection can be restored by genetic deficiency in the host antiviral
RNAi pathway. Examining the known range of in vivo resistance phenotypes of antiviral
RNAi should facilitate future studies on the mechanisms and physiological significance of
antiviral RNAi in plants, insects, and mammals against additional viral pathogens.

INFECTION-DEFECTIVE PHENOTYPES ANDMECHANISM OF VSR-DEFICIENT INSECT
VIRUSES

The fruit fly Drosophila melanogaster has been an excellent model for understand-
ing innate immunity against bacterial and fungal pathogens, which is mediated by Toll
and immune deficiency (Imd) pathways that lead to the transcriptional induction of
antimicrobial peptide effectors (20, 21). D. melanogaster encodes two distinct genetic
pathways for the biogenesis and function of microRNAs (miRNAs) and siRNAs, respec-
tively (1). Synthetic long dsRNA transfected into fly cells or injected into flies is cleaved
by Dicer-2 into 21-nt siRNAs, which associate with Argonaute 2 (AGO2) to direct spe-
cific slicing of complementary target mRNAs (22–26). In contrast, Dicer-1 produces pre-
dominantly 22-nt miRNAs from single-stranded RNA precursors with local hairpin
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structures to inhibit translation of partially complementary mRNA targets in AGO1
effector complex. None of the long dsRNA-siRNA pathway genes are essential in the
miRNA pathway, so flies do not show obvious developmental defects after genetic
inactivation of genes encoding Dicer-2, AGO2, or the dsRNA-binding protein R2D2
required for siRNA loading (1).

Studies of the fruit fly model have made important contributions to understanding
the function and mechanisms of antiviral RNAi (Fig. 1). For example, it was first shown
in fruit flies that the long dsRNA-siRNA pathway, not the miRNA pathway or Toll/Imd
signaling, mediates an essential defense mechanism against distinct viruses (27–30).
Efficient rescue of the VSR deletion-associated defect in virus RNA accumulation by
host deficiency in RNAi was also first demonstrated in fly cells (27). Further in vivo stud-
ies in fruit flies, discussed in detail below, have revealed specific infection defects of
VSR-deficient mutant RNA and DNA viruses that are rescued by genetic loss-of-function
in the RNAi pathway (Fig. 1).

Flock House Virus

Flock house virus (FHV) is an insect virus of the Nodaviridae, located in branch 3 of
positive-stranded RNA viruses, which also includes alphaviruses (31). FHV belongs to
the same genus as American nodavirus, which persistently infects Drosophila
Schneider 2 (S2) cell cultures in many labs (12), and production of animal vsiRNAs was
first detected in S2 cells in response to FHV infection (27). FHV contains a bipartite RNA
genome that encodes three functional proteins in total (Fig. 2A). The viral RNA-de-
pendent RNA polymerase (RdRP) and capsid protein (CP) are translated directly from

FIG 1 The antiviral RNAi pathway in Drosophila melanogaster. The virus-specific double-stranded RNA
(dsRNA) produced during infection with both positive-stranded RNA viruses and a large dsDNA virus
from the Iridoviridae (with circularly permuted genomes) are processed into 21-nucleotide (nt) virus-
derived small interfering RNAs (siRNAs) by Dicer-2 to direct Argonaute 2 (AGO2)-dependent antiviral
RNAi. Both R2D2, a protein with tandem dsRNA-binding domains participating in the assembly of
siRNAs into RNA-induced silencing complex (RISC), and AGO2 are required for the antiviral activity,
but not the production, of the viral siRNAs.
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FIG 2 Infection defects of viral suppressor of RNAi (VSR)-deficient flock house virus (FHV). (A) Genome organization of FHV and B2-
deficient mutant virus FHVDB2. Open reading frames (ORFs) in yellow, red and purple represent viral RNA-dependent RNA polymerase
(RdRP), capsid protein (CP), and VSR, respectively. (B) Cross-kingdom suppression of transgene-induced post-transcriptional gene
silencing in plants by FHV B2. Green fluorescent protein (GFP)-expressing Nicotiana benthamiana plants were co-infiltrated with
transgenes directing expression of GFP together with B2 (left), B1 (a C-terminal region of FHV RdRP, middle), or the plant VSR-2b
(right). Leaves were photographed under UV illumination 6 days post-infiltration (reprinted with permission from Li et al. [27]). (C)
Accumulation of FHV RNAs 1 and 3 (upper panel) and virus-derived siRNAs (vsiRNAs; lower panel) 72 h postinoculation (p.i.) with
virions of FHVDB2 or FHV in a series of 10-fold dilutions (lanes 4 to 11) in Drosophila S2 cells. U6 RNA was probed as a loading control
(reprinted with permission from Aliyari et al. [10]). (D) Relative abundance of different-sized vsiRNAs (upper panel) and distribution
patterns of the 21-nt vsiRNAs mapped to viral genomic RNAs 1 and 2 (lower panel) in wild-type (WT) fruit flies inoculated with
FHVDB2. Reads of 21-nt vsiRNAs per million of total sequenced small RNAs were shown. (E) Survival of WT and RNAi-defective dcr-2
and ago2 fruit flies until 16 days p.i. with buffer (mock) or FHVDB2. Each data point represents the mean value of triplicates and error
bars indicate corresponding standard deviation. (F) Relative abundance of FHV positive- and negative-stranded RNA1 in FHVDB2-
inoculated fruit flies. FHV-infected WT flies were used as a control. FHVDB2 RNA1 accumulated to statistically significant lower levels in
WT flies than in all of the RNAi-defective fly mutants (P , 0.05). Panels D to F reprinted with permission from Han et al. (38).
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genomic RNAs 1 and 2, respectively. RNA3 is the subgenomic RNA of RNA1 synthesized
by the viral RdRP to express the B2 protein, initially shown to suppress transgene RNA
silencing in plants (Fig. 2B) (27). It is known that nodaviral RNA1 self-replicates effi-
ciently in the absence of RNA2 (32). However, the self-replication of FR1DB2, a mutant
FHV RNA1 made incapable of expressing B2 due to point mutations (Fig. 2A), does not
lead to readily detectable accumulation of viral RNAs 1 and 3 in S2 cells unless the host
RNAi pathway is disrupted by AGO2 depletion (27). FR1DB2 accumulation is also res-
cued by ectopic expression of the B2 protein from a co-transfected plasmid (27). These
findings revealed an antiviral function of the AGO2-dependent RNAi pathway and a
counter-defense function of the B2 protein, which acts as a VSR to enhance viral RNA
accumulation by suppressing antiviral RNAi (27).

Biochemical and crystal structural studies have shown that nodaviral B2 protein
functions as a dsRNA-binding protein to sequester both long dsRNA and duplex siRNA
(33–35). Notably, B2 inhibits in vitro Dicer processing of long dsRNA into siRNAs and
substitution of the conserved Arg at position 54 with Gln abolishes both activities of
FHV B2 in dsRNA binding and dicing suppression (33). The counter-defense function of
B2 is best illustrated by its activity to dramatically enhance FHV RNA accumulation in
wild-type Drosophila embryos, but not in mutant embryos carrying a homozygous null
mutation in either dicer-2 or ago2 (10, 28). In the absence of B2 expression, FR1DB2
self-replication activates vsiRNA biogenesis and viral RNA clearance in wild-type
embryos so that elimination of vsiRNA biogenesis in dicer-2 mutant embryos allows
abundant accumulation of FR1DB2. FR1DB2 also accumulates at high levels in ago2
mutant embryos that produce more abundant vsiRNAs than wild-type embryos, indi-
cating that AGO2 is essential for the antiviral activity, but not the biogenesis, of
vsiRNAs. In the presence of B2 expression, robust self-replication of wild-type FHV
RNA1 does not trigger detectable vsiRNA production in wild-type or ago2 embryos,
demonstrating strong suppression of vsiRNA biogenesis by the B2 protein.

The VSR activity of B2 is essential for authentic FHV infection of both S2 cells and adult
flies. Infection of S2 cells with wild-type FHV leads to high viral titers but low levels of
vsiRNA accumulation. In contrast, infection with B2-deficient FHVDB2 (FR1DB2 1 wild-
type RNA2) triggers production of highly abundant vsiRNAs that potently inhibit the
accumulation of mutant virus genomic RNAs (10) (Fig. 2C). Co-immunoprecipitation
experiments have demonstrated that the vsiRNAs associate with AGO2, but not with
AGO1, and similar to the endogenous siRNAs, AGO2-bound vsiRNAs are methylated at
their 39 ends by the Drosophila ortholog of Arabidopsis thaliana HEN1 (10, 36, 37).
Sequencing of total small RNAs from FHVDB2-infected S2 cells with two deep sequencing
platforms consistently reveals a population of predominantly 21-nt vsiRNAs divided
approximately equally into positive and negative strands (10, 38) (Fig. 2D), providing fur-
ther support for these vsiRNAs as Dicer-2 products processed from long dsRNA viral repli-
cative intermediates (1, 39, 40) These vsiRNAs overlap extensively in nucleotide sequence
to allow the discovery of new viruses by deep sequencing and bioinformatic assembly of
total vsiRNAs (10, 12, 14, 41).

Adult flies are susceptible to FHV and up to 50% of infected flies are dead by 15 days
postinoculation (28, 30). Wild-type flies inoculated with FHVDB2 exhibit no difference in
survival from mock-inoculated controls (Fig. 2E) and do not accumulate viral genomic
RNAs and CP at levels detectable by Northern and Western blotting (38). Notably,
FHVDB2 becomes highly virulent in dicer-2 and ago2 mutant flies and replicates to titers
at least 10,000-fold higher in these mutant flies than in wild-type flies (Fig. 2F). Deep
sequencing of small RNAs reveals production of a typical population of 21-nt vsiRNAs in
FHVDB2-inoculated wild-type flies which is not detectable in dicer-2 mutant flies (38).
Unlike in dicer-2 mutant flies, however, 21-nt vsiRNAs are highly abundant in FHVDB2-
infected ago2 mutant flies. Moreover, r2d2 mutant flies are as susceptible as ago2 mu-
tant flies to FHVDB2 and produce abundant vsiRNAs (38) (Fig. 2F). Therefore, active
Dicer-2 processing of the viral dsRNA replicative intermediates into vsiRNAs is not suffi-
cient to inhibit FHVDB2 infection in ago2 and r2d2 mutant flies, illustrating that the
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activity of vsiRNAs to direct virus clearance in the antiviral RISC is essential for antiviral
RNAi. These findings together demonstrate an in vivo function of the RNAi pathway
mediated by Dicer-2, R2D2, and AGO2 in insect defense against virus infection (Fig. 1).

As a consequence of RNAi suppression by B2, the viral small RNAs sequenced from
FHV-infected wild-type flies do not exhibit the properties of vsiRNAs made by Dicer-2
(38). Instead, these viral small RNAs share striking similarities with those sequenced
from FHVDB2-infected dicer-2 mutant flies, as both populations of viral small RNAs are
overwhelmingly positive-stranded without an obvious size preference. Thus, the vast
majority of viral small RNAs sequenced from wild-type and dicer-2 mutant flies infected
with FHV and FHVDB2, respectively, most likely correspond to the nonspecific degrada-
tion products of the abundant viral genomic RNAs. Nevertheless, negative-stranded
21-nt vsiRNAs are readily detectable by Northern blotting in FHV-infected wild-type
flies, and FHV accumulates to higher titers and is more virulent in dicer-2 and r2d2 mu-
tant flies than in wild-type flies (28, 30). Thus, B2 suppression of RNAi is incomplete
and antiviral RNAi remains partially active against FHV infection in wild-type flies.
These FHV studies together show that sequencing of small RNAs yields inconclusive
results from wild-type virus-infected fruit flies and defining the physiological signifi-
cance and mechanisms of antiviral RNAi requires VSR identification and characteriza-
tion of VSR-deficient mutant viruses.

Cricket Paralysis Virus

Cricket paralysis virus (CrPV) belongs to the Dicistroviridae in branch 2 of the posi-
tive-stranded RNA viruses, which also includes picornaviruses (31). CrPV contains a
non-segmented RNA genome that encodes two open reading frames (ORFs) translated
from the dicistronic genomic RNA using independent internal ribosome entry sites (42,
43). ORF1 encodes a polyprotein for the mature nonstructural proteins involved in rep-
lication, whereas the viral capsid proteins are processed from the ORF2 polyprotein
(Fig. 3A). CrPV infects diverse species of insects and is substantially more virulent than
FHV in fruit flies (28). Like FHV, however, CrPV triggers vsiRNA production in S2 cells,
accumulates to higher titers, and is more virulent in dicer-2, r2d2, and ago2 mutant flies
than in wild-type flies (28, 44). Thus, CrPV infection of wild-type flies also induces anti-
viral RNAi which confers partial protection against wild-type CrPV.

The use of a cell-based assay (45) has led to the identification of a VSR encoded by
CrPV (28). Active suppression of antiviral RNAi induced by FHV RNA1 self-replication
was detected in S2 cells expressing a protein corresponding to the first 140 codons of
CrPV ORF1. Under the same conditions, expression of a truncated protein correspond-
ing to the first 107 codons of CrPV ORF1 failed to suppress antiviral RNAi (28). Similarly,
assaying for suppression of synthetic dsRNA-induced RNAi revealed VSR activity for the
CrPV ORF1 N-terminal segments of either 168 or 148 residues, but not those of 128 or
108 residues (46). The VSR protein of CrPV was designated 1A because a mature pro-
tein around 160 residues in size accumulates in CrPV-infected cells, as shown by
Western blotting analysis using an antiserum raised against the first 148 N-terminal res-
idues of CrPV ORF1 (46). Interestingly, the N-terminal segment of the ORF1 polyprotein
encoded by Drosophila C virus (DCV) from the same genus as CrPV also exhibits VSR ac-
tivity but shares no significant sequence similarity with CrPV-1A (29). DCV-1A contains
a canonical dsRNA-binding domain (dsRBD) and suppresses Dicer processing of long
dsRNA into siRNA, thus exhibiting functionary similarity with the nodaviral B2 protein.
In contrast, CrPV-1A binds to AGO2 and inhibits the RNA-slicing activity of AGO2-RISC,
most likely by blocking vsiRNA-mediated recognition of the target mRNA (46, 47).

Structural and functional studies of CrPV-1A have mapped the residues essential for
the VSR activity to a flexible loop region at the C-terminal region of CrPV-1A (48).
These residues include proline 106 (P106) and phenylalanine 114 (F114), and alanine
substitution of either amino acid abolishes both the AGO2-binding and RNA-slicing in-
hibition activities of CrPV-1A. The VSR activity of CrPV-1A is essential for CrPV infection
of S2 cells because CrPV mutants designed from an infectious CrPV cDNA clone (49) to
carry either a P106A or F114A mutation replicate to high viral titers only after AGO2
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has been depleted by dsRNA soaking (48). Moreover, the mutant virus CrPV-F114A
accumulates at lower viral titers and is less virulent than wild-type CrPV in adult flies. In
contrast, wild-type and mutant CrPV exhibit no significant differences in either viru-
lence or accumulation levels in ago2 mutant flies. These findings show that CrPV infec-
tion in vivo triggers an AGO2-dependent antiviral RNAi (1, 39, 40).

It is interesting that the mutant virus CrPV-F114A remains virulent to wild-type
adult flies, suggesting the presence of an independent CrPV-encoded activity to antag-
onize antiviral RNAi. Indeed, the N-terminal region of CrPV-1A contains a motif that

FIG 3 Genome organization of wild-type and VSR-deficient viruses discussed in this article. (A) Cricket paralysis virus (CrPV). (B)
Turnip mosaic virus (TuMV). (C) Turnip crinkle virus (TCV). (D) Cymbidium ringspot virus (CymRSV). (E) Beet curly top virus (BCTV).
(F) Cabbage leaf curl virus (CaLCuV). ORFs encode proteins required for genome replication such as RdRP (yellow), CP (red),
movement protein (MP; green), VSR (purple), and other proteins (brown). Specific mutations introduced into the genomes of VSR-
deficient mutant viruses to inactivate VSR function (A to C) or prevent VSR translation (D to F) are indicated by red triangle and
purple dash line, respectively.
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participates in the assembly of an E3 ligase in the infected cells to target AGO2 for deg-
radation in a proteasome-dependent manner (48). Introduction of mutation L17A or
A21D into this motif in the viral infectious cDNA to disrupt E3 ligase assembly led to
drastically decreased viral titers in S2 cells. However, the infection-defective phenotype
of CrPV-L17A and CrPV-A21D mutant viruses was significantly rescued by AGO2 deple-
tion, demonstrating dual RNAi suppression mechanism by CrPV (48).

Invertebrate Iridescence Virus-6

Invertebrate iridescence virus-6 (IIV6) belongs to the Iridoviridae and contains a large
dsDNA genome (212,482 bp). IIV6 has a broad host range and establishes a productive
infection in fruit flies under laboratory conditions. Several lines of evidence show restric-
tion of IIV6 infection by the same long dsRNA-siRNA pathway that confers protection
against RNA viruses in fruit flies (Fig. 1). IIV6 infection induces production of a typical
population of 21-nt vsiRNAs processed from long dsRNA formed between viral conver-
gent transcripts in S2 cells as well as in wild-type and ago2 mutant flies, but not in dicer-
2 mutant flies (50, 51). IIV6 was shown to replicate to higher titers and caused more
severe disease in dicer-2 and ago2 mutant flies than in wild-type flies (50, 51). Notably,
IIV6 encodes protein 340R, which contains a canonical dsRBD observed in other VSRs
(29, 45), binds long dsRNA and inhibits its Dicer processing in vitro, and suppresses long
dsRNA-triggered RNAi in S2 cells (52). Protein 340R also binds siRNA duplexes and blocks
siRNA loading into RISC and siRNA-induced RNAi without interfering with the RNA-slicing
activity of pre-assembled mature RISC, indicating that 340R may suppress antiviral RNAi
by preventing vsiRNA biogenesis, vsiRNA loading, or both (52).

Bronkhorst et al. (53) recently reported the construction and characterization of a
340R-deletion mutant of IIV6, IIV6 D340R. IIV6 D340R consistently replicates to signifi-
cantly lower viral titers than wild-type IIV6 in adult flies. However, the wild-type and
VSR-deficient mutant IIV6 accumulate to similar levels in dicer-2 and ago2 mutant flies
defective in the long dsRNA-siRNA pathway of RNAi. Instead of the slightly higher wild-
type IIV6 levels previously observed in RNAi-defective flies (50, 51), careful reexamina-
tion found that neither dicer-2 nor ago2 mutant flies accumulated higher viral levels
than WT flies after infection with wild-type IIV6 in contrast to IIV6 D340R infection (53).
Therefore, infection with the large DNA virus triggers a potent antiviral RNAi response
in adult flies that is completely suppressed by the cognate VSR 340R (53). Moreover,
IIV6 D340R does not trigger enhanced vsiRNA production and has no obvious replica-
tion defects in S2 cells compared to wild-type IIV6 (53). In this regard, IIV6 D340R is
similar to several VSR-deficient plant viruses discussed below and differs from the VSR-
deficient mutants of FHV and CrPV that exhibit strong defects in viral RNA accumula-
tion in single-cell replication assays (10, 27, 48). These findings suggest that the VSR of
IIV6 most likely acts by sequestering siRNA duplexes and that antiviral RNAi inhibits
IIV6 D340R infection at a step after viral replication in the initially infected cells.

INFECTION-DEFECTIVE PHENOTYPES ANDMECHANISMS OF VSR-DEFICIENT
PLANT VIRUSES

Plant viruses serve as a model for understanding the structure and biology of viruses
since the discovery of the first virus in plants (54, 55). The vast majority of plant viruses
contain single-stranded (ss) positive-sense RNA genomes or circular ssDNA genomes (54,
55). Unlike those that infect insects and other animals, plant viruses enter plant cells via
wounds created by mechanical means or vector feeding and spread from the initially
infected cell to neighboring cells through plasmodesmata, requiring the unique function
of viral cell-to-cell movement proteins (54–57). Subsequently, viruses are transported
over long distances to establish systemic infection via the phloem, the vascular tissue re-
sponsible for the translocation of soluble organic compounds (54–57).

Pioneering studies on plant viruses have provided early evidence for an RNA-medi-
ated virus resistance mechanism in plants (58). For example, plant viruses are known to
serve as both the inducers and targets of the homology-dependent post-transcriptional
gene silencing (PTGS) of transgenes when there is sufficient nucleotide sequence
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homology between the transgene and the viral genome (59–61). The first VSRs were
identified from plant virus virulence proteins that exhibited novel activity to suppress
PTGS of transgenes (62–65). Notably, viral infection of wild-type plants activates PTGS-
like RNA degradation and induces accumulation of ;25-nt virus-derived small RNAs
similar to those that target transgenes undergoing PTGS (66–68). Moreover, distinct
A. thalianamutants defective in transgene PTGS show enhanced susceptibility to cucum-
ber mosaic virus (CMV) (69–71). However, key questions regarding the function and
mechanisms of RNA-mediated virus resistance in plants remained unaddressed before
the dsRNA-siRNA pathway was shown to confer antiviral defense and be targeted for
suppression by VSRs to enhance virus accumulation in both D. melanogaster and C. ele-
gans (27–30, 33, 72). For example, it was unclear whether the 25-nt virus-derived small
RNAs were essential for RNA-mediated virus resistance and corresponded to the siRNA
processed from viral long dsRNA molecules or the miRNA from viral single-stranded RNA
precursors with local hairpin structures (58). It was also unknown whether viral suppres-
sors of transgene PTGS promoted virus infection by suppressing the function of either
the virus-derived small RNAs or host miRNAs (58).

The first set of answers to these questions came from genetic studies of the model
plant A. thaliana (58), especially those involving the use of virus mutants rendered de-
fective in RNAi suppression, reviewed in detail below. The biogenesis and mechanisms
of siRNAs differ between insects and plants (73–75) (Fig. 1 and 4). Arabidopsis plants
produce siRNAs in 21-, 22-, and 24-nt size classes by Dicer-like 4 (DCL4), DCL2, and

FIG 4 Antiviral RNAi pathways in Arabidopsis thaliana. The virus-specific double-stranded RNA (dsRNA)
precursors produced as RNA virus replicative intermediates or from bidirectional transcription of viral
circular DNA genomes are processed into 21-, 22-, or 24-nt viral siRNAs by host Dicer-like 4 (DCL4), DCL2,
and DCL3, respectively. Antiviral RNAi against many viruses further depends on the production of
secondary viral siRNAs processed from virus-specific long dsRNA precursors synthesized by the host RNA-
dependent RNA polymerases RDR1 and RDR6. Multiple host Argonaute proteins (AGOs) direct specific
siRNA-guided antiviral RNAi in RISC or another effector complex by directing RNA slicing and translational
repression of viral RNAs or RNA-directed DNA methylation and transcriptional gene silencing of viral DNA
genomes.
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DCL3, respectively. Unlike insects, A. thaliana encodes six cellular RdRP genes (RDR1 to
-6), of which RDR1, -2, and -6 are known to synthesize long dsRNA as the substrates of
DCLs for siRNA amplification. Moreover, of the 10 Arabidopsis AGOs, AGO1 is the main
RISC effector for both miRNAs and siRNAs. Like DCL1, which is responsible for the bio-
genesis of most miRNAs, AGO1 is essential for plant development, so only partial loss-
of-function mutants of AGO1 are fertile and available for infection studies. Therefore, it
is critical to determine whether the AGO1-dependent antiviral phenotype observed in
plants, unlike that in fruit flies, is specifically mediated by an antiviral RNAi pathway in-
dependent of host miRNAs. In addition, plant 24-nt siRNAs are produced by DCL3 to
direct transcriptional gene silencing by inducing DNA methylation and histone H3 ly-
sine 9 dimethylation (H3K9me2) in a self-reinforcing loop (76, 77).

Cucumber Mosaic Virus

Cucumber mosaic virus infects more than 1,200 plant species and belongs to the
genus Cucumovirus in the family Bromoviridae in branch 3 of the positive-stranded
RNA viruses, which also includes animal alphaviruses (31, 78, 79). CMV was the first vi-
rus shown to replicate to higher titers in A. thaliana plants carrying mutations in genes
that control PTGS of transgenes, including RDR6 (also known as SGS2 and SDE1), SGS3,
SDE3, and AGO1 (69–71). CMV was also one of the viruses used to reveal the antiviral
activity of the 21- and 22-nt vsiRNAs produced in a hierarchically redundant manner
by DCL4 and DCL2, respectively (80–83).

CMV contains three genomic RNAs coding for five proteins in total (Fig. 5A). The 1a
and 2a proteins are required for virus replication, whereas the 3a protein and CP are
essential for both cell-to-cell and long-distance virus movement (78). The 2b protein of
cucumoviruses, translated from subgenomic RNA 4A (84), was one of the first viral pro-
teins discovered to exhibit suppression of PTGS of transgenes (6, 65, 85, 86). Based on
the known role of 2b as a virulence protein to promote long-distance virus transport
and enhance virus accumulation levels in the upper uninoculated leaves in diverse
host species (87, 88), it was hypothesized that CMV infection induces an antiviral PTGS
response antagonized specifically by 2b to develop systemic infection (65, 86, 89).
Subsequent genetic studies in A. thaliana have shown that plants produce 21- and 22-
nt vsiRNAs by DCL4 and DCL2, respectively, to act redundantly in antiviral RNAi against
CMV (81–83). The most abundant class of vsiRNAs detected in CMV-infected plants are
the 21-nt class vsiRNAs made by DCL4. However, CMV replicates to similar levels in
wild-type, dcl2, and dcl4 single-mutant plants, and exhibits significantly enhanced viru-
lence with higher virus titers only in the dcl2 dcl4 double-mutant plants (81–83).

Compared to wild-type CMV, the 2b-deletion mutant of CMV (CMV-D2b) (Fig. 5A)
accumulates to dramatically reduced levels and induces no visible symptoms in
A. thaliana ecotype Columbia-0 (Col-0) plants, as shown previously in diverse host spe-
cies (83, 87, 88). However, the accumulation of 21-, 22-, and 24-nt vsiRNAs is significantly
higher in CMV-D2b–infected Col-0 plants than in CMV-infected plants despite low virus
replication levels (83). Strikingly, both the in vivo accumulation and symptom develop-
ment (Fig. 5B) of CMV-D2b are indistinguishable from that of wild-type CMV in both the
dcl2 dcl4 and dcl2 dcl3 dcl4 mutant plants which are defective in antiviral RNAi (83, 90–
92). Thus, CMV-D2b exhibits no functional defects in virus replication, cell-to-cell move-
ment, or long-distance transport, demonstrating that the infection-defective phenotypes
of the mutant virus in wild-type plants result solely from antiviral RNAi initiated by DCL2
or DCL4 in response to infection. Together, these findings have confirmed the 2b protein
of CMV as a VSR that functions to promote in vivo infection specifically by suppressing
antiviral RNAi and established the VSR-deficient CMV-D2b as a sensitive reporter virus for
the antiviral activities of vsiRNAs produced by the host immune system. As reviewed
elsewhere (15–19), VSR-2b inhibits both the biogenesis and antiviral activity of vsiRNAs
by interacting with long dsRNA and siRNA duplex as well as with the Argonaute and
RDR proteins of the RNAi pathway (93–97).

Although VSR-2b dramatically enhances CMV accumulation at the whole-plant
level, it has no effect on CMV replication in protoplast single-cell assays (88, 98).
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FIG 5 Infection defects of VSR-deficient cucumber mosaic virus (CMV). (A) Genome organization of CMV. ORFs encode proteins required
for replication (yellow), CP (red), MP (green), and VSR (purple). (B) Distinct virulence phenotypes of CMV and its VSR-deficient
mutant (CMV-D2b) 6 weeks postinfection in wild-type (Columbia-0 [Col-0]) and mutant plants as indicated. In the absence of viral
RNAi suppression, CMV-D2b is symptom-free in wild-type plants but becomes as virulent as CMV in dcl2 and dcl4 double-knockout
plants (dcl2/4), which produce neither primary nor secondary viral siRNAs. The primary viral siRNAs in rdr1 and rdr6 double-knockout
plants (rdr1/6) confer a basal defense so that CMV-D2b virulence is only partially restored (reprinted with permission from Ding and
Lu [92]). (C) Distribution of CMV RNAs in cucumber cotyledons as revealed by press-blot hybridization at 4 days postinoculation with
water (mock), CMV, CMV-D2b, or CMV-D16 (reprinted with permission from Ding et al. [84]). CMV-D16 expressed a mutant 2b
protein with the 16 C-terminal amino acids deleted, which was shown later to retain its VSR activity (85). (D) Mapping of CMV-D2b
produced viral siRNAs to viral genomic RNAs in Col-0 and rdr1, rdr2, and rdr6 triple-knockout plants (rdr1/2/6). Perfect matched reads
of 21-nt vsiRNAs per million total sequenced small RNAs were shown (reprinted with permission from Wang et al. [104]).
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Moreover, CMV-D2b constructed from either Q-CMV in the subgroup II strains (Fig. 5C,
top left) or Fny-CMV in the subgroup I strains replicates efficiently in the initially infected
cells and spreads to neighboring cells to form local infection foci in the directly inocu-
lated leaves (87, 98). These findings indicate that the antiviral RNAi response triggered
by CMV does not inhibit virus accumulation at the single-cell level or the initial cell-to-
cell virus movement. Instead, the induced antiviral RNAi suppresses long-distance virus
transport and virus accumulation in the upper uninoculated leaves of wild-type plants.

The use of CMV-D2b as a reporter for antiviral RNAi has facilitated the identification
and mechanistic characterization of several additional components in the defense
pathway. For example, the mechanisms of plant RDR genes known to confer virus re-
sistance has remained unclear since the year 2000 (69, 71, 99–103). Examination of a
full panel of rdr1, rdr2, and rdr6 single-, double-, and triple-mutant plants has revealed
that the infection defects of CMV-D2b are rescued when neither RDR1 nor RDR6 is
functional (104) (Fig. 5B). Northern blotting and deep sequencing of small RNAs
revealed that knockout of both RDR1 and RDR6 leads to at least 20-fold reduction in
the vsiRNA biogenesis induced by CMV-D2b (Fig. 5D). These findings have provided
the first evidence for a specific role of the host RDR1 and RDR6 genes in antiviral RNAi
by synthesizing virus-specific long dsRNA precursors of a dominant pool of vsiRNAs
(104). Similarly, CMV-D2b establishes virulent systemic infection with high viral load in
several A. thaliana mutants defective in vsiRNA amplification, including those carrying
loss-of-function mutations in Suppressor of Gene Silencing 3 (SGS3), phospholipid flip-
pase genes ALA1/ALA2, Antiviral RNAi-defective 2 (AVI2), or Reduced Dormancy 5
(RDO5) (91, 105–108). Notably, RDR6-mediated vsiRNA amplification to target CMV is
inhibited by autophagy mediated by a virus-inducible small peptide in A. thaliana
(109) and upregulated by transcription factor CAMTA3 in Nicotiana benthamiana (110).
As in nematodes (111, 112), the RDR-independent and RDR-dependent vsiRNAs have
been designated primary and secondary vsiRNAs, respectively (104, 113, 114). The pri-
mary vsiRNAs processed from viral RdRP products without RDR amplification also
direct active antiviral RNAi in plants as has been found in insects and mammals, which
do not encode an RDR homolog. For example, CMV-D2b replicates to lower levels and
induces less severe disease symptoms in rdr1 rdr6 or ala1 ala2 mutant plants, which
produce only primary vsiRNAs, than in dcl2 dcl4 mutant plants (Fig. 5B), in which nei-
ther the primary nor the secondary 21- and 22-nt vsiRNAs are produced.

CMV-D2b also establishes virulent systemic infection in ago1 ago2 double-mutant
plants despite the production of highly abundant primary and secondary vsiRNAs (105).
The antiviral activities of AGO1 and AGO2 are additive and non-redundant. Consistently,
AGO1 and AGO2 are associated in vivo with two distinct populations of vsiRNAs (105)
which differ in both the ratio of 21-nt to 22-nt vsiRNAs and the 59-terminal nucleotide (U
for AGO1 and A for AGO2) found previously for endogenous small RNAs (115, 116).
These results demonstrate that without the subsequent assembly of vsiRNA-AGO effec-
tor complex, Dicer processing of the long dsRNA precursors of the vsiRNA is insufficient
to confer virus resistance (105), which is similar to antiviral RNAi in insects (10, 38).

CMV-D2b was used in a recent genome-wide association studies (GWAS) screen to
determine whether natural variations among re-sequenced wild A. thaliana popula-
tions were enriched in specific pathways known to confer virus resistance in plants
(108). Genetic and infection studies have demonstrated that the highest-ranked gene
significantly associated with quantitative virus resistance functions in antiviral RNAi by
promoting RDR6-dependent amplification of vsiRNAs. Remarkably, a negative regula-
tor of antiviral RNAi was identified as the highest-ranked gene from a similar GWAS
screen using wild-type Q-CMV (108). Since CMV is a natural pathogen of A. thaliana in
wild ecosystems (117), these findings suggest that antiviral RNAi drives host adaptation
to viral infection in plants (108, 118).

Turnip Mosaic Virus

Potyvirus is the largest genus of the Potyviridae in branch 2 of positive-stranded
RNA viruses, which also includes animal picornaviruses (31, 79, 119). Potyviruses,
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including tobacco etch virus (TEV) and turnip mosaic virus (TuMV), produce their mature
proteins by proteolytic cleavages of a large polyprotein translated from a non-segmented
RNA genome (Fig. 3B). Potyviral helper component-proteinase (HC-Pro) was one of the
first viral suppressors of transgene PTGS reported in 1998 (63, 64). The silencing suppres-
sor activity of TEV HC-Pro is completely abolished in two HC-Pro mutants (AS9 and AS10)
with alanine replacement of 2 or 3 charged amino acid residues in the central region that
are dispensable for proteinase activity and invariable among potyviruses (120, 121).
Consistently, TuMV HC-Pro containing the conserved AS9 substitutions is also defective in
silencing suppression assays, and the AS9-containing mutant TuMV triggers vsiRNA pro-
duction and is unable to initiate infection in A. thaliana plants (122). However, TuMV-AS9
establishes efficient systemic infection in both dcl2 dcl4 and dcl2 dcl3 dcl4 mutant plants,
with severe disease symptoms indistinguishable from those of wild-type TuMV. These
findings demonstrate that the VSR-deficient TuMV-AS9 exhibits no functional defects in
virus replication, cell-to-cell movement, or long-distance transport when antiviral RNAi is
defective (122), providing functional validation of HC-Pro as the potyviral VSR.

The use of VSR-defective potyviruses marked by a beta-glucuronidase gene (GUS)
or green fluorescent protein (GFP) tag has revealed important insights into the antiviral
activities of vsiRNAs. TuMV-AS9-GFP (Fig. 3B) is especially powerful because it allows
visual inspection of live infection, developing local green fluorescent foci following vi-
rus replication and cell-to-cell movement in inoculated leaves before long-distance
transport into the uninoculated bolt tissue, cauline leaves, and inflorescence clusters
(122). The VSR-deficient TEV-AS9-GUS replicates to at least 4-fold lower levels than
TEV-GUS in protoplast assays and exhibits defects in long-distance movement (120).
Similarly, TuMV-AS9-GFP causes no detectable infection in either inoculated leaves or
uninoculated tissues of wild-type plants (122), indicating the induction of an antiviral
RNAi response which inhibits potyviral accumulation in the initially infected cells. The
induction of local antiviral RNAi requires production of DCL4-produced 21-nt secondary
vsiRNAs by both RDR1 and RDR6 since the resistance is lost in dcl4, rdr1, and rdr6 single
mutants (122), allowing not only local infection in inoculated leaves, but also systemic
infection of bolt tissue and cauline leaves. Interestingly, further systemic infection of the
inflorescence tissues with TuMV-AS9-GFP is successful only in mutant plants in which
both DCL2 and DCL4 or both RDR1 and RDR6 are inactivated (122). Therefore, a qualita-
tively distinct population of 22-nt vsiRNAs produced by DCL2 and amplified by either
RDR1 or RDR6 can direct another module of antiviral RNAi to prevent inflorescence inva-
sion in the absence of the 21-nt vsiRNAs made by DCL4. By comparison, TuMV-AS9-GFP
invasion of the inflorescence clusters is more efficient and virus titers in the inoculated
leaves and uninoculated cauline leaves and inflorescence are higher in dcl2 dcl4 plants
than in rdr1 rdr6 or rdr1 rdr2 rdr6 plants, revealing a basal level of resistance against the
VSR-deficient potyvirus conferred by the RDR-independent primary vsiRNAs (122).

Two overlapping sets of AGOs play essential roles in the two modules of antiviral
RNAi directed by the 21- and 22-nt vsiRNAs, respectively (113, 123, 124). Among the
three clades of A. thaliana AGOs (125, 126), all three members of clades AGO1/5/10
and AGO2 and AGO7 (ZIP-1) from clade AGO2/3/7 are required for the induction of
local antiviral RNAi. For example, TuMV-AS9-GFP infection is visible in inoculated leaves
and uninoculated cauline leaves of ago2, ago5, ago7 and ago10 single-mutant plants
(113), and TuMV-AS9-GFP spread into the uninoculated systemic leaves is observed in
ago1-57 plants (127). By comparison, AGO2 plays a more prominent role, and its RNA-
slicing activity is necessary for antiviral RNAi (113, 123, 124). In contrast, either AGO1 or
AGO10 can function independently to mediate systemic antiviral RNAi by DCL2-pro-
duced 22-nt vsiRNAs. Interestingly, AGO2 further contributes to restricting viral spread
to inflorescence clusters because inflorescence infection occurs in a larger proportion
of ago1 ago2 ago10 triple-mutant plants compared to ago1 ago10 double-mutant
plants (113). Consistently, both 21- and 22-nt vsiRNAs induced to target TuMV-AS9-
GFP associate with AGO1, AGO2, and AGO10, and HC-Pro sequesters the vsiRNAs away
from all three antiviral AGOs in TuMV-infected plants (113). Thus, HC-Pro may suppress
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antiviral RNAi in vivo by preventing the loading of vsiRNAs into the AGOs in addition to
its multiple previously reported VSR activities (113, 123, 124, 128–131).

Turnip Crinkle Virus and Cymbidium Ringspot Virus

Viruses in the family Tombusviridae represent a distinct lineage in branch 3 of posi-
tive-stranded RNA viruses (31, 79) and include several viruses that serve as models for
antiviral RNAi. Turnip crinkle virus (TCV) belongs to the genus Betacarmovirus (Fig. 3C)
and was among the first plant viruses shown to trigger antiviral RNAi mediated by
DCL2 and DCL4 (80, 132). Unlike cucumoviral and potyviral VSRs, which are viral non-
structural proteins, TCV VSR is the capsid protein (CP) (also known as P38) responsible
for the encapsidation of the viral genomic RNA. TCV CP is dispensable for viral replica-
tion in protoplast assays and cell-to-cell movement, but virus exit from the vasculature
in the systemically infected leaves after long-distance transport requires active virion
assembly by CP in a process independent of its VSR activity (57, 133–137). In the ab-
sence of CP expression, a VSR-deficient TCV mutant tagged with GFP (TCV GFPDCP) is
potently silenced in A. thaliana plants by DCL2/DCL4-dependent vsiRNAs so that the
mutant virus causes virulent systemic infection only when both DCL2 and DCL4 are
inactivated (80, 133, 134, 138). In the inoculated leaves of wild-type plants, TCV
GFPDCP replication is accompanied by cell-to-cell movement, resulting in fluorescent
foci (139). VSR-deficient TCV mutants accumulate at higher levels in the inoculated
leaves after genetic inactivation of DCL4, DRB4, RDR6, AGO1, AGO2, AGO3, or AGO7
(80, 133, 134). Moreover, a TCV mutant (CPB, Fig. 3C) with a single amino acid substitu-
tion to inactivate the VSR activity of CP without disrupting virion assembly can spread
long-distance to infect (i) uninoculated cauline leaves in ago2, ago3, and ago7 single-
mutant plants and (ii) both the uninoculated cauline leaves and inflorescence tissues
in dcl2 dcl3 dcl4 mutant plants (133, 134). These findings indicate that TCV infection
also triggers two similar modules of antiviral RNAi to reduce the accumulation of virus
available for long-distance transport after the initial virus replication and cell-to-cell
movement in the inoculated leaves (134). Interestingly, only single fluorescent cells are
visible in N. benthamiana leaves inoculated by TCV GFPDCP (139). Thus, TCV infection
may induce antiviral RNAi to inhibit cell-to-cell virus movement in N. benthamiana but
not in A. thaliana, indicating a host-specific difference in blocking virus spread by anti-
viral RNAi.

Cymbidium ringspot virus (CymRSV) encodes an extensively characterized VSR p19
conserved in the genus Tombusvirus, which includes tomato bushy stunt virus (TBSV)
(140, 141) (Fig. 3D). Because A. thaliana is a non-host for these viruses, the Laboratory
(LAB) strain of N. benthamiana naturally defective in RDR1 (101) has been used to char-
acterize the infection-defective phenotypes of VSR-deficient tombusviral mutants
(140–142). Deep sequencing of total small RNAs from CymRSV-infected N. benthami-
ana plants has identified the precursors of vsiRNAs as the long dsRNA, not ssRNA with
local foldback structures (143). Expression of p19 is dispensable not only for viral replica-
tion in protoplast assays, but also for the initial cell-to-cell and long-distance virus move-
ment in infected plants, so that wild-type and VSR-deficient tombusviruses accumulate
to similar levels in both the inoculated leaves and the first systemically infected leaves
(140–142). VSR-p19 expression does not alter the accumulation levels of vsiRNAs, prob-
ably because it acts by sequestering duplex siRNAs (140, 144). Unlike wild-type viruses,
however, VSR-defective viruses are gradually cleared from the subsequently emerged tis-
sues that are free of disease symptoms. For example, in situ analyses of viral RNAs and
proteins reveal that the presence of VSR-deficient mutant CymRSV (Fig. 3D) is confined
to and around the vascular bundles in the systemically infected leaves, indicating defec-
tive virus exit from the vasculature following phloem-dependent transport (145).

The phloem exit block of the VSR-deficient CymRSV and TCV is phenotypically simi-
lar but mechanistically distinct. TCV GFPDCP or TCV mutants expressing assembly-de-
fective CP variants remain confined to the main veins of the systemically infected
leaves in dcl2 dcl3 dcl4 A. thaliana plants that cannot initiate antiviral RNAi (133). In
contrast, the p19-deficient CymRSV spreads as broadly as wild-type CymRSV in the
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systemically infected leaves of N. benthamiana plants maintained under a low temper-
ature insufficient to trigger vsiRNA production (146). Notably, immunization of N. ben-
thamiana with engineered expression of individual vsiRNAs to target TBSV genomic
RNA confers strong antiviral protection (147). Moreover, knockdown and/or knockout
of the AGO2 or RDR6 gene in N. benthamiana enhances the accumulation of VSR-de-
fective mutant tombusviruses and delays the recovery of infected plants (114, 148–
150). The observed inhibition of CymRSV-Dp19 infection in mutant N. benthamiana
plants defective in both RDR1 and RDR6 (114) resembles the incomplete rescue of
CMV-D2b and TuMV-AS9-GFP in rdr1 rdr6 plants (104, 122), providing evidence for anti-
viral activity of RDR-independent primary vsiRNAs in a different host species. It will be
interesting to determine whether plants defective in the biogenesis of both primary
and secondary vsiRNAs can support more efficient systemic infection with p19-defi-
cient tombusviruses, including the BS3Ng isolate of TBSV recently shown to develop
systemic infection in A. thaliana (151).

Beet Curly Top Virus and Cabbage Leaf Curl Virus

Geminiviridae is a large family of plant small DNA viruses (79) targeted not only by the
21- and 22-nt vsiRNAs made by DCL4 and DCL2, respectively, but also by DCL3-produced
24-nt vsiRNAs (152–156) (Fig. 4). In plants, 24-nt siRNAs induce DNA methylation and
H3K9me2, which inhibit target gene transcription (76, 77). The geminiviral genome com-
prises one or two circular ssDNA (2.5 to 3.0 kb) and depends on host machinery in the nu-
cleus for rolling-circle DNA replication and on bidirectional transcription from episomal
mini-chromosomes to yield virion- and complementary-sense transcripts as mRNAs for
the expression of 6 to 7 proteins (8). The multifunctional L2/AL2 (also known as TrAP) pro-
tein is an extensively characterized VSR of geminiviruses (8). VSR-L2 of beet curly top virus
(BCTV, genus Curovirus) is not required for replication or systemic infection, and the initial
disease symptoms of Nicotiana bethamiana and A. thaliana plants caused by wild-type
and L2-deficient (L22) BCTV (Fig. 3E) are also indistinguishable (157, 158). However, BCTV
L22-infected plants subsequently develop an enhanced recovery phenotype, especially
in new growth after removal of the primary infected shoots, which is free of symptoms
and contains drastically reduced viral titers (157, 158). Notably, A. thaliana recovery from
BCTV L22 infection requires DCL3, AGO4, and plant-specific RNA polymerases IV and V to
promote cytosine methylation and H3K9me2 of the viral chromatin, demonstrating anti-
viral activity of the 24-nt vsiRNAs against the DNA virus (157, 159–162).

VSR-TrAP of cabbage leaf curl virus (CaLCuV, a bipartite geminivirus from genus
Begomovirus) is essential for systemic infection in A. thaliana, but mutant plants with
deletion of the H3K9me2 histone methyltransferase gene Kryptonite (KYP) support sys-
temic infection of TrAP-deficient CaLCuV (Fig. 3F) (163). Interestingly, tomato RDR
genes Ty-1 and Ty-3, which are closely related to A. thaliana RDR3/4/5 clade, confer re-
sistance to Tomato yellow leaf curl virus (TYLCV, a monopartite begomovirus) by a
mechanism associated with enhanced amplification of 21-, 22-, and 24-nt vsiRNAs (155,
164, 165). Moreover, the A. thaliana RDR6 gene plays an indispensable role in non-host
resistance to the mixed infection of TYLCV-China with its betasatellite DNA (166).
Together, these studies indicate that RDR amplification of vsiRNAs and repressive DNA
and histone methylation of the geminiviral chromatin initiated by the 24-nt vsiRNAs
are critical to the development of plant resistance to geminiviruses.

CONCLUSIONS AND PERSPECTIVES

We have recently reviewed the studies on the functional validation of VSRs encoded
by mammalian RNA viruses from the families Flaviviridae, Nodaviridae, Orthomyxoviridae,
and Picornaviridae (18). Although they share no similarity in their primary protein sequen-
ces, all of these mammalian VSRs suppress Dicer production of vsiRNAs by sequestering
the viral long dsRNA replicative intermediates with a similar fold of two antiparallel a-heli-
ces (167–170). Moreover, mutant viruses defective in the VSR function trigger production
of abundant vsiRNAs to direct potent antiviral RNAi so that they replicate to high titers
only in mammalian cells with knockout of either the Dicer gene or the RNA-slicing activity
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of Argonaute-2 (167–172). These VSR-deficient mutant viruses are also defective in in vivo
infection and mutant virus clearance in infected mice is correlated with the production of
abundant vsiRNAs, with the purified vsiRNAs-RISC exhibiting specific RNA-slicing activity
(167, 169, 170, 172). When the VSR of enterovirus A71 (EV-A71) is rendered non-functional
by synthetic VSR-targeting peptides, in vivo infection of wild-type EV-A71 is inhibited and
vsiRNA biogenesis is activated (173). Notably, the VSR-deficient Nodamura virus (NoV)
acts as a novel live-attenuated vaccine since it induces complete protection against lethal
NoV infection in newborn mice only 2 days postvaccination (174). Unfortunately, it has
not been possible to demonstrate in vivo rescue of any mammalian VSR-deficient mutant
virus by deficiency in antiviral RNAi, largely because RNAi-defective mutant vertebrates
are nonviable (18).

This review highlights the infection defects of VSR-deletion mutant viruses that can
be rescued at the whole-organism level by genetic deficiency in antiviral RNAi. These
specific infection defects define the range of virus resistance phenotypes conferred by
antiviral RNAi in animals and plants because we excluded infection defects that result
from loss of a VSR’s function independent of RNAi suppression. Our analyses show that
antiviral RNAi can inhibit virus accumulation at all three stages of infection in both plants
and insects (Table 1). Antiviral RNAi-mediated clearance of viral RNAs is induced in insect
cells inoculated directly with positive-stranded RNA viruses from branches 2 and 3. By
contrast, activation of antiviral RNAi in plants restricts the spread of VSR-deficient CMV,
TCV, and CymRSV into neighboring cells and/or distinct tissues without detectable
effects on their accumulation in the initially infected cells (Table 1). Interestingly, leaves
inoculated with the same VSR-deficient TCV marked by GFP develop fluorescent foci in
A. thaliana, but only single fluorescent cells in N. benthamiana, suggesting a host-specific
difference in blocking local and systemic virus spread by antiviral RNAi (Table 1).
However, although GFP-marked VSR-deficient TuMV establishes local and systemic infec-
tion in mutant plants defective in antiviral RNAi, it appears that single fluorescent cells
are not visible in the inoculated leaves of wild-type plants (122). This finding supports
previous observations that the accumulation of VSR-deficient TEV is inhibited in the ino-
culated protoplasts, suggesting antiviral RNAi-mediated clearance of potyviral RNAs in
the initially infected plant cells (120), similarly to that in insect cells inoculated with posi-
tive-strand RNA viruses FHV and CrPV. Moreover, the available evidence indicates that
antiviral RNAi inhibits the accumulation of VSR-deleted DNA viruses only in the systemi-
cally infected tissues in both plants and insects (Table 1).

It is currently unclear why many mutant RNA and DNA viruses with a VSR deletion
remain resistant to antiviral RNAi in the directly inoculated cells (Table 1). It is possible
that potent viral RNA degradation by vsiRNA-RISC is activated against these viruses
during or after the exponential phase of viral replication. Alternatively, these viruses
may encode another VSR that can suppress antiviral RNAi in the directly inoculated

TABLE 1 Antiviral RNAi-induced inhibition of virus accumulation at distinct stages of infectiona

VSR-deficient virus Family (genome type)b

Virus accumulation inhibited in:c

Reference(s)Inoculated cells Inoculated tissues Systemic tissues
FHV Nodaviridae (1RNA3) yes yes yes 10, 27, 28, 38, 45
CrPV Dicistroviridae (1RNA2) yes nd yes 28, 46, 48
CMV Bromoviridae (1RNA3) no yes yes 65, 83, 87, 88, 90, 91, 98, 104–106, 108
TuMV Potyviridae (1RNA2) yes yes yes 63, 64, 113, 120, 122, 128
TCV Tombusviridae (1RNA3) no no/yes yes 80, 133–139
CymRSV Tombusviridae (1RNA3) no no yes 114, 140, 141, 143–146, 148
IIV6 Iridoviridae (dsDNA) no nd yes 50–53
BCTV Geminiviridae (ssDNA) no no yes 157–162
CaLCuV Geminiviridae (ssDNA) nd nd yes 163
aRNAi, RNA interference; VSR, viral suppressor of RNAi; FHV, flock house virus; CrPV, cricket paralysis virus; CMV, cucumber mosaic virus; TuMV, turnip mosaic virus; TCV,
turnip crinkle virus; CymRSV, Cymbidium ringspot virus; IIV6, invertebrate iridescence virus-6; BCTV, beet curly top virus; CalCuV, cabbage leaf curl virus; dsDNA, double-
stranded DNA; ssDNA, single-stranded DNA.

bThe positive-stranded RNA viruses are from branches 2 or 3 as shown by Wolf et al. (31).
cnd, not determined; yes/no, the observed inhibition of TCV in the inoculated tissues is host-specific (133–139).
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cells, as Citrus tristeza virus and geminiviruses (Fig. 3E and F) are known to express mul-
tiple mechanistically distinct VSRs (8, 175–177).

ACKNOWLEDGMENTS
This work was supported by the Agricultural Experimental Station and College of

Natural and Agricultural Sciences, the University of California, Riverside (to S.-W.D.) and
a grant from National Institutes of Health (AI141887 to S.-W.D.), as well as by grants
from the US-Israel Binational Agricultural Research and Development Fund (no. IS-5027-
17C to Amit Gal-On and S.-W.D) and the Office of Sponsored Research of the King
Abdullah University of Science and Technology, Saudi Arabia (no. OSR-2015-CRG4-2647
to Magdy Mahfouz and S.-W.D.).

We declare that there are no competing interests associated with the manuscript.

REFERENCES
1. Ding SW. 2010. RNA-based antiviral immunity. Nat Rev Immunol 10:

632–644. https://doi.org/10.1038/nri2824.
2. Li F, Wang A. 2019. RNA-targeted antiviral immunity: more than just RNA

silencing. Trends Microbiol 27:792–805. https://doi.org/10.1016/j.tim
.2019.05.007.

3. Meier N, Hatch C, Nagalakshmi U, Dinesh-Kumar SP. 2019. Perspectives on
intracellular perception of plant viruses. Mol Plant Pathol 20:1185–1190.
https://doi.org/10.1111/mpp.12839.

4. Fire A, Xu SQ, Montgomery MK, Kostas SA, Driver SE, Mello CC. 1998.
Potent and specific genetic interference by double-stranded RNA in Cae-
norhabditis elegans. Nature 391:806–811. https://doi.org/10.1038/35888.

5. Guo Z, Li Y, Ding SW. 2019. Small RNA-based antimicrobial immunity.
Nat Rev Immunol 19:31–44. https://doi.org/10.1038/s41577-018-0071-x.

6. Csorba T, Kontra L, Burgyan J. 2015. Viral silencing suppressors: tools forged
to fine-tune host-pathogen coexistence. Virology 479–480:85–103. https://
doi.org/10.1016/j.virol.2015.02.028.

7. Yang Z, Li Y. 2018. Dissection of RNAi-based antiviral immunity in plants.
Curr Opin Virol 32:88–99. https://doi.org/10.1016/j.coviro.2018.08.003.

8. Guerrero J, Regedanz E, Lu L, Ruan J, Bisaro DM, Sunter G. 2020. Manipu-
lation of the plant host by the geminivirus AC2/C2 protein, a central
player in the infection cycle. Front Plant Sci 11:591. https://doi.org/10
.3389/fpls.2020.00591.

9. Jin Y, Zhao JH, Guo HS. 2021. Recent advances in understanding plant
antiviral RNAi and viral suppressors of RNAi. Curr Opin Virol 46:65–72.
https://doi.org/10.1016/j.coviro.2020.12.001.

10. Aliyari R, Wu Q, Li HW, Wang XH, Li F, Green LD, Han CS, Li WX, Ding SW.
2008. Mechanism of induction and suppression of antiviral immunity
directed by virus-derived small RNAs in Drosophila. Cell Host Microbe 4:
387–397. https://doi.org/10.1016/j.chom.2008.09.001.

11. Kreuze JF, Perez A, Untiveros M, Quispe D, Fuentes S, Barker I, Simon R.
2009. Complete viral genome sequence and discovery of novel viruses
by deep sequencing of small RNAs: a generic method for diagnosis, dis-
covery and sequencing of viruses. Virology 388:1–7. https://doi.org/10
.1016/j.virol.2009.03.024.

12. Wu Q, Luo Y, Lu R, Lau N, Lai EC, Li WX, Ding SW. 2010. Virus discovery by
deep sequencing and assembly of virus-derived small silencing RNAs. Proc
Natl Acad Sci U S A 107:1606–1611. https://doi.org/10.1073/pnas.0911353107.

13. Massart S, Olmos A, Jijakli H, Candresse T. 2014. Current impact and
future directions of high throughput sequencing in plant virus diagnos-
tics. Virus Res 188:90–96. https://doi.org/10.1016/j.virusres.2014.03.029.

14. Wu Q, Ding SW, Zhang Y, Zhu S. 2015. Identification of viruses and
viroids by next-generation sequencing and homology-dependent and
homology-independent algorithms. Annu Rev Phytopathol 53:425–444.
https://doi.org/10.1146/annurev-phyto-080614-120030.

15. Bisaro DM. 2006. Silencing suppression by geminivirus proteins. Virology
344:158–168. https://doi.org/10.1016/j.virol.2005.09.041.

16. Li F, Ding SW. 2006. Virus counterdefense: diverse strategies for evading
the RNA-silencing immunity. Annu Rev Microbiol 60:503–531. https://doi
.org/10.1146/annurev.micro.60.080805.142205.

17. Burgyan J, Havelda Z. 2011. Viral suppressors of RNA silencing. Trends
Plant Sci 16:265–272. https://doi.org/10.1016/j.tplants.2011.02.010.

18. Li WX, Ding SW. 2022. Mammalian viral suppressors of RNA interference.
Trends Biochem Sci 47:978–988. https://doi.org/10.1016/j.tibs.2022.05
.001.

19. Wu Q, Wang X, Ding SW. 2010. Viral suppressors of RNA-based viral im-
munity: host targets. Cell Host Microbe 8:12–15. https://doi.org/10.1016/
j.chom.2010.06.009.

20. Lemaitre B, Nicolas E, Michaut L, Reichhart JM, Hoffmann JA. 1996. The
dorsoventral regulatory gene cassette spatzle/Toll/cactus controls the
potent antifungal response in Drosophila adults. Cell 86:973–983. https://
doi.org/10.1016/S0092-8674(00)80172-5.

21. Hoffmann JA. 2003. The immune response of Drosophila. Nature 426:
33–38. https://doi.org/10.1038/nature02021.

22. Hammond SM, Bernstein E, Beach D, Hannon GJ. 2000. An RNA-directed
nuclease mediates post-transcriptional gene silencing in Drosophila
cells. Nature 404:293–296. https://doi.org/10.1038/35005107.

23. Zamore PD, Tuschl T, Sharp PA, Bartel DP. 2000. RNAi: double-stranded
RNA directs the ATP-dependent cleavage of mRNA at 21 to 23 nucleotide
intervals. Cell 101:25–33. https://doi.org/10.1016/S0092-8674(00)80620-0.

24. Elbashir SM, Lendeckel W, Tuschl T. 2001. RNA interference is mediated
by 21-and 22-nucleotide RNAs. Genes Dev 15:188–200. https://doi.org/
10.1101/gad.862301.

25. Elbashir SM, Harborth J, Lendeckel W, Yalcin A, Weber K, Tuschl T. 2001.
Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured
mammalian cells. Nature 411:494–498. https://doi.org/10.1038/35078107.

26. Hammond SM, Boettcher S, Caudy AA, Kobayashi R, Hannon GJ. 2001.
Argonaute2, a link between genetic and biochemical analyses of RNAi.
Science 293:1146–1150. https://doi.org/10.1126/science.1064023.

27. Li HW, Li WX, Ding SW. 2002. Induction and suppression of RNA silencing
by an animal virus. Science 296:1319–1321. https://doi.org/10.1126/science
.1070948.

28. Wang XH, Aliyari R, Li WX, Li HW, Kim K, Carthew R, Atkinson P, Ding SW.
2006. RNA interference directs innate immunity against viruses in adult Dro-
sophila. Science 312:452–454. https://doi.org/10.1126/science.1125694.

29. van Rij RP, Saleh MC, Berry B, Foo C, Houk A, Antoniewski C, Andino R.
2006. The RNA silencing endonuclease Argonaute 2 mediates specific
antiviral immunity in Drosophila melanogaster. Genes Dev 20:2985–2995.
https://doi.org/10.1101/gad.1482006.

30. Galiana-Arnoux D, Dostert C, Schneemann A, Hoffmann JA, Imler JL. 2006.
Essential function in vivo for Dicer-2 in host defense against RNA viruses in
Drosophila. Nat Immunol 7:590–597. https://doi.org/10.1038/ni1335.

31. Wolf YI, Kazlauskas D, Iranzo J, Lucia-Sanz A, Kuhn JH, Krupovic M, Dolja
VV, Koonin EV. 2018. Origins and evolution of the global RNA virome.
mBio 9:e02329-18. https://doi.org/10.1128/mBio.02329-18.

32. Ball LA. 1995. Requirements for the self-directed replication of flock house vi-
rus RNA 1. J Virol 69:2722. https://doi.org/10.1128/JVI.69.4.2722-2722.1995.

33. Lu R, Maduro M, Li F, Li HW, Broitman-Maduro G, Li WX, Ding SW. 2005. Ani-
mal virus replication and RNAi-mediated antiviral silencing in Caenorhabdi-
tis elegans. Nature 436:1040–1043. https://doi.org/10.1038/nature03870.

34. Sullivan CS, Ganem D. 2005. A virus-encoded inhibitor that blocks RNA
interference in mammalian cells. J Virol 79:7371–7379. https://doi.org/10
.1128/JVI.79.12.7371-7379.2005.

35. Chao JA, Lee JH, Chapados BR, Debler EW, Schneemann A, Williamson JR.
2005. Dual modes of RNA-silencing suppression by Flock House virus pro-
tein B2. Nat Struct Mol Biol 12:952–957. https://doi.org/10.1038/nsmb1005.

36. Yu B, Yang Z, Li J, Minakhina S, Yang M, Padgett RW, Steward R, Chen X.
2005. Methylation as a crucial step in plant microRNA biogenesis. Sci-
ence 307:932–935. https://doi.org/10.1126/science.1107130.

Antiviral RNA Interference in Animals and Plants Microbiology and Molecular Biology Reviews

June 2023 Volume 87 Issue 2 10.1128/mmbr.00035-22 17

https://doi.org/10.1038/nri2824
https://doi.org/10.1016/j.tim.2019.05.007
https://doi.org/10.1016/j.tim.2019.05.007
https://doi.org/10.1111/mpp.12839
https://doi.org/10.1038/35888
https://doi.org/10.1038/s41577-018-0071-x
https://doi.org/10.1016/j.virol.2015.02.028
https://doi.org/10.1016/j.virol.2015.02.028
https://doi.org/10.1016/j.coviro.2018.08.003
https://doi.org/10.3389/fpls.2020.00591
https://doi.org/10.3389/fpls.2020.00591
https://doi.org/10.1016/j.coviro.2020.12.001
https://doi.org/10.1016/j.chom.2008.09.001
https://doi.org/10.1016/j.virol.2009.03.024
https://doi.org/10.1016/j.virol.2009.03.024
https://doi.org/10.1073/pnas.0911353107
https://doi.org/10.1016/j.virusres.2014.03.029
https://doi.org/10.1146/annurev-phyto-080614-120030
https://doi.org/10.1016/j.virol.2005.09.041
https://doi.org/10.1146/annurev.micro.60.080805.142205
https://doi.org/10.1146/annurev.micro.60.080805.142205
https://doi.org/10.1016/j.tplants.2011.02.010
https://doi.org/10.1016/j.tibs.2022.05.001
https://doi.org/10.1016/j.tibs.2022.05.001
https://doi.org/10.1016/j.chom.2010.06.009
https://doi.org/10.1016/j.chom.2010.06.009
https://doi.org/10.1016/S0092-8674(00)80172-5
https://doi.org/10.1016/S0092-8674(00)80172-5
https://doi.org/10.1038/nature02021
https://doi.org/10.1038/35005107
https://doi.org/10.1016/S0092-8674(00)80620-0
https://doi.org/10.1101/gad.862301
https://doi.org/10.1101/gad.862301
https://doi.org/10.1038/35078107
https://doi.org/10.1126/science.1064023
https://doi.org/10.1126/science.1070948
https://doi.org/10.1126/science.1070948
https://doi.org/10.1126/science.1125694
https://doi.org/10.1101/gad.1482006
https://doi.org/10.1038/ni1335
https://doi.org/10.1128/mBio.02329-18
https://doi.org/10.1128/JVI.69.4.2722-2722.1995
https://doi.org/10.1038/nature03870
https://doi.org/10.1128/JVI.79.12.7371-7379.2005
https://doi.org/10.1128/JVI.79.12.7371-7379.2005
https://doi.org/10.1038/nsmb1005
https://doi.org/10.1126/science.1107130
https://journals.asm.org/journal/mmbr
https://doi.org/10.1128/mmbr.00035-22


37. Siomi MC, Saito K, Siomi H. 2008. How selfish retrotransposons are silenced
in Drosophila germline and somatic cells. FEBS Lett 582:2473–2478. https://
doi.org/10.1016/j.febslet.2008.06.018.

38. Han YH, Luo YJ, Wu Q, Jovel J, Wang XH, Aliyari R, Han C, Li WX, Ding SW.
2011. RNA-based immunity terminates viral infection in adult Drosophila
in the absence of viral suppression of RNA interference: characterization
of viral small interfering RNA populations in wild-type and mutant flies. J
Virol 85:13153–13163. https://doi.org/10.1128/JVI.05518-11.

39. Bronkhorst AW, van Rij RP. 2014. The long and short of antiviral defense:
small RNA-based immunity in insects. Curr Opin Virol 7:19–28. https://
doi.org/10.1016/j.coviro.2014.03.010.

40. Bonning BC, Saleh MC. 2021. The interplay between viruses and RNAi
pathways in insects. Annu Rev Entomol 66:61–79. https://doi.org/10
.1146/annurev-ento-033020-090410.

41. van Mierlo JT, van Cleef KW, van Rij RP. 2010. Small silencing RNAs: piec-
ing together a viral genome. Cell Host Microbe 7:87–89. https://doi.org/
10.1016/j.chom.2010.02.001.

42. Wilson JE, Powell MJ, Hoover SE, Sarnow P. 2000. Naturally occurring
dicistronic cricket paralysis virus RNA is regulated by two internal ribo-
some entry sites. Mol Cell Biol 20:4990–4999. https://doi.org/10.1128/
MCB.20.14.4990-4999.2000.

43. Wilson JE, Pestova TV, Hellen CU, Sarnow P. 2000. Initiation of protein
synthesis from the A site of the ribosome. Cell 102:511–520. https://doi
.org/10.1016/s0092-8674(00)00055-6.

44. Lyu B, Wang C, Bie Y, Kong J, Wang A, Jin L, Qiu Y, Zhou X. 2022. Enoxacin
shows broad-spectrum antiviral activity against diverse viruses by
enhancing antiviral RNA interference in insects. J Virol 96:e0177821.
https://doi.org/10.1128/JVI.01778-21.

45. Li WX, Li H, Lu R, Li F, Dus M, Atkinson P, Brydon EW, Johnson KL, Garcia-
Sastre A, Ball LA, Palese P, Ding SW. 2004. Interferon antagonist proteins of
influenza and vaccinia viruses are suppressors of RNA silencing. Proc Natl
Acad Sci U S A 101:1350–1355. https://doi.org/10.1073/pnas.0308308100.

46. Nayak A, Berry B, Tassetto M, Kunitomi M, Acevedo A, Deng C,
Krutchinsky A, Gross J, Antoniewski C, Andino R. 2010. Cricket paralysis
virus antagonizes Argonaute 2 to modulate antiviral defense in Drosoph-
ila. Nat Struct Mol Biol 17:547–554. https://doi.org/10.1038/nsmb.1810.

47. Watanabe M, Iwakawa HO, Tadakuma H, Tomari Y. 2017. Biochemical
and single-molecule analyses of the RNA silencing suppressing activity
of CrPV-1A. Nucleic Acids Res 45:10837–10844. https://doi.org/10.1093/
nar/gkx748.

48. Nayak A, Kim DY, Trnka MJ, Kerr CH, Lidsky PV, Stanley DJ, Rivera BM, Li
KH, Burlingame AL, Jan E, Frydman J, Gross JD, Andino R. 2018. A viral
protein restricts Drosophila RNAi immunity by regulating Argonaute ac-
tivity and stability. Cell Host Microbe 24:542–557.e9. https://doi.org/10
.1016/j.chom.2018.09.006.

49. Kerr CH, Wang QS, Keatings K, Khong A, Allan D, Yip CK, Foster LJ, Jan E.
2015. The 5' untranslated region of a novel infectious molecular clone of
the dicistrovirus cricket paralysis virus modulates infection. J Virol 89:
5919–5934. https://doi.org/10.1128/JVI.00463-15.

50. Bronkhorst AW, van Cleef KW, Vodovar N, Ince IA, Blanc H, Vlak JM, Saleh
MC, van Rij RP. 2012. The DNA virus Invertebrate iridescent virus 6 is a
target of the Drosophila RNAi machinery. Proc Natl Acad Sci U S A 109:
E3604–E3613. https://doi.org/10.1073/pnas.1207213109.

51. Kemp C, Mueller S, Goto A, Barbier V, Paro S, Bonnay F, Dostert C, Troxler
L, Hetru C, Meignin C, Pfeffer S, Hoffmann JA, Imler JL. 2013. Broad RNA
interference-mediated antiviral immunity and virus-specific inducible
responses in Drosophila. J Immunol 190:650–658. https://doi.org/10.4049/
jimmunol.1102486.

52. Bronkhorst AW, van Cleef KW, Venselaar H, van Rij RP. 2014. A dsRNA-
binding protein of a complex invertebrate DNA virus suppresses the Dro-
sophila RNAi response. Nucleic Acids Res 42:12237–12248. https://doi
.org/10.1093/nar/gku910.

53. Bronkhorst AW, Vogels R, Overheul GJ, Pennings B, Gausson-Dorey V,
Miesen P, van Rij RP. 2019. A DNA virus-encoded immune antagonist fully
masks the potent antiviral activity of RNAi in Drosophila. Proc Natl Acad Sci
U S A 116:24296–24302. https://doi.org/10.1073/pnas.1909183116.

54. Gibbs AJ, Harrison BD. 1976. Plant virology: the principles. Edward
Arnold, London, United Kingdom.

55. Hull R. 2014. Plant virology, 5th ed. Elsevier Science, Amsterdam, The
Netherlands.

56. Deom CM, Oliver MJ, Beachy RN. 1987. The 30-kilodalton gene product
of tobacco mosaic virus potentiates virus movement. Science 237:
389–394. https://doi.org/10.1126/science.237.4813.389.

57. Navarro JA, Sanchez-Navarro JA, Pallas V. 2019. Key checkpoints in the
movement of plant viruses through the host. Adv Virus Res 104:1–64.
https://doi.org/10.1016/bs.aivir.2019.05.001.

58. Ding SW. 2022. Transgene silencing, RNA interference, and the antiviral
defense mechanism directed by small interfering RNAs. Phytopathology
https://doi.org/10.1094/PHYTO-10-22-0358-IA.

59. Lindbo JA, Silva-Rosales L, Proebsting WM, Dougherty WG. 1993. Induc-
tion of a highly specific antiviral state in transgenic plants: implications
for regulation of gene expression and virus resistance. Plant Cell 5:
1749–1759. https://doi.org/10.2307/3869691.

60. English JJ, Mueller E, Baulcombe DC. 1996. Suppression of virus accumu-
lation in transgenic plants exhibiting silencing of nuclear genes. Plant
Cell 8:179–188. https://doi.org/10.2307/3870263.

61. Jones AL, Thomas CL, Maule AJ. 1998. De novo methylation and co-sup-
pression induced by a cytoplasmically replicating plant RNA virus. EMBO
J 17:6385–6393. https://doi.org/10.1093/emboj/17.21.6385.

62. Beclin C, Berthome R, Palauqui JC, Tepfer M, Vaucheret H. 1998. Infection
of tobacco or Arabidopsis plants by CMV counteracts systemic post-tran-
scriptional silencing of nonviral (trans)genes. Virology 252:313–317.
https://doi.org/10.1006/viro.1998.9457.

63. Anandalakshmi R, Pruss GJ, Ge X, Marathe R, Mallory AC, Smith TH, Vance
VB. 1998. A viral suppressor of gene silencing in plants. Proc Natl Acad Sci
U S A 95:13079–13084. https://doi.org/10.1073/pnas.95.22.13079.

64. Kasschau KD, Carrington JC. 1998. A counterdefensive strategy of plant
viruses: suppression of posttranscriptional gene silencing. Cell 95:
461–470. https://doi.org/10.1016/S0092-8674(00)81614-1.

65. Li HW, Lucy AP, Guo HS, Li WX, Ji LH, Wong SM, Ding SW. 1999. Strong
host resistance targeted against a viral suppressor of the plant gene
silencing defence mechanism. EMBO J 18:2683–2691. https://doi.org/10
.1093/emboj/18.10.2683.

66. Ratcliff F, Harrison BD, Baulcombe DC. 1997. A similarity between viral
defense and gene silencing in plants. Science 276:1558–1560. https://doi
.org/10.1126/science.276.5318.1558.

67. Ratcliff FG, MacFarlane SA, Baulcombe DC. 1999. Gene silencing without
DNA: RNA-mediated cross-protection between viruses. Plant Cell 11:
1207–1216. https://doi.org/10.1105/tpc.11.7.1207.

68. Hamilton AJ, Baulcombe DC. 1999. A species of small antisense RNA in
posttranscriptional gene silencing in plants. Science 286:950–952. https://
doi.org/10.1126/science.286.5441.950.

69. Mourrain P, Beclin C, Elmayan T, Feuerbach F, Godon C, Morel JB, Jouette
D, Lacombe AM, Nikic S, Picault N, Remoue K, Sanial M, Vo TA, Vaucheret
H. 2000. Arabidopsis SGS2 and SGS3 genes are required for posttranscrip-
tional gene silencing and natural virus resistance. Cell 101:533–542.
https://doi.org/10.1016/s0092-8674(00)80863-6.

70. Morel JB, Godon C, Mourrain P, Beclin C, Boutet S, Feuerbach F, Proux F,
Vaucheret H. 2002. Fertile hypomorphic ARGONAUTE (ago1) mutants
impaired in post-transcriptional gene silencing and virus resistance.
Plant Cell 14:629–639. https://doi.org/10.1105/tpc.010358.

71. Dalmay T, Horsefield R, Braunstein TH, Baulcombe DC. 2001. SDE3 en-
codes an RNA helicase required for post-transcriptional gene silencing in
Arabidopsis. EMBO J 20:2069–2078. https://doi.org/10.1093/emboj/20.8
.2069.

72. Wilkins C, Dishongh R, Moore SC, Whitt MA, Chow M, Machaca K. 2005.
RNA interference is an antiviral defence mechanism in Caenorhabditis
elegans. Nature 436:1044–1047. https://doi.org/10.1038/nature03957.

73. Chen X. 2009. Small RNAs and their roles in plant development. Annu
Rev Cell Dev Biol 25:21–44. https://doi.org/10.1146/annurev.cellbio
.042308.113417.

74. Bartel DP. 2018. Metazoan microRNAs. Cell 173:20–51. https://doi.org/10
.1016/j.cell.2018.03.006.

75. Baulcombe DC. 2022. The role of viruses in identifying and analyzing RNA
silencing. Annu Rev Virol 9:353–373. https://doi.org/10.1146/annurev-virology
-091919-064218.

76. Du J, Johnson LM, Jacobsen SE, Patel DJ. 2015. DNA methylation path-
ways and their crosstalk with histone methylation. Nat Rev Mol Cell Biol
16:519–532. https://doi.org/10.1038/nrm4043.

77. Zhang H, Lang Z, Zhu JK. 2018. Dynamics and function of DNA methyla-
tion in plants. Nat Rev Mol Cell Biol 19:489–506. https://doi.org/10.1038/
s41580-018-0016-z.

78. Palukaitis P, Garcia-Arenal F. 2003. Cucumoviruses. Adv Virus Res 62:
241–323. https://doi.org/10.1016/s0065-3527(03)62005-1.

79. International Committee on Taxonomy of Viruses (ICTV). 2021. Virus taxon-
omy: 2021 release. Available from https://talk.ictvonline.org/taxonomy.

Antiviral RNA Interference in Animals and Plants Microbiology and Molecular Biology Reviews

June 2023 Volume 87 Issue 2 10.1128/mmbr.00035-22 18

https://doi.org/10.1016/j.febslet.2008.06.018
https://doi.org/10.1016/j.febslet.2008.06.018
https://doi.org/10.1128/JVI.05518-11
https://doi.org/10.1016/j.coviro.2014.03.010
https://doi.org/10.1016/j.coviro.2014.03.010
https://doi.org/10.1146/annurev-ento-033020-090410
https://doi.org/10.1146/annurev-ento-033020-090410
https://doi.org/10.1016/j.chom.2010.02.001
https://doi.org/10.1016/j.chom.2010.02.001
https://doi.org/10.1128/MCB.20.14.4990-4999.2000
https://doi.org/10.1128/MCB.20.14.4990-4999.2000
https://doi.org/10.1016/s0092-8674(00)00055-6
https://doi.org/10.1016/s0092-8674(00)00055-6
https://doi.org/10.1128/JVI.01778-21
https://doi.org/10.1073/pnas.0308308100
https://doi.org/10.1038/nsmb.1810
https://doi.org/10.1093/nar/gkx748
https://doi.org/10.1093/nar/gkx748
https://doi.org/10.1016/j.chom.2018.09.006
https://doi.org/10.1016/j.chom.2018.09.006
https://doi.org/10.1128/JVI.00463-15
https://doi.org/10.1073/pnas.1207213109
https://doi.org/10.4049/jimmunol.1102486
https://doi.org/10.4049/jimmunol.1102486
https://doi.org/10.1093/nar/gku910
https://doi.org/10.1093/nar/gku910
https://doi.org/10.1073/pnas.1909183116
https://doi.org/10.1126/science.237.4813.389
https://doi.org/10.1016/bs.aivir.2019.05.001
https://doi.org/10.1094/PHYTO-10-22-0358-IA
https://doi.org/10.2307/3869691
https://doi.org/10.2307/3870263
https://doi.org/10.1093/emboj/17.21.6385
https://doi.org/10.1006/viro.1998.9457
https://doi.org/10.1073/pnas.95.22.13079
https://doi.org/10.1016/S0092-8674(00)81614-1
https://doi.org/10.1093/emboj/18.10.2683
https://doi.org/10.1093/emboj/18.10.2683
https://doi.org/10.1126/science.276.5318.1558
https://doi.org/10.1126/science.276.5318.1558
https://doi.org/10.1105/tpc.11.7.1207
https://doi.org/10.1126/science.286.5441.950
https://doi.org/10.1126/science.286.5441.950
https://doi.org/10.1016/s0092-8674(00)80863-6
https://doi.org/10.1105/tpc.010358
https://doi.org/10.1093/emboj/20.8.2069
https://doi.org/10.1093/emboj/20.8.2069
https://doi.org/10.1038/nature03957
https://doi.org/10.1146/annurev.cellbio.042308.113417
https://doi.org/10.1146/annurev.cellbio.042308.113417
https://doi.org/10.1016/j.cell.2018.03.006
https://doi.org/10.1016/j.cell.2018.03.006
https://doi.org/10.1146/annurev-virology-091919-064218
https://doi.org/10.1146/annurev-virology-091919-064218
https://doi.org/10.1038/nrm4043
https://doi.org/10.1038/s41580-018-0016-z
https://doi.org/10.1038/s41580-018-0016-z
https://doi.org/10.1016/s0065-3527(03)62005-1
https://talk.ictvonline.org/taxonomy
https://journals.asm.org/journal/mmbr
https://doi.org/10.1128/mmbr.00035-22


80. Deleris A, Gallego-Bartolome J, Bao J, Kasschau KD, Carrington JC,
Voinnet O. 2006. Hierarchical action and inhibition of plant Dicer-like
proteins in antiviral defense. Science 313:68–71. https://doi.org/10.1126/
science.1128214.

81. Bouche N, Lauressergues D, Gasciolli V, Vaucheret H. 2006. An antagonis-
tic function for Arabidopsis DCL2 in development and a new function for
DCL4 in generating viral siRNAs. EMBO J 25:3347–3356. https://doi.org/
10.1038/sj.emboj.7601217.

82. Fusaro AF, Matthew L, Smith NA, Curtin SJ, Dedic-Hagan J, Ellacott GA,
Watson JM, WangMB, Brosnan C, Carroll BJ, Waterhouse PM. 2006. RNA inter-
ference-inducing hairpin RNAs in plants act through the viral defence path-
way. EMBO Rep 7:1168–1175. https://doi.org/10.1038/sj.embor.7400837.

83. Diaz-Pendon JA, Li F, Li WX, Ding SW. 2007. Suppression of antiviral
silencing by cucumber mosaic virus 2b protein in Arabidopsis is associ-
ated with drastically reduced accumulation of three classes of viral small
interfering RNAs. Plant Cell 19:2053–2063. https://doi.org/10.1105/tpc
.106.047449.

84. Ding SW, Anderson BJ, Haase HR, Symons RH. 1994. New overlapping
gene encoded by the cucumber mosaic virus genome. Virology 198:
593–601. https://doi.org/10.1006/viro.1994.1071.

85. Lucy AP, Guo HS, Li WX, Ding SW. 2000. Suppression of post-transcrip-
tional gene silencing by a plant viral protein localized in the nucleus.
EMBO J 19:1672–1680. https://doi.org/10.1093/emboj/19.7.1672.

86. Guo HS, Ding SW. 2002. A viral protein inhibits the long range signaling
activity of the gene silencing signal. EMBO J 21:398–407. https://doi.org/
10.1093/emboj/21.3.398.

87. Ding SW, Li WX, Symons RH. 1995. A novel naturally-occurring hybrid
gene encoded by a plant RNA virus facilitates long-distance virus move-
ment. EMBO J 14:5762–5772. https://doi.org/10.1002/j.1460-2075.1995
.tb00265.x.

88. Ding SW, Shi BJ, Li WX, Symons RH. 1996. An interspecies hybrid RNA vi-
rus is significantly more virulent than either parental virus. Proc Natl
Acad Sci U S A 93:7470–7474. https://doi.org/10.1073/pnas.93.15.7470.

89. Baulcombe D. 2002. Viral suppression of systemic silencing. Trends
Microbiol 10:306–308. https://doi.org/10.1016/S0966-842X(02)02387-9.

90. Ziebell H, Carr JP. 2009. Effects of dicer-like endoribonucleases 2 and 4
on infection of Arabidopsis thaliana by cucumber mosaic virus and a mu-
tant virus lacking the 2b counter-defence protein gene. J Gen Virol 90:
2288–2292. https://doi.org/10.1099/vir.0.012070-0.

91. Guo Z, Lu J, Wang X, Zhan B, Li W, Ding SW. 2017. Lipid flippases pro-
mote antiviral silencing and the biogenesis of viral and host siRNAs in
Arabidopsis. Proc Natl Acad Sci U S A 114:1377–1382. https://doi.org/10
.1073/pnas.1614204114.

92. Ding SW, Lu R. 2011. Virus-derived siRNAs and piRNAs in immunity and
pathogenesis. Curr Opin Virol 1:533–544. https://doi.org/10.1016/j.coviro
.2011.10.028.

93. Zhang X, Yuan YR, Pei Y, Lin SS, Tuschl T, Patel DJ, Chua NH. 2006.
Cucumber mosaic virus-encoded 2b suppressor inhibits Arabidopsis
Argonaute1 cleavage activity to counter plant defense. Genes Dev 20:
3255–3268. https://doi.org/10.1101/gad.1495506.

94. Goto K, Kobori T, Kosaka Y, Natsuaki T, Masuta C. 2007. Characterization
of silencing suppressor 2b of cucumber mosaic virus based on examina-
tion of its small RNA-binding abilities. Plant Cell Physiol 48:1050–1060.
https://doi.org/10.1093/pcp/pcm074.

95. Gonzalez I, Martinez L, Rakitina DV, Lewsey MG, Atencio FA, Llave C,
Kalinina NO, Carr JP, Palukaitis P, Canto T. 2010. Cucumber mosaic virus
2b protein subcellular targets and interactions: their significance to RNA
silencing suppressor activity. MPMI 23:294–303. https://doi.org/10.1094/
MPMI-23-3-0294.

96. Duan CG, Fang YY, Zhou BJ, Zhao JH, Hou WN, Zhu H, Ding SW, Guo HS.
2012. Suppression of Arabidopsis ARGONAUTE1-mediated slicing, trans-
gene-induced RNA silencing, and DNA methylation by distinct domains
of the Cucumber mosaic virus 2b protein. Plant Cell 24:259–274. https://
doi.org/10.1105/tpc.111.092718.

97. Kumari R, Kumar S, Leibman D, Abebie B, Shnaider Y, Ding SW, Gal-On A.
2021. Cucumber RDR1s and cucumber mosaic virus suppressor protein
2b association directs host defense in cucumber plants. Mol Plant Pathol
22:1317–1331. https://doi.org/10.1111/mpp.13112.

98. Soards AJ, Murphy AM, Palukaitis P, Carr JP. 2002. Virulence and differen-
tial local and systemic spread of cucumber mosaic virus in tobacco are
affected by the CMV 2b protein. MPMI 15:647–653. https://doi.org/10
.1094/MPMI.2002.15.7.647.

99. Xie Z, Fan B, Chen C, Chen Z. 2001. An important role of an inducible
RNA-dependent RNA polymerase in plant antiviral defense. Proc Natl
Acad Sci U S A 98:6516–6521. https://doi.org/10.1073/pnas.111440998.

100. Yu D, Fan B, MacFarlane SA, Chen Z. 2003. Analysis of the involvement of
an inducible Arabidopsis RNA-dependent RNA polymerase in antiviral
defense. MPMI 16:206–216. https://doi.org/10.1094/MPMI.2003.16.3.206.

101. Yang SJ, Carter SA, Cole AB, Cheng NH, Nelson RS. 2004. A natural variant
of a host RNA-dependent RNA polymerase is associated with increased sus-
ceptibility to viruses by Nicotiana benthamiana. Proc Natl Acad Sci U S A
101:6297–6302. https://doi.org/10.1073/pnas.0304346101.

102. Qu F, Ye X, Hou G, Sato S, Clemente TE, Morris TJ. 2005. RDR6 has a broad-
spectrum but temperature-dependent antiviral defense role in Nicotiana ben-
thamiana. J Virol 79:15209–15217. https://doi.org/10.1128/JVI.79.24.15209
-15217.2005.

103. Schwach F, Vaistij FE, Jones L, Baulcombe DC. 2005. An RNA-dependent RNA
polymerase prevents meristem invasion by potato virus X and is required for
the activity but not the production of a systemic silencing signal. Plant Phys-
iol 138:1842–1852. https://doi.org/10.1104/pp.105.063537.

104. Wang XB, Wu Q, Ito T, Cillo F, Li WX, Chen X, Yu JL, Ding SW. 2010. RNAi-
mediated viral immunity requires amplification of virus-derived siRNAs
in Arabidopsis thaliana. Proc Natl Acad Sci U S A 107:484–489. https://doi
.org/10.1073/pnas.0904086107.

105. Wang XB, Jovel J, Udomporn P, Wang Y, Wu Q, Li WX, Gasciolli V,
Vaucheret H, Ding SW. 2011. The 21-nucleotide, but not 22-nucleotide,
viral secondary small interfering RNAs direct potent antiviral defense by
two cooperative Argonautes in Arabidopsis thaliana. Plant Cell 23:
1625–1638. https://doi.org/10.1105/tpc.110.082305.

106. Guo Z, Wang XB, Wang Y, Li WX, Gal-On A, Ding SW. 2018. Identification of
a new host factor required for antiviral RNAi and amplification of viral siR-
NAs. Plant Physiol 176:1587–1597. https://doi.org/10.1104/pp.17.01370.

107. Gao H, Yang M, Yang H, Qin Y, Zhu B, Xu G, Xie C, Wu D, Zhang X, Li W,
Yan J, Song S, Qi T, Ding SW, Xie D. 2018. Arabidopsis ENOR3 regulates
RNAi-mediated antiviral defense. J Genet Genomics 45:33–40. https://
doi.org/10.1016/j.jgg.2017.11.005.

108. Liu S, Chen M, Li R, Li WX, Gal-On A, Jia Z, Ding SW. 2022. Identification
of positive and negative regulators of antiviral RNA interference in Arabi-
dopsis thaliana. Nat Commun 13:2994. https://doi.org/10.1038/s41467
-022-30771-0.

109. Tong X, Liu SY, Zou JZ, Zhao JJ, Zhu FF, Chai LX, Wang Y, Han C, Wang XB.
2021. A small peptide inhibits siRNA amplification in plants by mediating
autophagic degradation of SGS3/RDR6 bodies. EMBO J 40:e108050. https://
doi.org/10.15252/embj.2021108050.

110. Wang Y, Gong Q, Wu Y, Huang F, Ismayil A, Zhang D, Li H, Gu H, Ludman
M, Fatyol K, Qi Y, Yoshioka K, Hanley-Bowdoin L, Hong Y, Liu Y. 2021. A
calmodulin-binding transcription factor links calcium signaling to antivi-
ral RNAi defense in plants. Cell Host Microbe 29:1393–1406.e7. https://
doi.org/10.1016/j.chom.2021.07.003.

111. Pak J, Fire A. 2007. Distinct populations of primary and secondary effec-
tors during RNAi in C. elegans. Science 315:241–244. https://doi.org/10
.1126/science.1132839.

112. Lu R, Yigit E, Li WX, Ding SW. 2009. An RIG-I-like RNA helicase mediates
antiviral RNAi downstream of viral siRNA biogenesis in Caenorhabditis
elegans. PLoS Pathog 5:e1000286. https://doi.org/10.1371/journal.ppat
.1000286.

113. Garcia-Ruiz H, Carbonell A, Hoyer JS, Fahlgren N, Gilbert KB, Takeda A,
Giampetruzzi A, Garcia Ruiz MT, McGinn MG, Lowery N, Martinez
Baladejo MT, Carrington JC. 2015. Roles and programming of Arabidop-
sis ARGONAUTE proteins during Turnip mosaic virus infection. PLoS
Pathog 11:e1004755. https://doi.org/10.1371/journal.ppat.1004755.

114. Ludman M, Fatyol K. 2019. The virological model plant, Nicotiana ben-
thamiana expresses a single functional RDR6 homeolog. Virology 537:
143–148. https://doi.org/10.1016/j.virol.2019.08.017.

115. Mi S, Cai T, Hu Y, Chen Y, Hodges E, Ni F, Wu L, Li S, Zhou H, Long C,
Chen S, Hannon GJ, Qi Y. 2008. Sorting of small RNAs into Arabidopsis
Argonaute complexes is directed by the 5' terminal nucleotide. Cell 133:
116–127. https://doi.org/10.1016/j.cell.2008.02.034.

116. Montgomery TA, Howell MD, Cuperus JT, Li D, Hansen JE, Alexander AL,
Chapman EJ, Fahlgren N, Allen E, Carrington JC. 2008. Specificity of ARGO-
NAUTE7-miR390 interaction and dual functionality in TAS3 trans-acting siRNA
formation. Cell 133:128–141. https://doi.org/10.1016/j.cell.2008.02.033.

117. Montes N, Alonso-Blanco C, Garcia-Arenal F. 2019. Cucumber mosaic vi-
rus infection as a potential selective pressure on Arabidopsis thaliana
populations. PLoS Pathog 15:e1007810. https://doi.org/10.1371/journal
.ppat.1007810.

Antiviral RNA Interference in Animals and Plants Microbiology and Molecular Biology Reviews

June 2023 Volume 87 Issue 2 10.1128/mmbr.00035-22 19

https://doi.org/10.1126/science.1128214
https://doi.org/10.1126/science.1128214
https://doi.org/10.1038/sj.emboj.7601217
https://doi.org/10.1038/sj.emboj.7601217
https://doi.org/10.1038/sj.embor.7400837
https://doi.org/10.1105/tpc.106.047449
https://doi.org/10.1105/tpc.106.047449
https://doi.org/10.1006/viro.1994.1071
https://doi.org/10.1093/emboj/19.7.1672
https://doi.org/10.1093/emboj/21.3.398
https://doi.org/10.1093/emboj/21.3.398
https://doi.org/10.1002/j.1460-2075.1995.tb00265.x
https://doi.org/10.1002/j.1460-2075.1995.tb00265.x
https://doi.org/10.1073/pnas.93.15.7470
https://doi.org/10.1016/S0966-842X(02)02387-9
https://doi.org/10.1099/vir.0.012070-0
https://doi.org/10.1073/pnas.1614204114
https://doi.org/10.1073/pnas.1614204114
https://doi.org/10.1016/j.coviro.2011.10.028
https://doi.org/10.1016/j.coviro.2011.10.028
https://doi.org/10.1101/gad.1495506
https://doi.org/10.1093/pcp/pcm074
https://doi.org/10.1094/MPMI-23-3-0294
https://doi.org/10.1094/MPMI-23-3-0294
https://doi.org/10.1105/tpc.111.092718
https://doi.org/10.1105/tpc.111.092718
https://doi.org/10.1111/mpp.13112
https://doi.org/10.1094/MPMI.2002.15.7.647
https://doi.org/10.1094/MPMI.2002.15.7.647
https://doi.org/10.1073/pnas.111440998
https://doi.org/10.1094/MPMI.2003.16.3.206
https://doi.org/10.1073/pnas.0304346101
https://doi.org/10.1128/JVI.79.24.15209-15217.2005
https://doi.org/10.1128/JVI.79.24.15209-15217.2005
https://doi.org/10.1104/pp.105.063537
https://doi.org/10.1073/pnas.0904086107
https://doi.org/10.1073/pnas.0904086107
https://doi.org/10.1105/tpc.110.082305
https://doi.org/10.1104/pp.17.01370
https://doi.org/10.1016/j.jgg.2017.11.005
https://doi.org/10.1016/j.jgg.2017.11.005
https://doi.org/10.1038/s41467-022-30771-0
https://doi.org/10.1038/s41467-022-30771-0
https://doi.org/10.15252/embj.2021108050
https://doi.org/10.15252/embj.2021108050
https://doi.org/10.1016/j.chom.2021.07.003
https://doi.org/10.1016/j.chom.2021.07.003
https://doi.org/10.1126/science.1132839
https://doi.org/10.1126/science.1132839
https://doi.org/10.1371/journal.ppat.1000286
https://doi.org/10.1371/journal.ppat.1000286
https://doi.org/10.1371/journal.ppat.1004755
https://doi.org/10.1016/j.virol.2019.08.017
https://doi.org/10.1016/j.cell.2008.02.034
https://doi.org/10.1016/j.cell.2008.02.033
https://doi.org/10.1371/journal.ppat.1007810
https://doi.org/10.1371/journal.ppat.1007810
https://journals.asm.org/journal/mmbr
https://doi.org/10.1128/mmbr.00035-22


118. Li F, Ge L, Lozano-Duran R, Zhou X. 2022. Antiviral RNAi drives host ad-
aptation to viral infection. Trends Microbiol 30:915–917. https://doi.org/
10.1016/j.tim.2022.07.009.

119. Revers F, Garcia JA. 2015. Molecular biology of potyviruses. Adv Virus
Res 92:101–199. https://doi.org/10.1016/bs.aivir.2014.11.006.

120. Kasschau KD, Cronin S, Carrington JC. 1997. Genome amplification and
long-distance movement functions associated with the central domain
of tobacco etch potyvirus helper component-proteinase. Virology 228:
251–262. https://doi.org/10.1006/viro.1996.8368.

121. Kasschau KD, Carrington JC. 2001. Long-distance movement and replication
maintenance functions correlate with silencing suppression activity of potyvi-
ral HC-Pro. Virology 285:71–81. https://doi.org/10.1006/viro.2001.0901.

122. Garcia-Ruiz H, Takeda A, Chapman EJ, Sullivan CM, Fahlgren N, Brempelis
KJ, Carrington JC. 2010. Arabidopsis RNA-dependent RNA polymerases
and dicer-like proteins in antiviral defense and small interfering RNA bio-
genesis during Turnip Mosaic Virus infection. Plant Cell 22:481–496.
https://doi.org/10.1105/tpc.109.073056.

123. Carbonell A, Carrington JC. 2015. Antiviral roles of plant ARGONAUTES. Curr
Opin Plant Biol 27:111–117. https://doi.org/10.1016/j.pbi.2015.06.013.

124. Carbonell A, Fahlgren N, Garcia-Ruiz H, Gilbert KB, Montgomery TA,
Nguyen T, Cuperus JT, Carrington JC. 2012. Functional analysis of three
Arabidopsis ARGONAUTES using slicer-defective mutants. Plant Cell 24:
3613–3629. https://doi.org/10.1105/tpc.112.099945.

125. Vaucheret H. 2008. Plant ARGONAUTES. Trends Plant Sci 13:350–358.
https://doi.org/10.1016/j.tplants.2008.04.007.

126. Fang X, Qi Y. 2016. RNAi in plants: an Argonaute-centered view. Plant
Cell 28:272–285. https://doi.org/10.1105/tpc.15.00920.

127. Clavel M, Lechner E, Incarbone M, Vincent T, Cognat V, Smirnova E,
Lecorbeiller M, Brault V, Ziegler-Graff V, Genschik P. 2021. Atypical mo-
lecular features of RNA silencing against the phloem-restricted polerovi-
rus TuYV. Nucleic Acids Res 49:11274–11293. https://doi.org/10.1093/
nar/gkab802.

128. Anandalakshmi R, Marathe R, Ge X, Herr JM, Mau C, Mallory A, Pruss G,
Bowman L, Vance VB. 2000. A calmodulin-related protein that suppresses
posttranscriptional gene silencing in plants. Science 290:142–144. https://
doi.org/10.1126/science.290.5489.142.

129. Lakatos L, Csorba T, Pantaleo V, Chapman EJ, Carrington JC, Liu YP, Dolja
VV, Calvino LF, Lopez-Moya JJ, Burgyan J. 2006. Small RNA binding is a
common strategy to suppress RNA silencing by several viral suppressors.
EMBO J 25:2768–2780. https://doi.org/10.1038/sj.emboj.7601164.

130. Nakahara KS, Masuta C, Yamada S, Shimura H, Kashihara Y, Wada TS,
Meguro A, Goto K, Tadamura K, Sueda K, Sekiguchi T, Shao J, Itchoda N,
Matsumura T, Igarashi M, Ito K, Carthew RW, Uyeda I. 2012. Tobacco cal-
modulin-like protein provides secondary defense by binding to and
directing degradation of virus RNA silencing suppressors. Proc Natl Acad
Sci U S A 109:10113–10118. https://doi.org/10.1073/pnas.1201628109.

131. Valli AA, Gallo A, Rodamilans B, Lopez-Moya JJ, Garcia JA. 2018. The
HCPro from the Potyviridae family: an enviable multitasking Helper Com-
ponent that every virus would like to have. Mol Plant Pathol 19:744–763.
https://doi.org/10.1111/mpp.12553.

132. Xie Z, Johansen LK, Gustafson AM, Kasschau KD, Lellis AD, Zilberman D,
Jacobsen SE, Carrington JC. 2004. Genetic and functional diversification
of small RNA pathways in plants. PLoS Biol 2:E104. https://doi.org/10
.1371/journal.pbio.0020104.

133. Cao M, Ye X, Willie K, Lin J, Zhang X, Redinbaugh MG, Simon AE, Morris
TJ, Qu F. 2010. The capsid protein of Turnip crinkle virus overcomes two
separate defense barriers to facilitate systemic movement of the virus in
Arabidopsis. J Virol 84:7793–7802. https://doi.org/10.1128/JVI.02643-09.

134. Zheng X, Fahlgren N, Abbasi A, Berry JC, Carrington JC. 2019. Antiviral
ARGONAUTEs against Turnip crinkle virus revealed by image-based trait
analysis. Plant Physiol 180:1418–1435. https://doi.org/10.1104/pp.19.00121.

135. Qu F, Ren T, Morris TJ. 2003. The coat protein of turnip crinkle virus sup-
presses posttranscriptional gene silencing at an early initiation step. J
Virol 77:511–522. https://doi.org/10.1128/jvi.77.1.511-522.2003.

136. Thomas CL, Leh V, Lederer C, Maule AJ. 2003. Turnip crinkle virus coat pro-
tein mediates suppression of RNA silencing inNicotiana benthamiana. Virol-
ogy 306:33–41. https://doi.org/10.1016/s0042-6822(02)00018-1.

137. Hacker DL, Petty IT, Wei N, Morris TJ. 1992. Turnip crinkle virus genes
required for RNA replication and virus movement. Virology 186:1–8.
https://doi.org/10.1016/0042-6822(92)90055-t.

138. Qu F, Ye X, Morris TJ. 2008. Arabidopsis DRB4, AGO1, AGO7, and RDR6
participate in a DCL4-initiated antiviral RNA silencing pathway nega-
tively regulated by DCL1. Proc Natl Acad Sci U S A 105:14732–14737.
https://doi.org/10.1073/pnas.0805760105.

139. Cohen Y, Gisel A, Zambryski PC. 2000. Cell-to-cell and systemic move-
ment of recombinant green fluorescent protein-tagged turnip crinkle
viruses. Virology 273:258–266. https://doi.org/10.1006/viro.2000.0441.

140. Silhavy D, Molnar A, Lucioli A, Szittya G, Hornyik C, Tavazza M, Burgyan J.
2002. A viral protein suppresses RNA silencing and binds silencing-gener-
ated, 21- to 25-nucleotide double-stranded RNAs. EMBO J 21:3070–3080.
https://doi.org/10.1093/emboj/cdf312.

141. Kontra L, Csorba T, Tavazza M, Lucioli A, Tavazza R, Moxon S, Tisza V,
Medzihradszky A, Turina M, Burgyan J. 2016. Distinct effects of p19 RNA
silencing suppressor on small RNA mediated pathways in plants. PLoS
Pathog 12:e1005935. https://doi.org/10.1371/journal.ppat.1005935.

142. Scholthof HB, Scholthof KB, Kikkert M, Jackson AO. 1995. Tomato bushy
stunt virus spread is regulated by two nested genes that function in cell-
to-cell movement and host-dependent systemic invasion. Virology 213:
425–438. https://doi.org/10.1006/viro.1995.0015.

143. Harris CJ, Molnar A, Muller SY, Baulcombe DC. 2015. FDF-PAGE: a power-
ful technique revealing previously undetected small RNAs sequestered
by complementary transcripts. Nucleic Acids Res 43:7590–7599. https://
doi.org/10.1093/nar/gkv604.

144. Szittya G, Molnar A, Silhavy D, Hornyik C, Burgyan J. 2002. Short defec-
tive interfering RNAs of tombusviruses are not targeted but trigger
post-transcriptional gene silencing against their helper virus. Plant Cell
14:359–372. https://doi.org/10.1105/tpc.010366.

145. Havelda Z, Hornyik C, Crescenzi A, Burgyan J. 2003. In situ characterization
of Cymbidium Ringspot Tombusvirus infection-induced posttranscriptional
gene silencing in Nicotiana benthamiana. J Virol 77:6082–6086. https://doi
.org/10.1128/jvi.77.10.6082-6086.2003.

146. Szittya G, Silhavy D, Molnar A, Havelda Z, Lovas A, Lakatos L, Banfalvi Z,
Burgyan J. 2003. Low temperature inhibits RNA silencing-mediated
defence by the control of siRNA generation. EMBO J 22:633–640. https://
doi.org/10.1093/emboj/cdg74.

147. Gago-Zachert S, Schuck J, Weinholdt C, Knoblich M, Pantaleo V, Grosse I,
Gursinsky T, Behrens SE. 2019. Highly efficacious antiviral protection of
plants by small interfering RNAs identified in vitro. Nucleic Acids Res 47:
9343–9357. https://doi.org/10.1093/nar/gkz678.

148. Ludman M, Burgyan J, Fatyol K. 2017. Crispr/Cas9 mediated inactivation
of Argonaute 2 reveals its differential involvement in antiviral responses.
Sci Rep 7:1010. https://doi.org/10.1038/s41598-017-01050-6.

149. Scholthof HB, Alvarado VY, Vega-Arreguin JC, Ciomperlik J, Odokonyero
D, Brosseau C, Jaubert M, Zamora A, Moffett P. 2011. Identification of an
ARGONAUTE for antiviral RNA silencing in Nicotiana benthamiana. Plant
Physiol 156:1548–1555. https://doi.org/10.1104/pp.111.178764.

150. Odokonyero D, Mendoza MR, Alvarado VY, Zhang J, Wang X, Scholthof HB.
2015. Transgenic down-regulation of ARGONAUTE2 expression in Nicotiana
benthamiana interferes with several layers of antiviral defenses. Virology
486:209–218. https://doi.org/10.1016/j.virol.2015.09.008.

151. Incarbone M, Scheer H, Hily JM, Kuhn L, Erhardt M, Dunoyer P,
Altenbach D, Ritzenthaler C. 2020. Characterization of a DCL2-insensitive
Tomato bushy stunt virus isolate infecting Arabidopsis thaliana. Viruses
12:1121. https://doi.org/10.3390/v12101121.

152. Aregger M, Borah BK, Seguin J, Rajeswaran R, Gubaeva EG, Zvereva AS,
Windels D, Vazquez F, Blevins T, Farinelli L, Pooggin MM. 2012. Primary
and secondary siRNAs in geminivirus-induced gene silencing. PLoS
Pathog 8:e1002941. https://doi.org/10.1371/journal.ppat.1002941.

153. Donaire L, Wang Y, Gonzalez-Ibeas D, Mayer KF, Aranda MA, Llave C.
2009. Deep-sequencing of plant viral small RNAs reveals effective and
widespread targeting of viral genomes. Virology 392:203–214. https://
doi.org/10.1016/j.virol.2009.07.005.

154. Piedra-Aguilera A, Jiao C, Luna AP, Villanueva F, Dabad M, Esteve-Codina
A, Diaz-Pendon JA, Fei Z, Bejarano ER, Castillo AG. 2019. Integrated sin-
gle-base resolution maps of transcriptome, sRNAome and methylome of
Tomato yellow leaf curl virus (TYLCV) in tomato. Sci Rep 9:2863. https://
doi.org/10.1038/s41598-019-39239-6.

155. Voorburg CM, Bai Y, Kormelink R. 2021. Small RNA profiling of suscepti-
ble and resistant Ty-1 encoding tomato plants upon tomato yellow leaf
curl virus infection. Front Plant Sci 12:757165. https://doi.org/10.3389/
fpls.2021.757165.

156. Yang X, Wang Y, Guo W, Xie Y, Xie Q, Fan L, Zhou X. 2011. Characteriza-
tion of small interfering RNAs derived from the geminivirus/betasatellite
complex using deep sequencing. PLoS One 6:e16928. https://doi.org/10
.1371/journal.pone.0016928.

157. Raja P, Sanville BC, Buchmann RC, Bisaro DM. 2008. Viral genomemethyla-
tion as an epigenetic defense against geminiviruses. J Virol 82:8997–9007.
https://doi.org/10.1128/JVI.00719-08.

Antiviral RNA Interference in Animals and Plants Microbiology and Molecular Biology Reviews

June 2023 Volume 87 Issue 2 10.1128/mmbr.00035-22 20

https://doi.org/10.1016/j.tim.2022.07.009
https://doi.org/10.1016/j.tim.2022.07.009
https://doi.org/10.1016/bs.aivir.2014.11.006
https://doi.org/10.1006/viro.1996.8368
https://doi.org/10.1006/viro.2001.0901
https://doi.org/10.1105/tpc.109.073056
https://doi.org/10.1016/j.pbi.2015.06.013
https://doi.org/10.1105/tpc.112.099945
https://doi.org/10.1016/j.tplants.2008.04.007
https://doi.org/10.1105/tpc.15.00920
https://doi.org/10.1093/nar/gkab802
https://doi.org/10.1093/nar/gkab802
https://doi.org/10.1126/science.290.5489.142
https://doi.org/10.1126/science.290.5489.142
https://doi.org/10.1038/sj.emboj.7601164
https://doi.org/10.1073/pnas.1201628109
https://doi.org/10.1111/mpp.12553
https://doi.org/10.1371/journal.pbio.0020104
https://doi.org/10.1371/journal.pbio.0020104
https://doi.org/10.1128/JVI.02643-09
https://doi.org/10.1104/pp.19.00121
https://doi.org/10.1128/jvi.77.1.511-522.2003
https://doi.org/10.1016/s0042-6822(02)00018-1
https://doi.org/10.1016/0042-6822(92)90055-t
https://doi.org/10.1073/pnas.0805760105
https://doi.org/10.1006/viro.2000.0441
https://doi.org/10.1093/emboj/cdf312
https://doi.org/10.1371/journal.ppat.1005935
https://doi.org/10.1006/viro.1995.0015
https://doi.org/10.1093/nar/gkv604
https://doi.org/10.1093/nar/gkv604
https://doi.org/10.1105/tpc.010366
https://doi.org/10.1128/jvi.77.10.6082-6086.2003
https://doi.org/10.1128/jvi.77.10.6082-6086.2003
https://doi.org/10.1093/emboj/cdg74
https://doi.org/10.1093/emboj/cdg74
https://doi.org/10.1093/nar/gkz678
https://doi.org/10.1038/s41598-017-01050-6
https://doi.org/10.1104/pp.111.178764
https://doi.org/10.1016/j.virol.2015.09.008
https://doi.org/10.3390/v12101121
https://doi.org/10.1371/journal.ppat.1002941
https://doi.org/10.1016/j.virol.2009.07.005
https://doi.org/10.1016/j.virol.2009.07.005
https://doi.org/10.1038/s41598-019-39239-6
https://doi.org/10.1038/s41598-019-39239-6
https://doi.org/10.3389/fpls.2021.757165
https://doi.org/10.3389/fpls.2021.757165
https://doi.org/10.1371/journal.pone.0016928
https://doi.org/10.1371/journal.pone.0016928
https://doi.org/10.1128/JVI.00719-08
https://journals.asm.org/journal/mmbr
https://doi.org/10.1128/mmbr.00035-22


158. Hormuzdi SG, Bisaro DM. 1995. Genetic analysis of beet curly top virus:
examination of the roles of L2 and L3 genes in viral pathogenesis. Virol-
ogy 206:1044–1054. https://doi.org/10.1006/viro.1995.1027.

159. Raja P, Jackel JN, Li S, Heard IM, Bisaro DM. 2014. Arabidopsis double-
stranded RNA binding protein DRB3 participates in methylation-medi-
ated defense against geminiviruses. J Virol 88:2611–2622. https://doi
.org/10.1128/JVI.02305-13.

160. Jackel JN, Storer JM, Coursey T, Bisaro DM. 2016. Arabidopsis RNA poly-
merases IV and V are required to establish H3K9 methylation, but not cy-
tosine methylation, on geminivirus chromatin. J Virol 90:7529–7540.
https://doi.org/10.1128/JVI.00656-16.

161. Ceniceros-Ojeda EA, Rodriguez-Negrete EA, Rivera-Bustamante RF.
2016. Two populations of viral minichromosomes are present in a gemi-
nivirus-infected plant showing symptom remission (recovery). J Virol 90:
3828–3838. https://doi.org/10.1128/JVI.02385-15.

162. Coursey T, Regedanz E, Bisaro DM. 2018. Arabidopsis RNA polymerase V
mediates enhanced compaction and silencing of geminivirus and trans-
poson chromatin during host recovery from infection. J Virol 92:e01320-
17. https://doi.org/10.1128/JVI.01320-17.

163. Castillo-Gonzalez C, Liu X, Huang C, Zhao C, Ma Z, Hu T, Sun F, Zhou Y,
Zhou X, Wang XJ, Zhang X. 2015. Geminivirus-encoded TrAP suppressor
inhibits the histone methyltransferase SUVH4/KYP to counter host
defense. Elife 4:e06671. https://doi.org/10.7554/eLife.06671.

164. Verlaan MG, Hutton SF, Ibrahem RM, Kormelink R, Visser RG, Scott JW,
Edwards JD, Bai Y. 2013. The Tomato yellow leaf curl virus resistance
genes Ty-1 and Ty-3 are allelic and code for DFDGD-class RNA-depend-
ent RNA polymerases. PLoS Genet 9:e1003399. https://doi.org/10.1371/
journal.pgen.1003399.

165. Butterbach P, Verlaan MG, Dullemans A, Lohuis D, Visser RG, Bai Y,
Kormelink R. 2014. Tomato yellow leaf curl virus resistance by Ty-1
involves increased cytosine methylation of viral genomes and is com-
promised by cucumber mosaic virus infection. Proc Natl Acad Sci U S A
111:12942–12947. https://doi.org/10.1073/pnas.1400894111.

166. Li F, Huang C, Li Z, Zhou X. 2014. Suppression of RNA silencing by a plant
DNA virus satellite requires a host calmodulin-like protein to repress
RDR6 expression. PLoS Pathog 10:e1003921. https://doi.org/10.1371/
journal.ppat.1003921.

167. Li Y, Lu J, Han Y, Fan X, Ding SW. 2013. RNA interference functions as an
antiviral immunity mechanism in mammals. Science 342:231–234.
https://doi.org/10.1126/science.1241911.

168. Li Y, Basavappa M, Lu J, Dong S, Cronkite DA, Prior JT, Reinecker HC,
Hertzog P, Han Y, Li WX, Cheloufi S, Karginov FV, Ding SW, Jeffrey KL.
2016. Induction and suppression of antiviral RNA interference by influ-
enza A virus in mammalian cells. Nat Microbiol 2:16250. https://doi.org/
10.1038/nmicrobiol.2016.250.

169. Qiu Y, Xu Y, Zhang Y, Zhou H, Deng YQ, Li XF, Miao M, Zhang Q, Zhong
B, Hu Y, Zhang FC, Wu L, Qin CF, Zhou X. 2017. Human virus-derived
small RNAs can confer antiviral immunity in mammals. Immunity 46:
992–1004.e5. https://doi.org/10.1016/j.immuni.2017.05.006.

170. Qiu Y, Xu YP, Wang M, Miao M, Zhou H, Xu J, Kong J, Zheng D, Li RT,
Zhang RR, Guo Y, Li XF, Cui J, Qin CF, Zhou X. 2020. Flavivirus induces
and antagonizes antiviral RNA interference in both mammals and mos-
quitoes. Sci Adv 6:eaax7989. https://doi.org/10.1126/sciadv.aax7989.

171. Maillard PV, Ciaudo C, Marchais A, Li Y, Jay F, Ding SW, Voinnet O. 2013.
Antiviral RNA interference in mammalian cells. Science 342:235–238.
https://doi.org/10.1126/science.1241930.

172. Han Q, Chen G, Wang J, Jee D, Li WX, Lai EC, Ding SW. 2020. Mechanism
and function of antiviral RNA interference in mice. mBio 11:e03278-19.
https://doi.org/10.1128/mBio.03278-19.

173. Fang Y, Liu Z, Qiu Y, Kong J, Fu Y, Liu Y, Wang C, Quan J, Wang Q, Xu W,
Yin L, Cui J, Xu Y, Curry S, Jiang S, Lu L, Zhou X. 2021. Inhibition of viral
suppressor of RNAi proteins by designer peptides protects from entero-
viral infection in vivo. Immunity 54:2231–2244.e6. https://doi.org/10
.1016/j.immuni.2021.08.027.

174. Zhang Y, Dai Y, Wang J, Xu Y, Li Z, Lu J, Xu Y, Zhong J, Ding SW, Li Y.
2022. Mouse circulating extracellular vesicles contain virus-derived siR-
NAs active in antiviral immunity. EMBO J 41:e109902. https://doi.org/10
.15252/embj.2021109902.

175. Lu R, Folimonov A, Shintaku M, Li WX, Falk BW, Dawson WO, Ding SW.
2004. Three distinct suppressors of RNA silencing encoded by a 20-kb vi-
ral RNA genome. Proc Natl Acad Sci U S A 101:15742–15747. https://doi
.org/10.1073/pnas.0404940101.

176. Vanitharani R, Chellappan P, Pita JS, Fauquet CM. 2004. Differential roles
of AC2 and AC4 of cassava geminiviruses in mediating synergism and
suppression of posttranscriptional gene silencing. J Virol 78:9487–9498.
https://doi.org/10.1128/JVI.78.17.9487-9498.2004.

177. Folimonova SY, Sun YD. 2022. Citrus tristeza virus: from pathogen to pana-
cea. Annu Rev Virol 9:417–435. https://doi.org/10.1146/annurev-virology
-100520-114412.

Antiviral RNA Interference in Animals and Plants Microbiology and Molecular Biology Reviews

June 2023 Volume 87 Issue 2 10.1128/mmbr.00035-22 21

https://doi.org/10.1006/viro.1995.1027
https://doi.org/10.1128/JVI.02305-13
https://doi.org/10.1128/JVI.02305-13
https://doi.org/10.1128/JVI.00656-16
https://doi.org/10.1128/JVI.02385-15
https://doi.org/10.1128/JVI.01320-17
https://doi.org/10.7554/eLife.06671
https://doi.org/10.1371/journal.pgen.1003399
https://doi.org/10.1371/journal.pgen.1003399
https://doi.org/10.1073/pnas.1400894111
https://doi.org/10.1371/journal.ppat.1003921
https://doi.org/10.1371/journal.ppat.1003921
https://doi.org/10.1126/science.1241911
https://doi.org/10.1038/nmicrobiol.2016.250
https://doi.org/10.1038/nmicrobiol.2016.250
https://doi.org/10.1016/j.immuni.2017.05.006
https://doi.org/10.1126/sciadv.aax7989
https://doi.org/10.1126/science.1241930
https://doi.org/10.1128/mBio.03278-19
https://doi.org/10.1016/j.immuni.2021.08.027
https://doi.org/10.1016/j.immuni.2021.08.027
https://doi.org/10.15252/embj.2021109902
https://doi.org/10.15252/embj.2021109902
https://doi.org/10.1073/pnas.0404940101
https://doi.org/10.1073/pnas.0404940101
https://doi.org/10.1128/JVI.78.17.9487-9498.2004
https://doi.org/10.1146/annurev-virology-100520-114412
https://doi.org/10.1146/annurev-virology-100520-114412
https://journals.asm.org/journal/mmbr
https://doi.org/10.1128/mmbr.00035-22

	INTRODUCTION
	INFECTION-DEFECTIVE PHENOTYPES AND MECHANISM OF VSR-DEFICIENT INSECT VIRUSES
	Flock House Virus
	Cricket Paralysis Virus
	Invertebrate Iridescence Virus-6

	INFECTION-DEFECTIVE PHENOTYPES AND MECHANISMS OF VSR-DEFICIENT PLANT VIRUSES
	Cucumber Mosaic Virus
	Turnip Mosaic Virus
	Turnip Crinkle Virus and Cymbidium Ringspot Virus
	Beet Curly Top Virus and Cabbage Leaf Curl Virus

	CONCLUSIONS AND PERSPECTIVES
	ACKNOWLEDGMENTS
	REFERENCES



