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Abstract

Small RNAs regulate a multitude of cellular processes, including development, stress responses,
metabolism, and maintenance of genome integrity, in a sequence-specific manner. Accumulating
evidence reveals that host endogenous small RNAs and small RNA pathway components play
important roles in plant immune responses against various pathogens, including bacteria, fungi,
oomyecetes, and viruses. Small-RNA-mediated defense responses are regulated through diverse
pathways and the components of these pathways, including Dicer-like proteins, RNA-dependent
RNA polymerases, Argonaute proteins, and RNA polymerase IV and V, exhibit functional
specificities as well as redundancy. In this review, we summarize the recent insights revealed
mainly through the examination of two model plants, Arabidopsis and rice, with a primary focus
on our emerging understanding of how these small RNA pathway components contribute to plant
immunity.

Plants have evolved multiple layers of immune responses to detect and defend themselves
against various invading pathogens such as bacteria, fungi, oomycetes, and viruses. The first
layer involves the detection of conserved pathogen-associated molecular patterns (PAMPS),
which triggers PAMP-triggered immunity (PTI) that limits pathogen spread (Chisholm et al.
2006; Jones and Dangl 2006). In order to survive and propagate, some pathogens have
evolved effector proteins, which can suppress PTI. To prevent infection, plants have evolved
resistance (R) proteins that recognize the effectors and activate effector-triggered immunity
(ETI), a more rapid and robust immune defense response (Chisholm et al. 2006; Jones and
Dangl 2006). Increasing evidence has shown the important roles of small RNAs (SRNAS) in
the regulation of these intricate defense responses against pathogens (Katiyar-Agarwal and
Jin 2010; Padmanabhan et al. 2009; Ruiz-Ferrer and VVoinnet 2009).

SRNAs are short, noncoding RNA molecules that guide silencing of genes either through
transcriptional gene silencing (TGS) or post-transcriptional gene silencing (PTGS)
(Baulcombe 2004). They are divided into two subgroups, micro-RNAs (miRNAs) and short
interfering RNASs (siRNAs), based on their origin and biogenesis. In plants, siRNAs can be
further categorized as trans-acting siRNAs (ta-siRNAs), heterochromatic siRNAs (hc-
siRNAS), natural antisense transcript-derived siRNAs (nat-siRNAS), or long siRNAs
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(IsiRNAs) (Chapman and Carrington 2007; Katiyar-Agarwal and Jin 2010). Over the last
decade, extensive studies have unveiled the diverse pathways, including their various
cellular components, which regulate SRNA biogenesis and mode of action (Baulcombe
2004; Chapman and Carrington 2007; Katiyar-Agarwal and Jin 2010; Kim 2005). Although
there are differences among the pathways, they generally involve three critical reactions: i)
generation of double-stranded RNA (dsRNA), ii) processing of dsRNA into SRNAs, and iii)
sequence-specific targeting and silencing by sRNA-incorporated effector complexes.

Although sRNAs have regulatory roles in a multitude of basic biological processes,
including immune responses, accumulating evidence indicates that the cellular components
associated in SRNA pathways are also directly involved in defense responses to pathogens,
as schematically summarized in Figure 1. Dicer-like proteins (DCL), RNA-dependent RNA
polymerases (RDR), and Argonaute (AGO) proteins are key components in SRNA pathways
(Baulcombe 2004; Chapman and Carrington 2007; Vaucheret 2006). In addition, plant-
specific RNA polymerase (Pol) 1V and Pol V are essential for the biogenesis and function of
hc-siRNAs, which mediate TGS by RNA-directed DNA methylation (RADM) or histone
modification (Haag and Pikaard 2011). Plant SRNA components, in particular, exhibit
considerable variation and partial functional redundancy because they are encoded by multi-
protein families (e.g., Arabidopsis has four DCL, six RDR, and 10 AGO proteins; and rice
has eight DCL, five RDR, and 19 AGO proteins). Some of these components are involved in
SRNA-mediated plant defense responses (Table 1). This review will focus on the functions
of SRNA pathway components in plant immunity.

DCL and dsRNA-binding proteins

DCL belong to the RNase 11l family of endoribonucleases that specifically process dSRNAs
into SRNA duplexes. DCL typically contain a helicase domain, a DUF283 domain, a PAZ
domain, two tandem RNase I1l domains, and two tandem dsRNA-binding domains (Carmell
and Hannon 2004). Arabidopsis encodes four DCL (DCL1 to DCL4) (Baulcombe 2004;
Chapman and Carrington 2007; Katiyar-Agarwal and Jin 2010). DCL1 predominantly
generates miRNAs but is also involved in producing some endogenous siRNAS, such as nat-
siRNAs and IsiRNAs (Borsani et al. 2005; Katiyar-Agarwal and Jin 2010; Katiyar-Agarwal
et al. 2006, 2007; Ron et al. 2010; Voinnet 2009; Zhang et al. 2012). DCL2, DCL3, and
DCL4 mainly process long dsRNA precursors produced by RDR, natural antisense
transcription, or inverted repeats (Baulcombe 2004; Chapman and Carrington 2007; Katiyar-
Agarwal and Jin 2010). DCL3 is responsible mainly for the processing of Pol V- and
RDR2-generated dsRNAs and gives rise to hc-siRNAs that guide RdDM at target genomic
loci (Baulcombe 2004; Law et al. 2010). DCL4 takes part in the generation of
predominantly 21-nucleotide (nt) ta-siRNAs in an RDR6-dependent manner (Chapman and
Carrington 2007). A recent study revealed that DCL4 also has a siRNA-independent
function in cleaving nascent transcripts and promoting transcription termination of the FCA
gene (Liu et al. 2012).

DCL play an important role in conferring bacterial resistance. The dc/Z mutant is more
susceptible to bacterial pathogen Pseudomonas syringae pv. tomato DC3000 hrcC, a
nonpathogenic strain that lacks the functional type 111 secretion system but is capable of
eliciting PTI (Navarro et al. 2008). This result indicates that DCL1 is a positive regulator of
PTI, which may be due to the fact that DCL1 is responsible for the biogenesis of almost all
miRNAs. High-throughput SRNA profiling analyses have shown that the expression of some
SRNAs is differentially regulated upon bacterial infection in both model plant species and
economically important crops (Fahlgren et al. 2007; Katiyar-Agarwal and Jin 2010; Li et al.
2010; Subramanian et al. 2008; Wang et al. 2009; Zhang et al. 2011a). Some miRNAs,
including miR393, miR393*, and miR160, positively regulate plant defense responses,
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whereas other miRNAs, including miR773 and miR398, negatively regulate antibacterial
immunity (Jagadeeswaran et al. 2009; Navarro et al. 2006; Zhang et al. 2011b).
Identification of pathogen-regulated sSRNAs will help elucidate the molecular mechanisms
of host defense responses or disease pathogenicity. For example, recently, we found that
miR399 was induced specifically in citrus plants that have succumbed to huanglongbing
(HLB), a devastating citrus disease, but not in the citrus plants with citrus stubborn disease
that causes similar disease symptoms (Zhao et al. 2013). HLB is associated with bacteria of
the genus * Candlidatus Liberibacter’ whereas citrus stubborn is caused by Spiroplasma citri.
Because miR399 is induced by phosphorus starvation in other plant species, we examined
the phosphorus content and found a 35% reduction of phosphorus in HLB-positive trees
compared with healthy trees (Zhao et al. 2013). Applying phosphorus oxyanion solutions
reduced HLB symptom severity and significantly improved fruit production in a field trial.
Thus, SRNA studies can help elucidate the regulatory mechanisms of plant-microbe
interactions and help develop effective means for disease detection and management.

DCL1 is also involved in the generation of several endogenous siRNAS regulating /-gene-
mediated ETI. For example, nat-siRNAATGB2 and AtlsiRNA-1, which are both processed
by DCL1 and are induced specifically by avirulent P. syringae pv. ftomato carrying an
effector gene avrRpt2, contribute to resistance gene RPSZ-mediated bacterial resistance
(Fig. 1) (Katiyar-Agarwal et al. 2006, 2007).

DCL also contribute to defense responses to various fungal and oomycete pathogens. The
acl4 but not de/2 mutant displays enhanced susceptibility to Verticillium dahliae and
exhibits more severe stunting and necrosis than wild-type plants, which suggests that DCL4
plays a positive role in defense response against Verticillium wilt disease (Ellendorff et al.
2009). However, the responsible SRNAs that are dependent on DCL4 have yet to be
discovered. Genome-wide studies in several crops have revealed an array of miRNASs that
are differentially expressed in response to infection by various fungal and oomycete
pathogens, such as Fusarium virguliforme (Radwan et al. 2011), Erysiphe graminis (Xin et
al. 2010), V. dahliae (Yin et al. 2012), Cronartium quercuum (Lu et al. 2007), and
Phytophthora sojae (Guo et al. 2011). These miRNAs, most of which are processed by
DCL1, are likely to regulate the expression of their target genes and, thereby, contribute to
the host resistance responses against these pathogens.

In antiviral immunity, all four DCL are involved in producing virus-derived siRNAs
(ViRNAS). DCLA4 has the predominant role in antiviral defense and targets dsSRNAs derived
from virus replication to produce 21-nt viRNAS, whereas DCL2 acts as an alternative
enzyme in a hierarchical manner to produce 22-nt viRNAs (Bouche et al. 2006; Deleris et al.
2006; Diaz-Pendon et al. 2007; Zhang et al. 2012). DCLA is sufficient for antiviral silencing
in inoculated leaves but both DCL2 and DCL4 are involved in antiviral silencing in systemic
tissues (Garcia-Ruiz et al. 2010). DCL3 produces 24-nt ViRNAs in plants infected with
DNA viruses (Bouche et al. 2006; Deleris et al. 2006; Diaz-Pendon et al. 2007). Although
the role of these 24-nt viRNAs in antiviral resistance is controversial, recent studies have
shown that geminiviruses encode suppressors that specifically target the DNA methylation
process (Buchmann et al. 2009; Yang et al. 2011). The function of these DCL3-produced
24-nt viRNAs may not become apparent unless DNA viruses with defective silencing
suppressors are used. A detectable level of 21-nt viRNAs accumulated in the dec/2/dc/3/dcl4
mutant plants infected with both RNA and DNA viruses, suggesting a role for DCL1 in
ViIRNA generation (Blevins et al. 2006; Deleris et al. 2006; Moissiard and Voinnet 2006).
Specifically, DCL1 processes 21-nt siRNAs from the leader region of Cauliflower mosaic
virus (CaMV) (Blevins et al. 2006). Furthermore, the accumulation of all three 21-, 22-, and
24-nt ViRNA species decreased significantly in dc/Z mutant plants infected with CaMV,
suggesting that DCL1 is likely to be involved in SRNA-mediated defense (Blevins et al.
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2006; Moissiard and VVoinnet 2006). On the other hand, DCL1 is also implicated in negative
regulation of DCL4 and DCL3, resulting in repression of antiviral RNA silencing (Azevedo
et al. 2010; Qu et al. 2008).

The rice genome encodes eight DCL genes: OsDCL 1a, OsDCL1b, OsDCL 1c, OsDCL 24,
OsDCL2b, OsDCL 3a, OsDCL3b, and OsDCL4. Among them, OsDCL1b, OsDCL 1c,
OsDCL Za, and OsDCL2b do not have all the functional domains (Kapoor et al. 2008).
OsDCL 1a, OsDCL2, OsDCL3a, and OsDCL4 are ubiquitously expressed, whereas the
others are expressed differentially in various developmental stages. Like its Arabidopsis
orthologous gene AfDCL 1, OsDCL 1ais responsible for OsmiRNA processing (Liu et al.
2005). OsDCL4and OsDCL 3b have been found to be responsible for the biogenesis of 21-
and 24-nt phased SRNAs in rice, respectively (Song et al. 2012).

In addition to the well-established role of vViRNA-directed RNA silencing in plant immunity
against viruses, emerging evidence implicates a role for host miRNAS in plant-virus
interactions in rice. We have showed that two distinct viruses, Rice awarf virus (RDV) and
Rice stripe virus (RSV), have distinct impacts on rice SRNA profiles (Du et al. 2011). In
RSV-infected rice plants, many miRNA*s accumulated to higher levels than in noninfected
plants, whereas their corresponding miRNA sequences did not show obvious changes (Du et
al. 2011). These include miRNA*s of miR160, miR166, miR167, miR171, and miR396
families and miRNA*s of miR1318, miR1425, miR159a, miR168, miR172d, miR390,
miR444b.2, and miR528 (Du et al. 2011). In addition, Os11g15060, a predicted target of
miR1425*, was downregulated in RSV-infected plants (Du et al. 2011). Furthermore, RSV
infection also induced the expression of novel phased miRNAs from several conserved
miRNA precursors (Du et al. 2011). However, these changes were not observed in RDV-
infected rice.

dsRNA-binding proteins (DRB) are one of the essential cofactors of DCL (Katiyar-Agarwal
and Jin 2010; Voinnet 2009). HYL1 (also known as DRB1) and DRB4 are associated with
DCL1 and DCLA4, respectively. Evidence shows that HYL1 is involved in antibacterial
defense. The Ay/Z mutant not only is susceptible to Pseudomonas syringae pv. tomato
(avrRpt2) but also is deficient in the accumulation of nat-siRNAATGB2 and AtlsiRNA-1,
which positively regulate bacterial resistance (Katiyar-Agarwal et al. 2006, 2007). DRB4
contributes to antiviral defense as a cofactor of DCL4 in SRNA metabolism (Haas et al.
2008). Furthermore, a recent study suggested a potential function of DRB4 in the regulation
of viral RNA translation by directly interacting with viral RNAs (Jakubiec et al. 2012). The
function of rice DRB in disease resistance pathways has yet to be determined.

Arabidopsis encodes six RDR proteins (RDR1 to RDR6). They play important roles in
siRNA biogenesis by converting single-stranded RNAs (ssSRNAs) to dsRNAs, which are
then processed by DCL to generate siRNAs (Wassenegger and Krczal 2006).

RDR6 is required for the biogenesis of bacterial-induced nat-siRNAATGB2 and
AtlsiRNA-1 (Katiyar-Agarwal et al. 2006, 2007). The observation that the rdr6 mutant is
more susceptible to P. syringae pv. tomato (avrRpt2) suggests that the RDR6-dependent
mechanism is important for antibacterial defense (Katiyar-Agarwal et al. 2006). Further
evidence supporting the importance of RDR6 in plant immunity has come from several
recent studies on secondary siRNAs that target /2 genes. In certain plant species, such as
those in the Solanaceous and Leguminosa families, several miRNAs can target nucleotide-
binding site (NBS) leucine-rich repeat (LRR) / genes and trigger the generation of
secondary siRNAs in an RDR6-dependent manner. These siRNAs regulate the expression of
R genes (Li et al. 2012; Shivaprasad et al. 2012; Zhai et al. 2011). Tomato miR482 and
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miR2118 families can target the P-loop motif of the coiled-coil (CC)-NBS-LRR type of R
genes and trigger secondary siRNA formation through RDR6 (Shivaprasad et al. 2012).
Viral and bacterial infection suppresses miR482-mediated silencing of /R genes. In tobacco,
miR6019 (22 nt) and miR6020 (21 nt) target Toll and interleukin-1 receptor (TIR)-NBS-
LRR gene Nthat confers resistance to 7obacco mosaic virus (TMV) (Li et al. 2012).
Cleavage of Ntranscripts triggers phased secondary siRNAs that are DCL4 and RDR6
dependent. Overexpression of nta-miR6019/miR6020 attenuated N-mediated resistance to
TMV. Eight additional miRNA families were identified from tobacco, tomato, and potato
using a bioinformatics approach in this study. In addition to the ones that target several
antiviral R genes, some also target /R genes that confer resistance to fungal and oomycete
pathogens. For example, miR6021, miR6022, and miR6023 target a tomato homolog of the
Cladosporium fulvum resistance 9 gene, which encodes a transmembrane protein and
confers resistance to leaf mold fungus C. fulvum. miR482 family members could target
potato R2and RB genes, which confer resistance to late blight oomycete Phytophthora
infestans. Thus, various types of R genes, including both TIR-NBS-LRR and CC-NBS-LRR
types and receptor-like transmembrane type, could be targeted by miRNAs and initiate
secondary siRNA formation to silence the expression of these resistance genes.

Extensive studies have shown that RDR1 and RDRG6 participate in antiviral defense and
ViRNA biogenesis (Ding 2010; Ding and Voinnet 2007; Jiang et al. 2012; Qi et al. 2009; Qu
2010; Wang et al. 2010). RDR-dependent amplification of viRNAS is required to confer
effective RNA-based antiviral defense in Arabidopsis (Wang et al. 2010). RDR1 is primarily
responsible for the accumulation of the majority of ViRNAS whereas RDR6 acts as a
surrogate for RDR1 (Ding 2010; Qu 2010). However, it is more likely that RDR1 and RDR6
have specific roles in RNA-based antiviral defense because a recent SRNA profiling study
revealed that ViRNAs associated with RDR1 mostly mapped to the 5" terminus of viral
RNAs, whereas those associated with RDR6 mapped mainly to 3" regions (Wang et al.
2010). Knocking out both RDR1 and RDR6 results in a dramatic decrease in ViRNA
accumulation, indicating that RDR1 and RDR6 synergistically contribute to the production
of ViRNAs and antiviral defense. Notably, RDR2 was also shown to be involved in the
biogenesis of Tobacco rattle virus-derived siRNAs and antiviral resistance (Donaire et al.
2008). In addition, it has been shown that RDR2 acts in coordination with RDR1 and RDR6
to restrict 7urnip mosaic virus infection in inoculated leaves (Garcia-Ruiz et al. 2010).
RDR2 functions mainly with DCL3 and generates hc-siRNAs that guide DNA methylation
and histone modification in the RADM pathway. Whether the involvement of RDR2 in
antiviral defense against RNA viruses is dependent on RADM pathway has yet to be
determined.

RDR also play a key role in antiviral immunity in rice. OsSRDR1 is required for RNA
silencing triggered by an ssRNA virus. In OsRDR1 mutant lines, the antiviral silencing
pathway was impaired by the infection with Brome mosaic virus (an sSRNA virus) but not
Wheat dwarf geminivirus (an ssSDNA virus). Recently, OsRDR6 was shown to play an
antiviral role against RSV, a negative-strand RNA virus. Transgenic OSRDR6IR RNA
interference lines are more susceptible to RSV infection and accumulate more RSV genomic
RNA (Jiang et al. 2012). Furthermore, deep sequencing showed reduced accumulation of
RSV-derived ViRNA in OsRDR6IR plants (Jiang et al. 2012).

Studies of the roles of plant RDR in fungus—plant interaction are rather limited. RDR2 and
RDR6 were shown to positively regulate defense responses against Verticillium wilt disease
(Ellendorff et al. 2009). The rdr2and rdré6 mutants displayed enhanced susceptibility to
Verticillium wilt disease and accumulated more fungal biomass compared with wild-type
plants.
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AGO proteins

AGO proteins are the core molecules of the effector complex in SRNA-directed gene
silencing. SRNAs are loaded into AGO proteins to guide sequence-specific regulation of
gene expression. AGO proteins comprise four major domains: N-terminal domain, PAZ
domain, MID domain, and PIWI domain. Plant AGO proteins all belong to the AGO
subfamily. Arabidopsis encodes 10 AGO proteins, which can be divided into three major
clades based on their sequence similarity: the AGO1/AGO5/AGO10 clade, AGO2/AGO3/
AGO7 clade, and AGO4/AGO6/AGO8/AGO9 clade (Vaucheret 2008).

In Arabidopsis, AGO1, AGO2, and AGO7 primarily bind 21- to 22-nt SRNAs (either
miRNAs or endogenous and exogenous siRNAs) and direct PTGS (Mi et al. 2008;
Montgomery et al. 2008), whereas AGO4, AGO6, and AGO9 predominately bind 24- to 26-
nt SRNAs and are involved in TGS (Havecker et al. 2010; Qi et al. 2006; Zheng et al. 2007;
Zilberman et al. 2003).

AGOL1 contributes to plant innate immunity, which is supported by the evidence that the
agol mutant plants displayed attenuated PTI responses (Li et al. 2010). AGOL1 functions
through the action of its associated miRNAs. Some miRNAs positively regulate PTI. For
instance, miR393, which is induced by a bacterial elicitor, flg22, contributes to bacterial
resistance by targeting mRNAS encoding the auxin receptor, transport inhibitor responsel
(TIR1), and related proteins, thereby negatively regulating auxin signaling and shifting
energy from growth to basal defense (Fig. 1) (Navarro et al. 2006). Other miRNAs, on the
other hand, negatively regulate plant innate immunity. For example, flg22 and avirulent
Pseudomonas syringae pv. tomato strains downregulate miR398, resulting in upregulation of
its target genes, such as copper/zinc superoxide dismutase, thereby positively regulating
bacterial resistance (Jagadeeswaran et al. 2009; Li et al. 2010; Zhang et al. 2011b).

Our recent study has showed that Arabidopsis AGO2 plays an important role in antibacterial
immune responses. Among the 10 Arabidopsis AGO proteins, only AGO?2 is highly induced
by infection with both virulent P. syringae pv. fomato and avirulent P. syringae pv. tomato
(avrRpt2) strains, and ago2 mutant plants displayed enhanced susceptibility to both strains
(Zhang et al. 2011b). Interestingly, sequencing of AGO2-associated SRNAs after
immunoprecipitation revealed that one of the most abundant miRNAs associated with
AGO?2 is miR393b*, whereas its corresponding miR393, which is involved in PTI, is
associated with AGO1. The miR393b*-AGO2 complex targets a Golgi-localized gene,
MEMB12, which encodes a SNARE protein that controls retrograde trafficking. Induction
of AGO?2 allows increased miR393* loading and induces silencing of MEMB12, which
suppresses protein endocytosis and recycling, thereby resulting in increased exocytosis of
antimicrobial pathogenesis-related protein PR1. Secretion of antimicrobial peptides directly
confers resistance against bacteria. This study provided an example of a miRNA-miRNA*
pair that both contribute to plant immunity through two distinct AGO proteins: miR393
associates with AGO1 whereas miR393* associates with AGO2 (Zhang et al. 2011b) (Fig.
2A). Not only miRNA-miRNA* pairs generate more than one functional miRNA entity;
some miRNA precursors with long stem structures could be sequentially processed by
DCL1 and give rise to multiple miRNA duplexes, and some of these miRNA-like RNAs are
most likely functional (Zhang et al. 2010). We have also observed that some miRNA genes
could give rise to both DCL1-dependent 21-nt miRNAs and DCL3- and RDR2-dependent
24-nt siRNAs at the same loci. The miRNAs silence the targets through PTGS while some
of the siRNAs could silence the targets through TGS (Chellappan et al. 2010). Some of the
miRNA gene-derived miRNA-like RNAs and siRNAs are differentially regulated by
pathogen-infection, suggesting that they have a potential function in regulating target
expression during plant-microbe interaction.
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AGO7 belongs to the same subfamily as AGO2 and AGO3. Although a mutation in AGO3
has no obvious effect on plant innate immunity, a mutation in AGO7 weakly attenuates ETI
triggered by P. syringae pv. tomato (avrRpt2), whereas no obvious effect was observed in
PTI responses (Katiyar-Agarwal et al. 2007; Li et al. 2010; Zhang et al. 2011b). AGO7
participates in the biogenesis of AtlsiRNA-1, an endogenous siRNA regulating RPS2-
mediated ETI (Katiyar-Agarwal et al. 2007). Furthermore, AGO7 predominantly associates
with miR390, which triggers the generation of TAS3 ta-siRNAs that subsequently regulate
the expression of auxin-signaling components; namely, ARF genes (Fahlgren et al. 2006;
Montgomery et al. 2008). Although different ARF could be either positive or negative
regulators of auxin signaling, downregulation of the auxin signaling pathway could
indirectly contribute to plant defense. Furthermore, the ago7 mutant exhibited enhanced
susceptibility to fungal pathogen Verticillium (Ellendorff et al. 2009), suggesting that AGO7
also plays a positive role in anti-fungal defense against Verticillium spp.

A genetic screen identified an ago4 mutant that exhibits reduced resistance to both virulent
P. syringae pv. tomato and avirulent P. syringae pv. tomato (avrRpmJI), indicating that
AGO4 is required for bacterial resistance in Arabidopsis (Agorio and Vera 2007). However,
AGO4 and AGOG6 are down-regulated by bacterial infection and flg22 treatment, implying a
negative role of AGO4 and AGO6 in plant antibacterial immunity (Yu et al. 2013).
Although AGO4 is involved in the RADM pathway, single mutants of other components
within the RADM pathway did not affect bacterial resistance (Agorio and Vera 2007). It is
possible that these components have partial functional redundancy and to assess the effect of
double or triple mutants would be more reliable.

AGO proteins also play critical roles in antiviral defense (Fig. 2B). Upregulation of AGO1
is a general response in plants infected with viruses (Csorba et al. 2007; Havelda et al. 2008;
Zhang et al. 2006). Genetic studies showed that RNA-based antiviral defense is attenuated in
single agol and ago7 mutants (Morel et al. 2002; Qu et al. 2008). AGOL is the major AGO
protein that associates with ViRNAs (Zhang et al. 2006). Cucumber mosaic virus (CMV) 2b
suppressor protein specifically inhibits AGO1 slicer activity to counter plant defense (Zhang
et al. 2006). Several plant viruses, including CMV, Turnip crinkle virus (TCV), and
Cymbidium ringspot virus, can compromise host RNA silencing by inducing the expression
of miR168, which targets AGO1 mRNA to repress translation (Varallyay et al. 2010).
AGO7 has a mode of action different from AGOL in antiviral defense against TCV (Qu et
al. 2008); AGOT7 targets less-structured RNAs and functions together with DRB4 and RDR6
(Qu et al. 2008) in the amplification of secondary ViRNAs, similar to its function in the ta-
SiRNA pathway (Montgomery et al. 2008). Similar to AGO1, AGO2 and AGO5 have also
been shown to bind VIRNAs (Harvey et al. 2011; Ruiz-Ferrer and VVoinnet 2009; Takeda et
al. 2008). AGO?2 functions in defense against RNA viruses, including TCV, Potato virus X,
CMV, and Tomato bushy stunt virus (Harvey et al. 2011; Jaubert et al. 2011; Scholthof et al.
2011; Wang et al. 2011; Zhang et al. 2012). Accumulating evidence suggests that AGO1 and
AGO2 have nonredundant and cooperative functions in antiviral defense, and the other AGO
proteins, in addition to AGO1, may play a greater role in antiviral defense than previously
thought (Alvarado and Scholthof 2011). Antiviral defense against some DNA viruses
involves AGO4-mediated mechanisms (Buchmann et al. 2009; Raja et al. 2008), which is
directly linked with the RADM pathway (details below).

The rice genome encodes 19 AGO proteins which were first classified into six main clades:
AGO2/AGO3/AGO7 (SHL4) clade, AGO4/AGO15/AGO16 clade, AGOS5 (MEL1)/AGO11/
AGO12/AGO13/AG014 clade, AGO1/AGO10 (PHN1) clade, AGO17 clade, and AGO18
clade (Kapoor et al. 2008; Mallory and Vaucheret 2010). Among them, only five OsAGO
(AGO1, AGO4, AGO5, AGO7, and AGO16) have been studied. OsAGO1a, OsAGO1b, and
OsAGO1c have slicer activity and mediate PTGS by primarily associating with 21-nt
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sRNAs with a 5" U (Wu et al. 2009). OsAGO4a, OsAGO4b, OsAGO16, and their
associated 24-nt SRNAs are involved in TGS by guiding DNA methylation (Wu et al. 2010).
Studies on rice AGO proteins in plant defense have started to emerge. Our recent study
showed that RSV infection significantly elevated the expression of AGO18 and AGO2 but
RDV infection only affected the expression of certain OSRDR, not OSAGO (Du et al. 2011).
RSV also induces the expression of many miRNA*s (Du et al. 2011). We speculate that
these miRNA*s are likely to be associated with OsAGO2 during bacterial infection, similar
to the case with Arabidopsis AGO?2.

RNA Pol IV and V and the RdDM pathway

A newly emerging, important aspect of plant immune responses is the modulations that
occur at the epigenetic level, including the dynamic changes in DNA methylation and
histone modification. Infection by P. syringae pv. tomato induces DNA hypomethylation at
centromeric regions and alters hetero-chromatin patterns (Pavet et al. 2006). Recently, a
genome-wide single-base resolution DNA methylome study using whole-genome bisulfite
sequencing revealed dynamic DNA methylation changes in numerous genomic regions in
response to infection with bacterial pathogens—virulent P, syringae pv. tomato or avirulent
P. syringae pv. tomato (avrPphB)—and treatment with the hormone salicylic acid (SA)
(Dowen et al. 2012). Arabidopsis DNA methyltransferase mutants met (deective in
maintenance of CG methylation) and ddc (drm1 drm2cmt3triple mutant, defective in de
novo non-CG methylation) displayed markedly enhanced resistance to P. syringae pv.
tomato (Dowen et al. 2012). Similarly, a modest increase in resistance was also observed in
the RADM pathway mutants dc/2/3/4, rar2, nrpdla (carrying a mutation in the largest
subunit of RNA Pol 1V), and drdZ, indicating that the RADM pathway contributes to the
regulation of plant immunity. It is likely that the RdADM pathway mediated by hc-siRNAS is
important for silencing plant immunity genes such as /£ genes and signaling components
(e.g., SA pathway genes) under normal conditions and, upon infection by biotrophic or
hemibiotrophic pathogens, this silencing is suppressed and the / genes and immunity
signaling genes are upregulated. In this study, no alteration in disease resistance was
observed in the nrpel mutant, which carries a mutation in the largest subunit of RNA Pol V;
however, interestingly, another study by Lopez and associates (2011) observed enhanced
resistance to P. syringae pv. tomatoin nrpel. This discrepancy is likely due to the different
infection conditions used in these two studies (Dowen et al. 2012; Lopez et al. 2011). More
recently, Yu and associates (2013) have shown that some transposable elements, which are
targets of RADM, are demethylated and transcriptionally reactivated during antibacterial
defense. They also demonstrated that DNA demethylation is associated with an activation of
some disease resistance genes carrying repeats or sSiRNA clusters in their vicinity (Yu et al.
2013).

Host resistance against necrotrophic fungal pathogens, such as Botrytis cinerea and
Plectosphaerella cucumerina, is dependent on the jasmonic acid (JA) signaling pathway,
whereas resistance against biotrophic or hemibiotrophic pathogens, such as P. syringae pv.
tomato, largely relies on the SA signaling pathway. The JA signaling pathway is generally
antagonistic to the SA pathway (Glazebrook 2005). As predicted, enhanced susceptibility to
B. cinereaand P. cucumerina was observed in ago4 and nrpel (Lopez et al. 2011).

Arabidopsis plants suppress geminiviruses at the transcriptional level by inducing both
cytosine and histone methylation of the viral genomes (Raja et al. 2008). Methylation-
deficient Arabidopsis mutants carrying mutations in cytosine or histone H3 lysine 9 (H3K9)
methyltransferases (drm1, drm2, cmt3, met1, and kyp2), RADM pathway components (4904,
adm1, and nrpdZa), or methyl cycle enzymes (adkZ and adk2) are hypersensitive to
geminivirus infection (Raja et al. 2008). Finally, the most abundant viRNAs in plants
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infected with geminiviruses are 24 nt long (Rodriguez-Negrete et al. 2009), providing a link
between the methylation of viral DNA and the AGO4-mediated RdDM pathway.

Conclusions and future perspectives

High-throughput strategies have revealed many endogenous SRNAs that regulate gene
expression reprogramming upon bacterial, fungal, or viral infection. This scheme is
supported by genetic studies showing that SRNA pathway components are required for plant
immune responses. In summary, DCL, which are implicated in the generation of various
classes of SRNAs, are important factors for defense against various pathogens. Although
DCL1 is an important contributor to antibacterial defense, hierarchical and synergistic
cooperation between DCL4 and DCL2 proteins are necessary to establish antiviral
immunity. DCLA4 positively regulates defense responses against Verticillium wilt disease.
RDR contribute to the generation of secondary siRNAs, some of which are involved in plant
immunity. Arabidopsis RDR6 is important for the biogenesis of secondary siRNAs that
target genes involved in antimicrobial defense, such as NBS-LRR R genes. Recent
researches have shown that RDR1 and RDR6 are important for antiviral immunity in both
Arabidopsis and rice. SRNAs are loaded onto AGO proteins to direct PTGS or TGS of viral
RNAs and DNAs. Characterization of various Arabidopsis ago mutants has revealed that
AGO1 and AGO?2 are the major regulators for antiviral and antibacterial immunity. We
expect to see more studies on SRNA pathway components and their role in regulating host—
microbe interactions in various plant species and crops.

Recently, the function of hc-siRNA-mediated transcriptional regulation in plant immunity
has come to light. The use of Arabidopsis RADM pathway mutants and methylome
sequencing has revealed that pathogen infection induces changes in DNA methylation.
Mutations in MET1, DRM1/DRM2/CMT3, DCL 2/3/4, RDR2, POL IV, POL V, and DRD1
render the plants more resistant to bacterial infection, suggesting that many resistance-
related genes are under the epigenetic regulation by the RADM pathway; demethylation of
these loci in response to pathogen attack activates plant immunity pathways. On the other
hand, AGO4 and POL V mutations render plants more susceptible to necrotrophic fungal
pathogens, which activate an antagonistic pathway. As genome-wide high-throughput
technologies and bioinformatics approaches continue to advance, we expect new discoveries
of the roles of SRNAs, the associated pathway components, and epigenetic regulation in
plant immunity. On the side of the pathogen, we also expect to discover more effector
molecules, not limited to only proteins, that suppress host immunity.
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Fig. 1.

Plant small RNAs (sSRNAs) and RNA interference pathway components contribute to plant
immunity. Plants modulate SRNA pathways upon recognition of pathogen-associated
molecular patterns or effectors of pathogens. Each pathway involves a distinct context of
SRNA pathway components. FLS2, a flagellin-sensitive receptor kinase; TTSS, type IlI
secretion system; miRNA, microRNA,; siRNA, short interfering RNA; ViRNA, virus-derived
siRNA; DCL, Dicer-like protein; AGO, Argonaute; RDR, RNA-dependent RNA
polymerase; nat-siRNA, natural antisense transcript-derived siRNA.
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Role of Argonaute (AGO) proteins in plant immunity. A, MicroRNA (miRNA)/miRNA*
pair contributes to plant antibacterial immunity through two distinct AGO proteins, miR393

and miR393b*, which are induced by Pseudomonas syringae pv. tomato infection,

specifically associate with AGO1 and AGO?2, respectively. The miR393/AGO1 complex

contributes to pathogen-associated molecular-pattern-triggered immunity by targeting

TRANSPORT INHIBITOR RESPONSE1 (TIR1) and related proteins, thereby suppressing

auxin signaling; the miR393*-AGO2 complex targets a Golgi-localized SNARE gene,

MEMB12, resulting in increased exocytosis of antimicrobial proteins which directly confer

resistance against bacteria. PR1, pathogenesis-related protein 1. B, Hierarchical and
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synergistic contribution of AGO proteins to plant antiviral immunity. AGOL1 acts as a major
antiviral RNA slicer in antiviral defense against Cucumber mosaic virus (CMV) and Turnip
crinkle virus (TCV), while AGO2 functions as a surrogate of AGO1. AGO5 is known to
bind to CMV-derived virus-derived siRNAs (ViRNAs), although its function in antiviral
defense is not clear. AGO7 has a different mode of action from AGOL1 in antiviral defense
against TCV. AGO2 mediates ViRNA-directed defenses against Potato virus X (PVX) in
Arabidopsis. Some DNA viruses are targeted by AGO4 for the methylation of viral DNAs.
AGOLl-associated 21- and 22-nucleotide ViRNAs are also considered to be involved in
antiviral defense against DNA viruses. Thickness of the lines indicates relative hierarchical
contribution of each AGO protein to antiviral immunity.
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Table 1

Diversity of the essential components involved in small-RNA-mediated plant immunity

Component®  Function in antimicrobial resistance? References
DCL
DCL1 Biogenesis of mMiRNA, nat-siRNA, and IsiRNA Baulcombe 2004; Blevins et al. 2006; Katiyar-Agarwal et al. 2006,
involved in bacterial resistance and VIRNA 2007; Moissiard and Voinnet 2006; VVoinnet 2009
production (from DNA viruses)
DCL2 ViIRNA biogenesis Bouche et al. 2006; Deleris et al. 2006; Diaz-Pendon et al. 2007
DCL3 hc-siRNA and viRNA biogenesis Baulcombe 2004; Bouche et al. 2006; Deleris et al. 2006; Diaz-Pendon
et al. 2007
DCL4 Biogenesis of IsiRNA involved in bacterial Bouche et al. 2006; Deleris et al. 2006; Diaz-Pendon et al. 2007,
resistance and miRNA and ViRNA involved in viral Katiyar-Agarwal et al. 2007; Li et al. 2012
resistance
dsRNA
HYL1 Biogenesis of miRNA, nat-siRNA and IsiRNA Katiyar-Agarwal et al. 2006, 2007; Voinnet 2009
involved in bacterial resistance
DRB4 ViIRNA biogenesis Ding 2010; Jakubiec et al. 2012
RDR
RDR1 ViIRNA biogenesis Ding 2010; Ding and Voinnet 2007; Qi et al. 2009; Qu 2010
RDR2 ViIRNA biogenesis Donaire et al. 2008; Garcia-Ruiz et al. 2010
RDR6 Biogenesis of ta-siRNA, nat-siRNA, IsiRNA and Ding 2010; Ding and Voinnet 2007; Katiyar-Agarwal et al. 2007; Li et
secondary siRNA involved in bacterial resistance al. 2012; Qi et al. 2009; Qu 2010; Shivaprasad et al. 2012
and ViRNA production
AGO
AGO1 miRNA-directed gene silencing and vViRNA-directed  Li et al. 2010; Mallory and Vaucheret 2010; Morel et al. 2002;
viral RNA silencing Navarro et al. 2006; Qu et al. 2008
AGO2 miRNA-directed gene silencing and ViRNA-directed  Harvey et al. 2011; Jaubert et al. 2011; Wang et al. 2011; Zhang et al.
viral RNA silencing 2011b, 2012
AGO4 ViRNA-directed inactivation of DNA viruses Buchmann et al. 2009; Ding 2010; Raja et al. 2008
AGO7 Biogenesis of IsiRNA involved in antibacterial Fahlgren et al. 2006; Katiyar-Agarwal et al. 2007; Montgomery et al.

resistance, ta-siRNA-directed gene silencing, and
ViIRNA production

2008; Morel et al. 2002; Qu et al. 2008

a . . . . . . .
Protein family and component. DCL, Dicer-like protein; dsSRNA, double-stranded RNA binding protein; RDR, RNA-dependent RNA polymerase;
and AGO, Argonaute protein.

bmiRNA, microRNA,; siRNA, short interfering RNA; nat-siRNA, natural antisense transcript-derived siRNA; IsiRNA, long siRNA; ViRNA, virus-
derived siRNA; hc-siRNA, heterochromatic siRNAs; ta-siRNA, trans-acting siRNAs.
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