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Abstract

RNA silencing is well established as an anti-viral system in plants in which small(s) RNAs
guide Argonaute protein effectors of defense to targets in the viral RNA or DNA. Virus-
encoded suppressors of silencing counteract this defense system. This review
summarises recent findings about anti-viral RNA silencing including the movement of
RNA through plasmodesmata and how the plant differentiates self vs viral RNAs. We
also describe the emerging picture that, beyond antiviral defense, RNA silencing has a
role in plant immunity against non-viral pathogens. This effect on general immunity is
mediated by trans-kingdom movement of RNA into and out of the infected plant cells
through vesicles and other structures and through the action of silencing suppressors
encoded by these organisms. There is also an effect of RNA silencing on general
immunity because host-encoded sRNAs, including micro(mi)RNAs, regulate Nod-like
receptors and defense signalling pathways in the innate immune system of plants. These
RNA silencing pathways form a network of processes with both positive and negative
effects on the immune status of plants.

Introduction

RNA silencing in plants was first identified as a post transcriptional mechanism in
transgenesis and virus-infection!2. It is triggered by viral or transgene RNA and key
intermediate molecules are double stranded (ds) or hairpin RNA substrates of Dicer (DCL
in plants). In some systems the dsRNA is generated by an RNA-dependent RNA
polymerase (RDR) acting on a single stranded molecule and the 21-24nt RNA DCL-
derived fragments are known generically as small (s)RNAs (Box 1). Single stranded
derivatives of these fragments form nucleoproteins with Argonaute (AGO) proteins and
they guide them by Watson-Crick base pairing to target RNAs. AGOs are nucleases and,
in canonical RNA silencing (Figure 1a), the target RNA is cleaved opposite position 10 of
the sRNA although there are variant mechanisms as described below.

This system is effective in antiviral defense because specificity is conferred by the sRNA
derived from the viral genome. It also has an amplification property due to the Dicer
cleavage of each double stranded RNA into multiple sRNAs (Box 1). Additionally, the
SsRNAs are mobile between cells so that they could move with or ahead of the viral RNA
and prime AGOs at or ahead of the infection front (Figure 1b). With RNA silencing, as
with other defense systems and consistent with the ‘arms race’ concept of host-
pathogen interactions, viruses encoded suppressors that counteract the defense role of
RNA silencing 3> (Box 2 and Figure 2).

Animals including worms, insects and mammals produce viral sRNAs in infected cells?67
and it is likely that protection against viruses is a conserved and ancient role of RNA
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silencing. During eukaryotic evolution, however, there has been mechanistic and
functional diversification of RNA silencing that is especially pronounced in plants®?®.
Variations on the basic RDR/DCL/AGO pathway have diverse defense-related roles so
that, as described in this review, the role of sSRNAs in immunity is much more extensive
than simply as an antiviral defense system. It is associated, for example, with cellular
pathogens and symbionts in addition to viruses and it is part of the regulatory networks
associated with multiple layers of the plant immune systems.

In this review we first discuss outstanding questions about RNA silencing and anti-viral
defense including the ways that the plant’s silencing machinery differentiates viral and
host RNAs: a question of self versus non-self. Other virus-defense related issues include
the movement of sRNA in the infected plant and the possible targeting of host RNAs by
virus-derived sRNA. We then discuss RNA silencing in the context of cellular pathogens
with emphasis on the two-way traffic of host- and cellular pathogen-derived sRNAs, the
possible mechanisms of trans-kingdom RNA transport and its role in virulence and
defense. Finally, we discuss the role of RNA silencing in the regulation of immunity and
how this regulation is perturbed by infection. Our conclusion is that RNA silencing
provides a regulatory network in which the multiple immune systems can be fine-tuned.
This network requires a more nuanced perspective on host pathogen interactions than
the ‘arms race’ in which the host’s immune systems prevent virulence of the pathogen
and the pathogens overcome these defenses'®,

Anti-viral RNA silencing pathways

The proliferation of RNA silencing pathways is associated with multi-gene families and
consequent functional diversification of the various RDR, DCL and AGO proteins.
Associated with these different pathways there are variant species of sRNA and an
unnecessarily complicated nomenclature (Box 1). One of the major types — siRNAs - are
produced by DCL cleavage at multiple sites in a perfectly double stranded precursor
RNA. The miRNAs, in contrast, are produced by DCL cleavage at two sites in an
imperfectly base-paired long RNA: each precursor gives rise to a predominant single
species. Even the distinction of siRNA and miRNA, however, is not clear cut because
miRNA loci have an evolutionary origin as siRNA loci and there may be transition types
of sRNA that are not easily classified!!. Within the siRNA category there are many
variants (Box 1) including tasiRNAs, phasiRNAs, P4-sRNAs, easiRNAs, nat-siRNAs as well
as subclasses of 21nt, 22nt or 24nt length. The classification of these variants is often
based on secondary characteristics and the categories may overlap. To avoid confusion,
in this review, we refer to miRNAs where appropriate but for other categories we use
the generic term ‘sRNA’.

In this section of the review we describe how understanding of the diverse RNA silencing
pathways gives a better view of defense against different types of virus and how the
process can be specific for viral rather than most host RNA. We also assess the
movement of viral sRNAs between cells and the potential of viral sSRNAs to target host
genes.

o RNA silencing and posttranscriptional suppression of viruses.



In Arabidopsis the diversification of RNA silencing is indicated by the DCL1-4 proteins
producing, respectively 21,22, 24 and 21nt sRNAs that are each associated with distinct
RNA silencing pathways of which three are primarily cytoplasmic and one is primarily
nuclear?, The DCL2 isoform generates 22nt sRNAs for which the targeted RNA is
repressed at the translational level'3 or, rather than being cleaved as with 21nt sRNAs,
it is converted into a dsRNA by an RDR!*15 (Figure 1a and Box 1). This dsRNA would
then be the substrate of DCL1 or DCL4 and the precursor of multiple secondary sRNAs.

In the context of antiviral defense this secondary sRNA system has the potential to form
a cascade of silencing RNA in which primary sRNAs prime the synthesis of multiple
secondary sRNAs'®, This cascade would add to the amplification property of the canonical
RNA silencing pathway in an infected plant and the suppression of viral RNA translation
by 22nt sRNAs would also reinforce the anti-viral potential of this DCL2 pathway (Figure
1a).

The 22nt sRNA is more likely to promote secondary sRNA more efficiently than 21nt
species because the additional nucleotide at the 3’ end protrudes from the AGO
nucleoprotein structure and binds to the SGS3 protein!’. This AGO-SGS3 complex
causes ribosome translocation on a mRNA to stall and it allows recruitment of the RDR.
The protruding 3’ end of the 22nt sRNA would then be available as a primer for the
dsRNA production by the RDR. DCL2 generates 22nt sRNAs and it features prominently
in antiviral RNA silencing®-21,

Other diversification of posttranscriptional RNA silencing is associated with anti-viral
defense but it has less obvious functional implications than with the DCL2 pathway. The
DCL1 and DCL4 isoforms, for example, are both associated with 21nt viral SRNAs?°-22,
Similarly, at least six of the ten AGO isoforms have antiviral roles?® and RDR1 and RDR6
both suppress virus accumulation exemplified in many systems?* (Figure 1c). The
possible relevance of this pathway diversity in the context of virus defense is discussed
below in the section on “"RNA silencing of viral rather than host RNA".

. RNA silencing pathways and transcriptional silencing of viral DNA.

An important variation on RNA silencing operates in the nucleus and it protects against
transposons and DNA viruses?>?6, The RNA substrate for this nuclear pathway is
transcribed by a variant form of DNA-dependent RNA polymerase II (Polll) known as
PolIV. PolIl and PollV are multi-subunit proteins and they share some of the smaller
subunits. The RDR2 and DCL3 isoforms carry out similar functions as their homologues
in the posttranscriptional pathways described above but the sRNAs in this pathway are
24nt rather than 21nt or 22nt. PolIV might also produce the sRNA directly without DCL
cleavage?’:?8, The 24nt sRNA effector complex has an AGO nucleoprotein (AGO4) as in
the canonical pathway but its role, rather than RNA cleavage, is to recruit DNA methyl
transferase DRM1/2 and to methylate DNA cytosines at the target site. Targeting
involves nascent, chromatin-associated transcripts produced by PolV - a second variant
of Pol II in which the largest subunits are distinct but with smaller subunits common to
PolII or PolIV?°:30, The chromatin-associated transcripts are a scaffold for targeting of
the sRNA and AGO4 complex and the resulting methylated DNA is normally associated
with transcriptional gene silencing (TGS). The overall process is known as RNA-directed
DNA methylation (RdDM)?25:26:31 (Figure 1d).



Integral to the RdADM pathway there are feedback systems ensuring stable maintenance
of the silent state. SU(VAR)3-9 like histone methyltransferases2/9 (SUVH2/9) proteins
are key components of the feedback because they bind the methylated DNA and recruit
PolVv32-34, Other feedback systems involve SUVH proteins that associate with the
methylated DNA and introduce repressive histone modifications to the nearby
nucleosomes. The SAWADEE HOMEODOMAIN HOMOLOGUE 1 (SHH1) protein binds to
the modified histones and it recruits PolIV (Figure 1d) to reinforce the RADM. This RdDM
pathway has been elucidated in the context of transgenes and transposons but it is also
involved in defense against DNA viruses or virus-like transposons. It is likely for example
that RdDM is associated with silencing of caulimoviral®>> and geminiviral DNA3637,
Retrotransposons are similar in many respects to retroviruses and they are also silenced
by RdDM?26,

. Suppressors of RNA silencing.

Viral suppressors of RNA silencing (VSRs) may sequester the sRNA away from an AGO,
prevent access to dsRNA by Dicer, mediate degradation of proteins in the RNA silencing
pathway or affect movement of an RNA silencing signal in the plasmodesmatal
connections between cells383°, Recent reviews describe current understanding of viral
suppressors of silencing3=° and, in Box 2 and Figure 2, we summarise the VSRs referred
to in this review and their mode of action.

There are also host-encoded suppressors of silencing of which rgsCam is the best
characterised. It is a calmodulin-like*® protein and, in infected plants, it interacts with
and enhances the VSRs of tobacco etch virus HC-Pro, 8C1 of tomato yellow leaf curl
China virus* and tomato golden mosaic virus AL2%2. A second class of host-encoded
suppressors are RNase III-like proteins (RTL1) that are induced in virus-infected plant*3.
RTL1 proteins degrade the dsRNA substrate of DCL proteins and thereby inhibit viral
SRNA biogenesis.

. RNA silencing of viral rather than host RNA.

The replication intermediates of RNA viruses are dsRNA that, in principle, could be the
DCL substrate in RNA silencing. It is likely, however, that viral single stranded RNAs are
also sources of sRNA in plants through various mechanisms including those involving
RDRs. Endogenous host mRNAs in contrast are not templates for sSRNA unless they are
targeted by miRNAs or 22nt sRNAs that trigger secondary sRNA productioni*!> (Box 1,
Figure 1a). This difference of host and viral RNA implies differentiation of non-self (viral
or transgene) vs self (host) RNAs.

In part the lack of ‘self” or host mRNA silencing is likely because proteins bound to 5’
cap (Cap binding proteins) or 3’ poly A structures and proteins associated (Poly-A
binding proteins) inhibit access by RDR, DCL or other factors involved in sRNA
biogenesis** (Figure 3a). Viral RNAs, however, may similarly have these terminal
features and there must be other factors that override any block on sRNA biogenesis of
these non-self RNAs, such as the presence of unprotected secondary structures or the
presence of dsRNA replication intermediates (Figure 3b). Another plausible scenario
invokes subcellular compartments for viral RNAs that can be accessed by isoforms of
proteins involved in sSRNA biogenesis. These compartments may be related to replication



factories or ‘viroplasm’ (Figure 3c) in virus-infected plants that are associated with viral
RNAs or the virus-encoded replication and movement proteins*>. Host-encoded proteins
in the endomembrane and cytoskeletal systems may also be present.

Relevant to this compartmentalization hypothesis, there is evidence for specific
subcellular localization of DCL, AGO and other proteins in RNA silencing pathways*6-48,
Unfortunately, these studies do not extend to virus-infected plants and, to test the
importance of compartmentalization, we need more information about the locations of
isoforms of RNA silencing proteins (Figure 3c) relative to the viroplasms or features of
infected cells. DCL2 in tomato, for example provides more protection against tobacco
mosaic virus (TMV) than with potato virus X (PVX)!'® and may be more strongly located
with the TMV rather than PVX replication factories or viroplasms. Similarly there are
other differences between viruses that should correspond to colocalization with the
various types of replication factory or viroplasm. AGO?2 silences turnip crinkle virus (TCV)
but not TMV in Arabidopsis and AGO2/AGOS5 targets PVX in Arabidopsis*®. AGO
requirements for anti-viral RNA silencing may also vary between cell types?3:°0,

In addition to the compartmentalization of viral RNAs as an explanation of non-self
silencing, there may also be a quantitative threshold. This threshold hypothesis was
originally invoked to explain silencing of transgenes®! but it could also apply in virus
infection. Viral or transgene RNA silencing would start when viral or transgene
transcripts increase above a certain level so that they saturate the cap or polyA binding
proteins that are thought to prevent sRNA biogenesis** on host mRNAs (Figure 3d). The
excess molecules would then be available for RNA silencing.

Competition between DCL isoforms for sRNA precursors might also influence a threshold.
The DCL1 and 4 isoforms, for example, compete with DCL2 for SRNA precursors?!. Early
in an infection cycle when viral RNA levels are low we envision that low DCL1 and DCL4
would prevail and produce limited RNA silencing. As the level of viral RNA increases,
however, these 21nt DCLs would be saturated so that DCL2 could produce 22nt viral
sRNAs. These sRNAs in turn would trigger multiple rounds of secondary sRNA production
and rapid amplification of the anti-viral RNA silencing system (Box 1 and Figure 3e).

A similar threshold process in RADM of DNA viruses is illustrated by the progressive
silencing of a virus-like retrotransposon - Evadé - in Arabidopsis. The DNA of this
retrotransposon is transcribed by Pol II and 21nt or 22nt sRNAs are produced by DCL4
and DCL2?%% (Figure 3f). At this stage, equivalent to the early stage in a DNA viral
infection cycle, there would be posttranscriptional silencing targeted to viral RNAs. After
several generations when the Evadé RNA accumulates to a high level, however, the
posttranscriptional pathways would be saturated and there is transition to the RdDM
pathway and transcriptional gene silencing, as in the later stages of a DNA viral infection
cycle (Figure 3f). Consistent with this threshold hypothesis, a loss of function in
DCL2/DCL4 enhances RNA virus-induced RdDM of nuclear DNA>2,

Other steps in the establishment of RADM on viral DNA are indicated by a recent study
with a retrotransposon transgene. It demonstrates that initial recruitment of an AGO
nucleoprotein to the target DNA is independent of PolV®3® and there could be Polll
transcripts that have the scaffold function of the PolV RNA in the canonical RdDM



pathway>* (Figure 3g). Alternatively, a direct AGO-sRNA-DNA interaction forming an R
loop has not been conclusively ruled out (Figure 3g).

. Mobile sRNA in virus defense

Viral and other sRNAs move between cells and through the vascular system so that, in
principle, RNA silencing from the initially infected cells would move with or ahead of the
virus and influence its accumulation elsewhere in the plant>> (Figure 1b). However, the
extent to which viral SRNA movement influences spread of viruses in plants is likely to
vary from plant to plant and virus to virus. In PVX-infected Nicotiana benthamiana, for
example, the mobile RNA might prevent virus accumulation in the apical regions from
which the virus is normally excluded®®. Similarly, with a mutant tombusvirus, there are
in situ hybridization data indicating that viral sRNA could restrict movement out of the
phloem>’. In oil seed rape mosaic virus-infected Arabidopsis, the mobile viral SRNAs may
prevent expression of viral proteins and symptoms but not the accumulation of viral RNA
indicating suppression of translation®g.

In none of these systems, however, is there direct evidence for viral SRNA movement.
To resolve the proposed involvement of mobile sRNA in virus disease it would be helpful
to know more about the process of RNA movement including the molecular form of the
mobile RNA and the channels through which it moves. Various molecules including long
single-stranded RNA, dsRNA, free/AGO-bound secondary sRNA or primary sRNA have
been candidates for the mobile silencing RNA and a recent analysis implicates free sSRNA
duplexes®?.

This evidence is based on sequestration of the silencing signal en route by a tomato
bushy stunt virus (TBSV) VSR - P19 - that binds to sRNA duplexes (Figure 2). AGOs
bind preferentially to sRNA depending on the 5’ nucleotide and, at distal sites, the mobile
sRNAs were depleted for those with 5" A and U (preferred by AGO2 and AGO1
respectively). Those with 5'G or 5'C were not depleted because there are no AGOs
specific for 5'G sRNAs or because AGOS5 that binds sRNA with 5'C is not expressed inthe
tissue analysed. The finding that DCLs are required for mobile silencing in incipient
rather than recipient cells is also consistent with SRNA as the mobile molecule>® (Figure
1b). These data are relevant to movement between adjacent cells but the promoter used
to express the P19 ‘interceptor’ is not expressed in phloem® and so further analysis of
long distance movement is required.

In other studies there is also ambiguity about the size of mobile sSRNA. Some evidence
indicates that 22nt sRNA products of DCL2 are strongly associated with mobile sRNA
silencing, for example, between host plants and Cuscuta campestris parasitic plants®8:6!
but this interpretation may be influenced by amplification of secondary sRNA production.
Other evidence indicates that all size classes of SRNA are potentially mobile (reviewed
in%2).

At the cellular level the current understanding of the movement channels of mobile sSRNA
invokes plasmodesmata®? that create a symplastic connection between cells and into the
phloem of the plant. The patterns of silencing in plants are consistent with the
involvement of plasmodesmata because there is exclusion of mobile silencing from
symplastically isolated cells®3. Depending on the source of silencing RNA and the plant
species, there can be movement of the silencing signal following source-sink



relationships via the phloem or in the opposite direction and between parenchymal cells.
That the tomato yellow leaf curl virus (TYLCV) C4 and TBSV P19 VSRs (Box2) target
plasmodesmatal membrane bound kinases (BAM1 and BAM2)383° (Figure 2) is also
consistent with symplastic movement of sRNA as is the effect of gain of function
mutation of callose synthase®*. Callose lines the sleeve of the plasmodesmata and
manipulation of its production could reduce the size exclusion and serve as a useful tool
to investigate SRNA movement®>.

There are, however, large gaps in our understanding of SRNA movement. Mutant screens
have been uninformative about plasmodesmatal involvement (reviewed in ¢¢) and we do
not fully understand the full extent to which viral sRNA is a mobile immunity factor
affecting the progression of virus disease. The recent finding that sSRNA moves as a
duplex before it associates with AGO in the recipient cell>®* may make it possible, finally,
to gain this understanding.

. Viral sRNAs targeting host genes

From the effects of experimentally modified viruses carrying fragments of host genes it
is clear that viral sSRNAs can target nuclear as well as viral RNAs and they can target
methylation of nuclear DNA>2. Correspondingly, there are examples of natural viral
sRNAs from unmodified viruses targeting the transcripts of nuclear DNA. The Y satellite
RNA of cucumber mosaic virus (CMV), for example, generates sRNAs that target a CHL1
host mRNA involved in chlorophyll biosynthesis®’®® and a viroid-derived sRNA targets
callose synthase - a defense-related enzyme (see below)®°.

There is also evidence that viral sRNAs trigger secondary sRNAs using host mRNAs as
RDR1 templates’®. Similarly, in turnip mosaic virus (TuMV)-infected rapeseed, the viral
SRNAs trigger secondary sRNA production using the targeted host RNAs as a template
including the autophagy cofactor NBR1 mRNA’!. In principle there also is the potential
for viral RADM. In an artificial system with a transgene target this viral RADM can be
induced even if there are up to four mismatches with the target DNA72,

The virus-induced host gene silencing may cause symptoms. The Y satellite-targeted
CHL1 mRNA, for example, causes a yellow mosaic symptom on infected tobacco®’:8,
TYLCV-induced silencing of a long noncoding RNA SILNR1 similarly causes stunting and
leaf curling associated with the associated disease’3. With TuMV-induced silencing of
NBR1 mRNA, the host gene silencing may be associated with reduced immunity in the
infected plant”®.

One interpretation of these viral sRNA interactions is that they increase viral fitness and
they reflect adaptation of a virus to its hosts. The CMV Y satellite-induced yellowing is
likely, for example, to attract aphids to the infected plant’# and thereby increase the
aphid transmission of the virus between plants. Similarly viral fitness may be enhanced
by suppression of immunity due to RNA silencing in the infected plant’®. The
experimental evidence to support this hypothesis, however, is often lacking. There
should be evidence of specific co-adaptation or experimental manipulation of viral SRNA
interaction to test the predicted effect on the virus or on its spread between plants. This
need to validate the biological relevance of the pathogen sRNA-host target RNA
interaction is relevant also, as discussed below, in the context of cellular pathogens.



RNA silencing and cellular pathogens

RNA interference -RNA silencing triggered by exogenous dsRNA - requires direct
delivery of dsRNA into the cell from a transgene or the uptake of environmental RNA
into cell. The evidence for direct uptake of silencing RNA was first established in worms”>
and it was not surprising, therefore, that transgenic dsRNA can transfer from plant cells
into parasitic nematodes during their feeding cycle (reviewed in’®). More surprising,
however, are the emerging findings that RNA silencing transfers between cells in other
contexts: plant-fungus, plant-oomycete, plant-bacterium and between hosts and
parasitic plants®”7. There is the potential, therefore, for two-way RNA silencing traffic
to influence the interactions of plants with other cellular pathogens and symbionts as
well as with viruses.

. Trans-kingdom RNA silencing between plants and fungi or bacteria.

The first indication of RNA traffic from plants to their infecting fungi was from ‘host
induced gene silencing’” (HIGS): experimental host RNA targeted to essential fungal
genes resulted in resistance and reduced fungal growth. First demonstrated in
pathogenic fungus Blumeria graminis’®7° these findings are now confirmed in several
fungal pathogens including Puccinia striiformis®®, Fusarium verticillioides®!, Puccinia
triticina®?, Fusarium oxysporum f. sp. cubense®3, Sclerotinia sclerotiorum®, Botrytis
cinerea®, Fusarium culmorum®® and the oomycetes Bremia lactucae®’, Phytophthora
infestans® and Phytophthora capsici®. There is also HIGS involving a mutualistic
symbiosis between Medicago truncatula and a mycorrhizal fungus®® and trans-kingdom
RNA silencing between Arabidopsis and the Gram-negative bacterial pathogen
Pseudomonas syringae DC3000, as reported in a preprint’l. Precisely how the
transported RNA would affect gene expression in the recipient cell remains to be
determined. It is not likely to be through the canonical silencing pathway described
above, however, because the necessary proteins are strictly eukaryotic.

It is likely that HIGS is based on a defense system in which host miRNAs and sRNAs
mobilize into the fungal cell. Mutant Arabidopsis that was defective for AGO1, RNA
helicases RH11 and RH37 and RNA binding annexins 1 and 2 secreted sRNAs less
efficiently into B. cinerea than the wild type®2. These mobile sRNA included tasiRNAs
(Box 1) and their predicted targets in the fungus include virulence factors such
as vacuolar protein sorting 5a large subunit of the dynactin complex and a suppressor
of actin (SAC1)-like phosphoinositide phosphatase that regulates secretory membrane
trafficking®3. There may be a similar transfer of tasiRNAs (Box 2) from Arabidopsis into
the oomycete Phytophthora capsici® and of miRNA from cotton into Verticillium
dahliae®*. In both systems the proposed targets include virulence factor mRNAs and,
consistent with that hypothesis, V. dahliae®* was hypervirulent if the trans-kingdom
miRNA was destabilized in the plant, or if the target mRNAs in the fungus had mutations
in the miRNA target site®*.

That cellular pathogens encode suppressors of RNA silencing is consistent with HIGS as
a defense system. These suppressors, known in a plant pathogenic bacterium®®,
oomycetes®®%2° and a fungus!®®, could be virulence cofactors because they are
transported into the host and, parallel to the role of VSRs (Figure 2), they could
suppress the trans-kingdom silencing of virulence-related mRNAs in the pathogen.



Trans-kingdom RNA silencing in the reverse direction from cellular pathogens into plant
cells may also influence disease. With fungi, for example, there are B. cinerea sRNAs
delivered into infected cells of Arabidopsis where they are incorporated into AGO
nucleoproteins and target mRNAs required for plant immunity°. Puccinia striiformis f.
sp tritici®? and Fusarium graminearum infections may also involve sRNA transfer into
infected plant cellsi®3. Similarly the oomycetes Hyaloperonospora arabidopsidis and
Phytophthora infestans also transfer sRNA into infected plants where they target mRNAs
contributing to plant immunity%41%5, The H. arabidopsidis sSRNA transfer was validated
because the oomycete sRNAs were incorporated into plant AGO1 nucleoproteins.

A key functional test with P. infestans on potato involved target mimic RNA of an
oomycete miRNA that is transported from P. infestans into infected potato. The putative
plant mRNA target encodes a critical defense component and, consistent with the role
of the trans-kingdom miRNA as a virulence factor, the target mimic strains of P. infestans
were less virulent than the control strains'®.

The trans-kingdom sRNA transfer is not restricted to pathogens. In a mutualistic
bacterial infection, there are tRNA fragments transferred from Sinorhizobium meliloti
into the recipient soybean root cells that are destined to form root nodules'®. The
transferred RNAs form AGO1 nucleoproteins in the recipient cell and the targets are
conserved sites in negative regulators of root nodulation mRNAs. The encoded proteins
of these targets including ROOT HAIR DEFECTIVE 3 (RHD3), HAIRY MERISTEM
4 (HAM4), and LEUCINE-RICH REPEAT EXTENSIN-LIKE 5 (LRX5), are directly involved
in root hair development - an important stage in the early establishment of the nitrogen
fixing root nodule symbiosisi®’. In a mutualistic mycorrhizal fungal interaction with
Eucalyptus grandis, a novel fungal miRNA is transported to roots. It enhances the
mutualistic interaction, by target targeting defense mRNAs including some that encode
Nod-Like Receptors (NLRs) required for the plant’s immune system?°8,

° Transport of trans-kingdom sRNA

The transport mechanism of trans-kingdom RNA silencing cannot be the same as the
SRNA transport between parasitic plants and their hosts or within plants because there
are no plasmodesmata at the interface of plants and fungi or bacteria. There must be a
separate mechanism of trans-kingdom silencing in which RNA crosses the membranes
and cell walls of both organisms!°°.

One candidate mechanism for the plant to symbiont transfer involves tetraspanin
exosome-like extracellular vesicles (EVs). They could capture the silencing RNA in the
cytoplasm of the plant cell and secreted it into the fungal cell possibly by fusion with the
plasmalemma of the fungal cell. There is good evidence that these vesicles fuse with the
fungal membrane and they clearly play a role in plant defense: tetraspanin mutants
(tet8, tet9) are hypersusceptible to fungal infection. The HIGS sRNA is resistant to
nuclease treatment but not to combined detergent and nuclease®® consistent with it
being associated with these vesicle. However a more stringent test of intra-vesicular
status is resistance to nuclease and protease treatment!i?, Recent evidence based on
this stringent test indicates that HIGS RNA is extra-vesicular, is enriched for m®-
methyladenine modification (m®A) and is in complexes with a glycine rich m®A RNA
binding protein and AGO2!!! (Figure 4a). At this stage we should keep an open mind



about the possibility of multiple transport mechanisms and avoid the pitfalls that have
complicated research into mammalian vesicle transport?!9,

In the reverse direction the transfer from fungus to plant is also not well understood.
One possibility, if not within or associated with vesicles, involves membrane tubules like
those adjacent to hyphae of a mycorrhizal mutualist making contact with plant cells!!?,
Alternatively there is a complex of seven infection-specific proteins of Ustilago maydis
that is anchored in the fungal membrane. This complex protrudes into host plant cells
and is likely to make contact with channel-forming plant plasma membrane proteins.
The complex is thought to mediate transfer of effectors between the fungus and the host
plant!!3 (Figure 4b) and, although U. maydis does not have the canonical sRNA
machinery, similar channels could be involved in other silencing-competent species
including U. hordei 4.

A further possibility, for transport in either direction, is suggested by the recent reports
that RNA applied to plants confers specific protection against cellular and viral pathogens
115,116 presumably this RNA crosses cell walls either as naked RNA or, more likely, in
association with extracellular proteins (Figure 4).

o Biological and evolutionary consequences of trans-kingdom RNA
silencing

Although the process of trans-kingdom RNA transport is well supported by evidence,
there are gaps in the available data and outstanding questions about its biology. Of the
gaps, the most pressing, in some systems, is a direct functional assay of the transferred
RNA in the recipient cell. It would be appropriate, for example, to test the function of
trans-kingdom RNA by mutation of the target site or ectopic expression of genes with
target site mutations®4. Target site mimic RNAs of the trans-kingdom sRNA are also

useful although ideally they should be expressed in the recipient rather than the incipient
Ce||94,105

There is also gap in the evolutionary analysis of trans-kingdom sRNA that should show
evidence of co-evolution of the host and the symbiont as with the trans-species sRNAs
from the wide host-range parasite plant C. campestris. These sRNAs target conserved
regions in the host plant mRNAs and there is variation of the simultaneously expressed
sRNAs corresponding to synonymous sites in the target RNAs!!’. This compensatory
sequence variation ensures that the sRNAs find targets in the wide host range of C.
campestris. In the S. meliloti soybean system the trans-kingdom sRNA targets
correspond to conserved regions in the mMmRNA of negative regulators of root
nodulation'?197 consistent with a co-evolutionary adaptation in this mutualistic
symbiosis. However, rigorous testing of this model requires data on target site
conservation in plants that do not nodulate!!®, Correspondingly, the host RNA targets of
trans-kingdom sRNAs from broad host-range pathogens should be more highly
conserved than those of specialized pathogens.

One co-evolution hypothesis related to the Arabidopsis-P. capsici pathosystem is that
trans-kingdom sRNAs from the plant are like a shotgun targeted randomly to virulence
genes in the pathogen’’. Even in that scenario, however, there would be a sequence
footprint because there is a low probability that any of the >10'? possible 21mers would
correspond to targets in the pathogen’s virulence genes. If these trans-kingdom sRNAs



do have a role it is likely that there would have been some enrichment by selection: the
shotgun would not have been completely random. The evidence for a shotgun strategy
should also be evident from bioinformatic analysis because the trans-kingdom sRNAs
should target ‘non-self’ RNA sequences in the pathogen in preference to ‘self’ sequences
in plant.

RNA silencing in a network of immune systems.

RNA silencing is one of many layers of defense providing protection against diverse pests
and pathogens. There are, for example, physical or chemical barriers including cutin
coatings!!®, thickening of cell walls?° or preformed antimicrobial compounds?! that
prevent the initial colonization by diverse pests and pathogens or the vectors of viral
disease (Figure 5). There are also inducible immune systems in which host-encoded
receptors trigger signal transduction pathways in the presence of the pathogen and
biochemical or molecular changes that prevent disease (Figure 5). In some examples an
induced cell death - the hypersensitive response - is associated with inducible defense.

These inducible systems involve both cell surface and intracellular receptors?2123, The
cell surface receptors known as pattern recognition receptors (PRRs) bind to conserved,
essential features of the pathogen (microbe- or pathogen-associated molecular patterns
- MAMPs or PAMPs) including chitin in fungi or flagellar proteins in bacteria. The receptors
are receptor-like kinases (RLKs) in the plasma-membrane and PAMP recognition triggers
MAP kinase mediated signal transduction pathways in the infected cells. This layer of
defense is referred to as PAMP-triggered immunity (PTI). The intracellular receptors, in
contrast, are Nod-like receptors (NLRs) that recognize virulence effectors from the
pathogen and they account for effector-triggered immunity (ETI) (Figure 5). Both ETI
and PIT are associated with downstream processes involving salicylic acid - a defense
hormone - and the activation of defense gene expression (Figure 6a).

The defense barriers, PTI, ETI and RNA silencing are often represented as independent
components of the plant’s immune systems. An emerging picture, however, is that they
are linked. The activation of ETI, for example, enhances PTI-induced defense systems
including reactive oxygen species and defense gene activation?#'2> and vice versa!?®.
There is also link with barrier defense systems because they are damaged by hydrolases
and other pathogen-derived effectors to release Damage-associated Molecular Patterns
(DAMP) that bind to PRR-like receptor kinases and, consequently, trigger PTI*?7 (Figure
5).

In this section we review the interactions of RNA silencing with ETI and PTI immune
systems of plants and how these interactions can either reduce or reinforce virulence
and defense. Most of the examples involve viruses but, given the emerging findings of
trans-kingdom RNA silencing and silencing suppressors in cellular pathogens, it is likely
that there will be similar connections in many types of plant disease. The following
discussion includes reference to the negative regulation of ETI and PTI by miRNAs (Box
1), by other repressors of immunity and by RdDM of defense genes (Figure 6a). We
refer in this discussion to virulence as a quantitative property of the pathogen associated
with its accumulation and damage to the host!?8,



. SRNAs and suppressors of silencing reinforce virulence by targeting
multiple layers of defense

The trans-kingdom or viral sRNAs that silence defense-related mRNAs in the host are
one illustration of how RNA silencing interacts with other immune systemsi°1-105; the
targeted mRNAs in the plant cell are often associated with ETI, PTI or other defense
systems (Figure 6b). The suppressors of RNA silencing might also block defense because
they bind to AGO4 and PolV (Box 2) that may have a role in sSRNA-independent defense
systems29130 as well as in RNA silencing.

VSRs (Figures 2 and 6b) are also involved in interactions with sRNA-independent defense
systems because they are multifunctional proteins. The CMV (2b)*3%132 and cauliflower
mosaic virus (P6)!33 VSRs for example, additionally to silencing suppression (Box 2),
block the effects of salicylic acid - a defense hormone that acts in the downstream ETI
and PTI pathways'32. The cotton leaf curl Multan geminivirus V2 geminiviral suppresses
silencing by interfering with the RDR6/SGS3 pathway of antiviral silencing!3* and it
blocks a calmodulin-binding transcription activator-3 (CAMTA3). CAMTA3 activates
defense genes including a bifunctional nuclease when insect vectors of the virus feed on
plantst3* (Figures 6b).

The possibility of multifunctionality has not been explored with most of the silencing
suppressors from cellular pathogens®°°5-190 The AvrPto suppressor of RNA silencing in
P. syringae®>, however, also prevents the binding of a PAMP receptors to accessory
kinases when PTI is being triggered!3>(Figure 6b). PSR2 is an effector of disease and
suppressor of RNA silencing from Phytophthora sojae. It also likely to be multifunctional
because it has a repeat structure that is shared with other effectors that are not known
suppressors of silencing?!3®.

An additional effect of VSRs involves insect vectors that spread viruses between plants.
The CMV 2b viral suppressor of silencing, for example, binds to jasmonate ZIM-domain
proteins and thereby prevents their degradation'3’. The biological effect of this action is
reduced expression of genes that are normally associated with deterrence of aphid
vectors of the virus. The plant is, consequently, more attractive to aphid vectors after
virus infection. The 2b protein may also increase pollinator attractiveness of CMV-
infected plants and confer enhanced fitness on the virus-susceptible genotypes32. These
effects on vectors or pollinators are not strictly virulence-related but they illustrate the
point that the suppressor proteins influence the progression of disease through their
multifunctionality.

o SRNAs and suppressors of silencing enhance multiple layers of defense
and reduce virulence

o Suppressors of silencing and posttranscriptional mechanisms
Viral- and other pathogen-encoded suppressors of RNA were first identified as virulence
factors - they suppress the defense-related RNA silencing pathways and thereby
enhance the extent to which the pest or pathogen can accumulate in the infected plant
(Box 2). However, they may also confer avirulence. Some VSRs, for example, including
P25 of PVX!3%140 NSs of tomato spotted wilt virus'#' and P38 of TCV!#? interact directly



or indirectly with NLRs and they trigger ETI: they are classical avirulence determinants
(Box 2)(Figure 6c¢).

There are also miRNA-mediated processes through which silencing suppressors would
activate immunity. These processes involve miRNA negative regulators of defense
proteins and they are affected in infected plants because silencing suppressors (Box 2)
target proteins and RNA intermediates that are common to both miRNA and sRNA
pathways (Box 1). It is likely that, in infected plants, the miRNA-mediated negative
regulation of immunity would be relieved by the pathogen-encoded suppressors of
silencing.

Examples of these miRNA systems involve the miR472/482/2118 species that target a
conserved P loop motif in the NLR mRNA #3144 The different members of this miRNA
family (miR NLR) vary at positions corresponding to synonymous sites in this conserved
motif so that a few miRNAs have the potential to target many different mRNAs in the
NLR family!44, Other miRNAs targeting NLRs include the miR9863 family that regulate a
subset of barley Mla alleles for resistance against powdery mildew!*> and miR6019/6020
targeting NV genes conferring resistance in tobacco against TMV4¢ (Figure 6a, 6¢).

It is striking that most of these miR NLRs are the 22nt length species that trigger
secondary sRNAs on their targets!#1>18147 In tomato there is also an additional non-
coding RNA target of one of these miRNAs that has a mosaic structure due to
rearrangement of multiple NLRs!*8. The likely consequence of this secondary sRNA
production is that cells will have a large population of sRNAs targeted to many if not
most members of the NLR gene families.

In some instances there is a developmental component to this miRNA-mediated silencing
of NLR genes. The miR6019/6020-mediated suppression of the N NLR gene in tobacco
decreased with age so that the level of resistance increased'#® and, in Brassica napus,
there was a developmental increase in the level of miR1885 that correlated inversely
with the level of its NLR target mRNA>0,

Other examples of viral defense-suppression by miRNAs include miR6026'%'° and its
DCL2 mRNA target, miR168 and AGO1 mRNA®!, miR162 and DCL2 mRNA'>? and
miR403-mediated silencing of the AGO2 mRNA that is blocked by VSR P38 in TuMV-
infected plants®3. In these examples the defense mRNA target encodes proteins
required for the biogenesis or RNA silencing activity of the miRNAs and there is a
feedback characteristic to the negative regulation that would influence the dynamics of
virus accumulation.

The biological consequences of miRNA-mediated silencing of defense systems are
indicated by experiments in which target mimic RNAs in tomato blocked the action of
miR482/2118b family members#®1>4, The target mimic plants exhibited enhanced basal
resistance to P. syringae and Phytophthora infestans. There was a similar increase in
basal immunity with a target mimic RNA of miR1885 in Brassica napus*>® and of defense
against TMV but not PVX with target mimics of miR6026'%'°, The target mimic RNA
effect was not sufficient to block the disease caused by the various pathogens but it was
sufficient to reduce their symptoms and accumulation in bioassays. A likely explanation
of this result involves increased PTI mediated by enhanced level of the ETI-associated



NLR proteins!?4125 It is likely that there are similar effects on basal immunity in infected
plants due to the action of silencing suppressors on miR NLRs#4,

Similar to VSRs, the host-encoded suppressors of silencing could also contribute to the
interactions between the layers of defense. These proteins may enhance viral virulence
by interacting with VSRs, as discussed above?*!#?, but they may also have an opposite
effect. The rgsCam protein, for example, interacts with the dsRNA binding domain of the
VSRs HC-Pro and 2b and triggers their degradation through the autophagy pathway?!°°.
Similarly the RTL1 suppressor of silencing that is induced in virus-infected plants*
targets the dsRNA precursor of viral sRNAs. This activity would inhibit viral sRNA
biogenesis but it would also block viral replication if its target is the dsRNA viral
replication intermediate.

o Pathogen-induced RNA silencing resulting in enhanced defense and reduced
virulence

RNA silencing is connected with general immunity because pathogen-induced sRNAs or
miRNAs may target negative regulators of immunity including auxin signalling°®, a
mitochondrial protein>’, a resistance associated protein'>® or a negative regulator of
exocytosis!®®. Induction of these sRNAs or miRNAs in infected plants leads to an increase
in resistance causing a decrease in pathogen virulence. Other miRNAs target resistance
cofactors including superoxide dismutase!®® and other mRNAs!!8(Figure 6c).

A different mechanism with a similar outcome occurs following rice stripe virus (RSV)
infection that induces AGO18 through a process involving the the jasmonic acid defense
hormone. The process also involves miR168 that targets the AGO1 effector of antiviral
silencing?>!. AGO18 sequesters miR168 in an inactive form so that that level of the
antiviral AGO1 increases!®'162: immunity is enhanced in the infected plant.

o Epigenetic mechanisms

Other examples of defense gene activation in infected plants are associated with DNA
hypomethylation and, in at least some of those examples, the effects are due to
disruption of RdDM. There are striking changes to the epigenome, for example, in
Arabidopsis treated with bacteria (either pathogenic or not), a bacterial flagellin-derived
peptide, or the defense hormone salicylic acid. For both hypo- and hypermethylated
DNA regions, there is association of these changes to the expression of adjacent
genes'®3164:  Hypomethylated regions tend to be overexpressed whereas
hypermethylated regions are associated with repressed transcript accumulation.
Chemically-induced DNA hypomethylation enhances bacterial resistance in rice!®®
providing direct evidence that these changes influence the immune status of plants.
TuMV also influences gene expression via the epigenome and, in line with the findings
that loss of epigenetic marks promotes defense, Arabidopsis mutants with a loss of
epigenetic marks had enhanced tolerance of the virus relative to the wild type control%®
(Figure 6a).

The mechanisms accounting for pathogen-induced hypomethylation of defense genes
may be independent of RNA silencing. WRKY and other defense genes, for example,
acquired histone marks associated with active open chromatin (H3K4me3 and
H3K9ac)!67:168, Salicylic acid also promotes transcription of defense genes through



histone acetylation'®®. Other pathogen-induced genes, however, may be derepressed
due to inactivation of proteins in the RdDM-mediated silencing perhaps through the
action of suppressors of silencing of defense genes (Figure 6d) or induction of DNA
demethylases!’® (Figure 6d). Up to 49% of the pathogenesis-related transcriptome, for
example, is influenced by NRPE1- and ROS1-controlled DNA methylation following
Hyaloperonospora arabidopsidis-infection of Arabidopsist’?.

A specific example of reduced RdDM leading to elevated defense is due to repression of
AGO4 or AGO4a in Arabidopsis or a wheat relative after infection!®4172, The elevated
ROS1 DNA demethylase during PTI in Arabidopsis would have a similar effect because
it results in the loss of RADM in the promoter of a disease resistance gene PMG1 or an
immune receptor gene RLP43'° (Figure 6d). In the mutualistic legume-Rhizobium
nitrogen-fixing symbiosis a host encoded DNA demethylase DEMETER is required for
nodule organogenesist’3. A likely scenario is that it removes epigenetic repressive marks
from genes involved in nodule development.

Infection-induced removal of repressive DNA methylation marks could have effects in
cis on adjacent genes!’?. They could also influence gene expression in trans if the
hypomethylated DNA produces sRNAs that could affect gene expression through any of
the multiple RNA silencing pathways (Box 1). A likely scenario is that pathogen induced
hypomethylation of transposon DNA leads to their transcription and sRNAs that silence
other RNAs in trans. Consistent with this possibility in Arabidopsis tissues infected with
Pseudomonas syringae pv. tomato there is hypomethylation and expression of
pericentromeric TEs leading to sRNA production and RdDM. Also relevant is the finding
that only 10-15% of genes with altered immune responsiveness in infected plants are
adjacent to hypomethylated transposons or other sequence elements!’91’!: the
hypomethylated elements could produce sRNAs acting in trans.

It is likely that epigenetic effects including removal of repressive marks on histones or
DNA are involved not only in short term induction of disease resistance but also in more
persistent responses. When these persistent effects are not associated with immediate
induction of resistance they may be referred to as priming!’4: the resistance mechanism
is set so that it can be activated more rapidly than in the unprimed state. Priming may
be triggered by chemicals or pathogens and it may persist between generations!’>176 |

The target genes in priming encode PTI receptors, dormant signalling enzymes,
transcription factor regulators of defense genes including WRKY factors or the antiviral
AGO2 RNA silencing co-factor’’-181, Their expression is associated with elevated levels
of activating histone marks and formation of nucleosome-depleted promoter regions.
The repressive marks must be removed during the activation of defense or priming and,
if RADM is involved, the pathogen-encoded suppressors of silencing could play a role.

Conclusions and perspectives

RNA silencing is clearly important in plant defense against viral and cellular pests and
pathogens. Its antiviral role is adaptive in the same way that antibody and T cell systems
in mammals adapt to different pathogens: the specificity in antiviral silencing varies
depending on the virus®. In defense against cellular pathogens, however, the specificity



of the system is determined by the host-encoded RNAs that suppress virulence factors
in the pathogen - it is an innate immune system.

The various silencing pathways and the pathogen-encoded suppressor proteins,
considered in isolation from the other layers of defense, fit into a co-evolutionary ‘arms-
race’ framework!®. According to this idea the fitness of the host is increased if it can
inhibit the pathogen or neutralize its virulence system. Correspondingly the pathogen’s
fitness depends on its capacity to counteract the host’'s immune system. With the
connections of RNA silencing pathways to other components of the plant immune
system, however, a more complex picture emerges. RNA silencing, or indeed any of the
other defense systems, do not operate independently of each other they form interaction
networks with components that either reinforce or counteract each other (Figure 6a-d).
These networks allow selection on the host to trade off the costs and benefits of disease
resistance!®-187 and for the pathogen to balance the fitness costs and benefits of
virulence!?8,

This network illustrates how the strategy for crop protection using dominant R genes or
transgenes is much simpler than the processes in wild species in which multiple
mechanisms are likely to involved with most pathogens. To escape the limitations of the
conventional dominant gene approach it will be possible to learn from immune system
networks develop better and more durable strategies for disease control in crops. One
approach may deploy multiple strategies in parallel, with each providing partial rather
than complete protection. It may also useful in addition to aim for tolerance rather than
extreme resistance to pathogens in order to reduce selection for resistance!88:18°,

The types of innovation to be developed could include optimised transgenes to deliver
protective sRNAs against a wide range of pests and pathogens and edited endogenous
sRNA loci in the plant using CRISPR-Cas so that they produce antimicrobial sSRNA. Trans-
kingdom sRNA targets in plant defense genes could also be modified by CRISPR-Cas so
that they are not silenced in infected plants and miRNA regulators of NLRs could be
deleted to enhance basal resistance. Elucidation of RNA transport pathways will also be
helpful to improve the efficiency of spray RNA protection against disease!!>!'¢, The
delivered RNA could be packed in vesicles or in association with proteins similar to those
involved in natural trans-kingdom RNA silencing in the expectation that they would be
taken up efficiently.

The disadvantage of this network, post arms race, approach to crop protection is that it
is more complicated than the use of dominant resistance genes. It is likely, however,
there will be broader spectrum efficacy and better durability that will offset the added
complexity. It would mean that the grower, like the plant, will be fine tuning RNA
silencing and immunity networks to trade off the costs and benefits of disease
resistance.
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Glossary (terms indicated with red lettering at first use in the main text. They are listed
here in the order in which they appear in the main text)

DNA virus

Most plant viruses have RNA genomes but there are two exceptional and agriculturally
important groups with DNA genomes. They are geminiviruses that replicate as DNA
using DNA dependent DNA polymerase and pararetroviruses including cauliflower
mosaic virus for which the replication mechanism uses reverse transcriptase.

Retrotransposons

Virus-like transposable elements in plant and other genomes. Their replication involves
reverse transcriptase, like pararetroviruses. Unlike pararetroviruses, however, they are
integrated into the plant nuclear genome although they have extrachromosomal phases
in their replication cycle and, unlike retroviruses, they do not have an envelope gene.

Replication intermediate of RNA viruses.
The replication of plant RNA viruses uses virus-encoded RNA dependent RNA polymerase
and there is an dsRNA intermediate that may often have only a transient existence.

Plasmodesmata

Membrane channels in which the plasmamembrane of adjacent plants are fused. These
structures span the cell wall and they are the conduit for movement between cells of
metabolites, macromolecules, viruses and viroids.

Satellite RNA

Coding or non coding RNAs that are replicated by RNA polymerases of their helper
viruses and transmitted between host organisms as part of the helper virus particles.
They are not part of the viral genome and have distinct nucleotide sequence identity.

Autophagy
The processes by which cells degrade and recycle their components including proteolytic
mechanisms that are specifically targeted.

Target mimic RNA

RNAs designed to bind miRNAs so that they are not available to find their normal target
RNA. A target mimic typically has up to three mismatches in the region that base pairs
with position 10 of the miRNA. As a result of these mismatches the miRNA cannot direct
AGO to cleave the target mimic and the miRNA is not available to be retargeted: it is
locked in a inactive form.

Mycorrhizae

Mutualistic symbioses in which fungi colonise the roots of plants. The plant provides
photosynthate derived nutrients for the fungus and the fungus mobilizes and transports
mineral nutrients to the infected plant.

NLR

Nod-like receptors of pathogen-derived effectors. Direct or indirect interaction of
effectors with NLRs triggers ETI most likely by stimulating components of the PTI
pathway.



Membrane Tubules

Paramural tubules of fungal origin associated with mutualistic and pathogenic fungal
symbionts of plants. They may be associated with molecular exchanges of the two
interacting organisms.

P loop motif
The phosphate-binding loop or Walker-A domain is common in NTP- binding proteins. It
is rich in glycines with conserved lysine and serine or threonine.

Synonymous sites
Positions in a coding sequence that may vary at the nucleotide level without affecting
the encoded protein.

Virulence

A quantitative measure of a pathogen corresponding to the degree of pathogenicity.
Virulence corresponds to the extent to which the pathogen accumulates in the infected
host. There is often but not always a correlation between the virulence and the severity
of disease symptoms.



Figure legends
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Figure 1- Variations on the canonical RNA silencing pathway in virus defense. (a)
Post-transcriptional silencing of viral RNA mediated by 21/22nt sRNAs and AGO results
in cleavage (scissors) or translational suppression of the targeted viral RNA. RNA silencing
is specific because the sRNAs from viral RNA are guides for the AGO effectors of silencing
to find sequence complementary targets. The DCL2-dependent 22 nt sRNAs trigger the
production of SGS3-dependent secondary sRNAs, amplifying the silencing signal more
efficiently than 21nt sRNAs. The extra nt at the 3’ end protrudes from AGO and allows the
recruitment of SGS3, causing ribosome stalling!’. RDR is recruited through binding to SGS3,
synthesising the duplex RNA that can be diced by DCL to produce secondary sRNAs shown
here as 21nt species. (b) sRNAs can move cell-to-cell through plasmodesmata, to the
neighbouring cells (short distance effect) or, if loaded in the phloem, reaching distal parts
(long distance effect) with potential to trigger immunity in the recipient tissues by triggering
RNA silencing (green dotted arrows depict movement)®2. sRNAs move freely as protein-free
duplexes but they are depleted according to their 5’ nucleotide and the binding preference
of the AGO present in that cell (5'-U and 5’-A sRNA are respective signature cargoes of
AGO1 and AG02)>2:1%0, The figure illustrates the effect on the mobile sSRNA population if one
cell has only AGOZ2 and the neighbour AGO1. (c) Diversification of proteins involved in
RNA silencing?®. Arabidopsis has 4 DCLs, 10 AGOs and 6 RDRs. Each isoform has specialised
roles in RNA silencing, and those involved in pathogen defense are highlighted. (d)
Transcriptional silencing of viral DNA mediated by 24nt sRNAs produced from PolIV-
transcript converted into dsRNA by RDR2. 24nt sRNAs loaded into AGO4 target chromatin-
bound PolV-transcripts, triggering DNA methylation by recruiting DRM1/2. Feedback
mechanisms to ensure transcriptional repression involve 1) methylated DNA that can be
recognised by histone methylase SUVH2/9 and 2) the association of SHH1 to methylated
DNA that facilitates the recruitment of PolIV3t. Minor sRNA routes are depicted with dotted
arrows and they involve various forms of dsRNAs, 21/22nt sRNAs associated with AGO13! or
DCL-independent sRNAs produced by the action of an exonuclease?7:199,
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Figure 2: Mode of action of Viral suppressors of RNA silencing (VSRs). VSRs use
diverse strategies to interfere with RNA silencing: binding dsRNA to prevent access to
DCL, binding sRNA duplex away from AGO, mediating degradation of proteins in the RNA
silencing pathway or interfiering their function, or affecting movement of an RNA
silencing signal in the plasmodesmata3.
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Figure 3: Strategies for RNA silencing of viral (b-g) rather than host RNA (a).
(@) Host plant mRNAs are accessible by ribosomes for translation but, in most instances,
access by the RNA silencing machinery including RDR, SGS3 or DCL is prevented by 5'-
Cap- and polyA- binding proteins associated (CBP and PABP)#*. (b) Viral RNAs may be
accessed by the RNA silencing machinery because it forms a dsRNA replication
intermediate or because it has structures, such hairpins, that can be targeted by DCL.
(c) Viral RNAs may also be available to the RNA silencing machinery because the
accumulate in subcellular compartments or viroplasm where the CBP or PABP are
not present or where there are variant forms of the RNA silencing proteins that can
overcome access the viral RNA (the latter shown as example). (d) Viral RNA may
increase above a certain threshold, so they saturate the CBP, PABP and are accessible
by the RNA silencing machinery. (e) accumulation of viral RNA above this threshold,
may provide access to DCL2, producing 22nt sRNAs that initiate the formation of
secondary sRNAs that amplifying level of silencing. (f) 21-22 nt viral sRNAs produced
by any of these routes may trigger epigenetic silencing of viral DNA independently of
DCL3, through the non-canonical pathways3!. (g) Epigenetic silencing can also be
initiated independently of a PolV-transcript, by association of AGO-sRNA to a Polll
transcript or by direct interaction of the sRNA with one strand of DNA>3 and recruitment
of DNA methylases. The figure shows a plant cell (centre) and colour of each panel
background shows the subcellular compartments (grey-nucleus, orange-cytoplasm,
green-viroplasm). CBP, PABP and ribosomal translation on virus RNA shown only when
relevant for the mechanism. Red arrows indicate repression.



Figure 4: sRNA movement in symbiotic interactions
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Figure 4: sRNA movement in symbiotic (either pathogenic or mutualistic)
interactions. (a) The trans-kingdom movement of sRNAs from plant to symbiont is
mediated by extracellular vesicles associated with or containing AGO-sRNA
nucleoproteins?®1!l, The sRNAs associated to the vesicles may target virulence factor
and other transcripts in the microbe. (b) Movement of sSRNA from the symbiont to
host plant could be mediated by naked dsRNA, dsRNA associated to extracellular
proteins, dsRNAs associated and/or loaded to vesicles, membrane tubules!!?, or through
channels formed by a seven infection-specific proteins complex that interacts with plant
plasmamembrane proteins!!3. In the recipient plant cell, the microbial SRNAs associate
with AGO proteins and target plant immunity genes.
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Figure 5: Layers of defense in plants. Plants have three layers of defense against
viruses and other pathogens: An outer barrier in which physical and chemical defenses
prevent infection. Some of the barriers are cuticle layer, callose and lignin deposition,
change in the quantity or chemical modifications of the components of the cell wall, or
storage of antimicrobe compounds or their precursors that will be release with cell
damage!?%12! (zoom-out box); inner inducible layers in which molecules associated
to pathogens (PAMPs), microbes (MAMPs) or cellular damage (DAMPs), bind to pattern
recognition receptors (PRR) triggering PTI (PAMP-triggered immunity). The intracellular
receptors (NLRs) recognise pathogenic virulence effectors, triggering ETI (effector-
triggered immunity). In both cases the effect is cellular changes leading to disease
resistance, with a reciprocal enhancement signal between ETI and PTI!?>126, RNA
silencing targets pathogenic RNA or DNA producing sRNAs that can recognise
complementary viral sequences. RNA silencing interacts with the other regulatory layers,
described in detail in the text and Figure 6. Red lines indicate the activity of pathogen-
derived effectors to suppress ETI and PTI. Green lines indicate enhancement among the
barriers, black arrows indicate an effect (enhancement or repression).
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Figure 6: RNA silencing integrates
different layers of the plant
immune system. In non-infected
plants (a) the different layers of disease
resistance are partially suppressed by
various repression mechanisms
including miRNA-mediated or
epigenetic silencing as discussed below.
In infected plants low level or decreased
immunity (b) (indicated by small red
prohibition symbol) occurs when the
trans-kingdom sRNAs block defense
gene expressioni®-105 or when the
pathogen-encoded  suppressors  of
silencing block the salicylic acid defense
hormone (CMV (2b)!31132  cauliflower
mosaic virus (P6)!'33) or the CAMTA3
activator of defense genes (cotton leaf
curl Multan geminivirus V2134), The
AvrPTO suppressor of silencing reduces
PTI by blocking a kinase'3>. Conversely
there is high level increased immunity
(c) in infected plants (indicated by the
large red prohibition symbol) when the
silencing suppressors activate ETI
through NLRs (P25 of PVX!39140 NSs of
tomato spotted wilt virus!4! and P38 of
TCV?!4?), if they block the repressive
action miR NLR!** or if pathogen-
induced sRNA  targets negative
regulators of immunity including auxin
signalling!®®, a mitochondrial proteint®?,
a resistance associated proteint>8, a
negative regulator of exocytosis!>?,
superoxide dismutase!®® and other
mRNAs!!®,  There may also be
epigenetic effects (d) resulting in a high
level of increased immunity in infected
plants (indicated by the large red
prohibition symbol) if the RdDM of
defense genes !! is blocked by
suppressors of silencing or pathogen-
induced expression of DNA
demethylases. Defense genes affected
by this process depending on the plant
might include disease resistance gene
PMG1 or an immune receptor gene
RLP43'7% or defense genes adjacent to
hypomethylated transposons!’%t7t,






Box 1. Types of small RNAs in plants

Small RNAs can be classified as microRNAs (miRNAs) and small-interfering RNAs
(siRNAs) (see table). The miRNAs!! are produced from a non-coding protein MIR gene
that is transcribed by Polll and folded back into a bulged hairpin structure that is
processed by DCL1 into 21nt miRNA, or in 22nt if there is an asymmetric bulge on the
miRNA strand. In plants, each MIR gene usually produces a single miRNA. Mature miRNA
is loaded into the RNA interference specificity complex (RISC) (containing AGO1 or other
AGOs) and, after base pairing with a target RNA, it will cleave opposite position 10-11
of the sRNA, although exceptionally it will promote mRNA degradation or arrest
translation. A minor group of 22nt miRNAs are produced by DCL2, usually related to
plant defence. The miRNAs are key regulators in plant growth, development, and stress
response.

The siRNAs are produced from perfectly complementary dsRNA, endogenous or
exogenous to the plant. These siRNAs can be further classified into different groups such
as hpRNAs, nat-siRNAs, secondary sRNAs or P4-sRNAs.

Hairpin siRNAs (hpRNAs) are produced from long RNA folded as hairpins from
inverted repeats. Some of these loci may evolve into MIR genes®.

Natural antisense siRNAs (nat-siRNAs) are produced from overlapping transcripts
originated at the same locus (cis-nat-siRNAs) or at different loci in the genome (trans-
nat-siRNAs). Both hpRNA and nat-siRNA are processed by different DCLs into sRNAs of
diverse sizes and regulate gene expression at posttranscriptional level'!,

Secondary siRNAs are produced following transcript targeting by a miRNA (21 or 22nt)
associated with AGO1 or AGO7 (with some exceptions). The targeting process leads to
dsRNA production by RDR6/SGS3. The dsRNA is cleaved by DCL4,2 or 3 producing 21,
22 or 24nt sRNAs. Not all secondary siRNAs from a transcript may have biological role
regulating target genes.

Secondary sRNAs can be further classified into phasiRNAs, tasiRNAs or easiRNAs.
The phasiRNAs!*’ (phased secondary sRNAs) are sequentially cleaved into phased
SRNAs by DCL4, starting from the end produced by the miRNA-guided cleavage. The
transcripts that originate the phasiRNAs can be protein coding genes or long non coding
RNAs. Some of the coding genes that originate phasiRNAs are NLRs, having phasiRNAs
a role in disease resistance.

Among the phasiRNAs derived from from long non coding RNAs, there is a subgroup
called trans-acting sRNAs (tasiRNAs)!°? because they repress other transcripts in
trans. There are fewer than 10 known TAS loci. The long tasiRNA precursor is targeted
by one or two miRNAs. The tasiRNAs produced from TAS1 and TAS2 have also been
related to biotic defence or developmental regulation. Reproductive phasiRNAs were first
described in monocots, being highly expressed as 21nt-phasiRNAs in premiotic anthers
or as 24nt-phasiRNAs in pre-meiotic and meiotic anthers. They are important for fertility,
but the molecular mechanism is not clear yet. Epigenetically activated siRNAs
(easiRNAs)!*3 are 21-22nt long, generated specifically in germ cells by DCL2 and 4,
from actively transcribed transposable elements with an important role in reproduction.



Although they share similarities with phasiRNAs, it is thought that they are not closely
related.

P4-siRNAs!** (also called heterochromatin (hc)siRNAs) are 24nt sRNAs produced
from transposable elements and other repetitive genomic regions transcribed by PolIV.
These transcripts are converted in dsRNA by RDR2 and cleaved by DCL3. The sRNAs
associated with AGO4 and target chromatin-bound transcripts produced by PolV. This
interaction recruits DNA methyltransferases and histone methyltransferases to the DNA
nearby, with the final effect of accumulation of repressive epigenetic marks and
transcriptional silencing.

Box2: Viral suppressors of RNA silencing (VSRs).

Hc-Pro* (Helper Component Proteinase) is a multifunctional protein encoded by potato
virus Y and related RNA viruses. Beyond its role blocking RNA silencing, it also affects
aphid transmission of the virus, blocks the effect of the defense hormone salicylic acid
and is involved in viral polyprotein maturation. In RNA silencing, HC-Pro inhibits sRNA
methylation by HEN1 (HUA ENHANCER 1), sequesters dsRNA, interferes with AGO, and
inhibits RDR6. It interacts with transcription factors to promote the transcription of
endogenous supressors of silencing or it interacts directly with them to mis-regulate the
RNA silencing pathway*.

BC1, from the tomato yellows leaf curl China geminivirus (TYLCCNV), a DNA virus,
promotes overexpression of an endogenous supressor of silencing calmodulin-like
protein (rgsCam) and thereby prevents the production of secondary sRNAs. It also
represses RDR6% and it interferes with TGS by limiting the amount of the S-adenosyl-
methionine substrate of DNA methyltransferase!®>.

AL2 from DNA genome begomovirus, also has an effect on PTGS by overexpressing
rgsCam, and in TGS by affecting the methyl cycle*?:1°,

C4 from a DNA virus geminivirus, blocks RNA silencing by interacting with the single
stranded sRNA that is loaded in AGO. It also blocks the spread of the RNA silencing
signal between neighbouring cellsthrough interaction with endogenous plasmodesmatal
kinases (BAM1 and BAM?2) that are required for cell-to-cell movement of sSRNAs34.

P19 from RNA genome tombusviruses is a very well characterised multifunctional VSR
protein that has been used also as a tool to understand endogenous and viral sRNA
dynamics3. It sequesters sRNA duplexes, inhibits HEN1-dependent methylation of
sRNAs, and also interacts with BAM1 and BAM2, like C4, to prevent the spread of the
silencing signal®®.

2b from RNA genome cucumoviruses is a versatile protein that targets multiple layers
of RNA silencing?: it binds sRNAs and AGO, downregulates RDR6, AGO and DCL1 and it
prevents systemic silencing. It also affects other plant defense layers such as disruption



of the SA/JA pathway, induction of the hypersensitive response or attraction of
pollinators or insect vectors!37:138,

P6 from cauliflower mosaic virus, a pararetrovirus, is a translational transactivator
protein that influences many aspects of the virus life cycle. it represses the formation of
sRNAs by interacting with the nuclear protein DRB4, a cofactor required for DCL4-
dependent siRNA processing. This interaction reduces but not abolish DCL4 action,
allowing a balance between blocking antiviral control and host gene control through
silencing. P6 also inhibits SA-induced gene expression and cell to cell movement of
SRNAs3/133,

P25 from potexvirus interacts with AGOs to promote its degradation through the
proteasome pathway and also affect cell to cell movement of sRNAs by targeting
RDR6/SGS31°71%8 [t also induces extensive rearrangements of actin and
endomembranes and is an elicitor of hypersensitive response.

NSs from RNA tospoviruses sequesters ds-sRNA and also induces a hypersensitive
response!4l,

P38 from RNA carmoviruses interacts with RNA silencing at different levels: by binding
to AGO1; binding and upregulating DCL1 to antagonize DCL4 and DCL 3; binding dsRNA;
blocking primary siRNA biogenesis by RAV2 interaction; downregulating AGO1 via
miR168 upregulation; upregulating AGO2 via blocking its silencing mediated by miR403.
It also interferes with hormone signalling to promote viral infection and is an ellicitor of
hypersensitive response3.
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