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SUMMARY

Activation of antiviral innate immune responses depends on the
recognition of viral components or viral effectors by host recep-
tors. This virus recognition system can activate two layers of host
defence, pathogen-associated molecular pattern (PAMP)-triggered
immunity (PTI) and effector-triggered immunity (ETI). While ETI has
long been recognized as an efficient plant defence against viruses,
the concept of antiviral PTI has only recently been integrated into
virus—host interaction models, such as the RNA silencing-based
defences that are triggered by viral dsRNA PAMPs produced dur-
ing infection. Emerging evidence in the literature has included the
classical PTl in the antiviral innate immune arsenal of plant cells.
Therefore, our understanding of PAMPs has expanded to include
not only classical PAMPS, such as bacterial flagellin or fungal
chitin, but also virus-derived nucleic acids that may also activate
PAMP recognition receptors like the well-documented phenome-
non observed for mammalian viruses. In this review, we discuss the
notion that plant viruses can activate classical PTI, leading to both
unique antiviral responses and conserved antipathogen responses.
We also present evidence that virus-derived nucleic acid PAMPs
may elicit the NUCLEAR SHUTTLE PROTEIN-INTERACTING KINASE
1 (NIK1)-mediated antiviral signalling pathway that transduces an
antiviral signal to suppress global host translation.

Keywords: begomovirus, NIK1-mediated antiviral signalling,
NSP-interacting kinase, PAMP-triggered immunity, pattern
recognition receptor, PRR, receptor-like kinase, viral PAMPs.

INTRODUCTION

All plant cells are naturally and frequently exposed to microor-
ganisms. To cope with invading pathogens, plant cells evolved
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a sophisticated immune system under constant pressure for
dominance over the pathogens' virulence strategies, which in
turn coevolved to escape the host recognition system (Jones and
Dangl, 2006). The first layer of the plant immune system is rep-
resented by the pattern recognition receptors (PRRs) at the cell
surface, which recognize either conserved signature molecules
produced by the pathogens, designated pathogen-associated
molecular patterns (PAMPs), or endogenous damage/danger
signals associated with pathogen invasion, designated danger-
or damage-associated molecular patterns (DAMPs) (Choi and
Klessig, 2016; Ma et al., 2016). The sensing of PAMPs by PRRs
activates PAMP-triggered immunity (PTI), leading to a rapid,
non-specific response to a broad range of pathogens (Ma et al.,
2016). To counterattack this first layer of defence, adapted
pathogens deliver virulence effectors in the host cell cytoplasm,
which prevent the activation of PTI and elicit effector-triggered
susceptibility (ETS; Wang and Wang, 2018). In response, plant
cells have evolved intracellular nucleotide-binding leucine-rich
repeat (NLR) receptors, which recognize the virulence effectors
in a highly specific manner to activate the second level of plant
defence and are designated as effector-triggered immunity (ETI;
Jones and Dangl, 2006).

In plant-virus interactions, a common theme that has
emerged from recent studies is that plants may also employ
classical PTI to fight virus infection similarly to non-viral patho-
gens (Iriti and Varoni, 2015; Korner et al, 2013; Nicaise and
Candresse, 2017; Niehl et al., 2016). Activation of antiviral PRR
pathways by viral PAMPs (VAMPs) has been extensively studied
in mammals, and the mechanisms by which viral effectors ma-
nipulate PTI defences have been well characterized (Jensen and
Thomsen, 2012; Yokota et al., 2010). The mammalian Toll-like
receptors (TLRs) are classic examples of antiviral PPRs with
similar receptor configuration to plant leucine-rich repeats
(LRR) receptor-like kinases (RLKs), which function as PRRs and
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coreceptors in plant immunity (Botos et al, 2011). Although
these LRR-RLK receptors have collectively been shown to sense
a variety of PAMPs, only viral infection-sensing LRR-RLKs are in
the scope of this minireview.

PTI-based antiviral responses by receptor-like
kinases

For non-viral pathogens, plant PTI and mammalian innate im-
mune systems share similar activation mechanisms, including a
similar structural configuration of PRRs and similar conserved
PAMPs. However, plant antiviral PTI has been conceptually re-
garded as RNA silencing, in which viral dsRNAs are considered
PAMPs, which activate Dicers as PRRs that can be suppressed
by viral effectors (Calil and Fontes, 2017; Moon and Park, 2016).
More recently, accumulated evidence has invoked the classic PTI
initiated by transmembrane PRRs as part of the plant defence
arsenal against viruses. Evidence for the classic PTI against plant
viruses is based on experimental data of the betacarmovirus
Turnip crinkle virus (TCV; Korner et al., 2013; Yang et al.,, 2010),
the potyviruses Soybean mosaic virus (SMV; Liu et al., 2011) and
Plum pox virus (PPV; Nicaise and Candresse, 2017), the tobamo-
viruses Tobaco mosaic virus (TMV) and Oilseed rape mosaic virus
(ORMV; Korner et al., 2013), the alfamovirus Alfalfa mosaic virus
(AMV) and the potexvirus Potato virus X (PVX; Iriti and Varoni,
2015), the caulimovirus Cauliflower mosaic virus (CaMV; Zvereva
et al., 2016), and the cucumovirus Cucumber mosaic virus (CMV;
Kong et al., 2018). Collectively, these studies provided several
lines of evidence that the classical plant PTI limits virus infection
similar to non-viral pathogens. First, preactivation of PTI with
non-viral PAMPs confers resistance to virus infection, indicating
that PTl-induced immune responses confer protection against
viruses (Iriti and Varoni, 2015). Second, it has been conceptually
accepted that pathogens have to suppress PTI in order to suc-
cessfully colonize a host. Growing evidence has shown that vi-
ruses are not exceptions, and viral suppressors of PTI have been
identified recently, including the PPV coat protein (CP; Nicaise
and Candresse, 2017), CaMV P6 (Zvereva et al., 2016) and the
movement protein (MP) from CMV (Kong et al., 2018). PPV CP
also functions as an Avr factor recognized by the RTM resistance
in Arabidopsis (Decroocq et al., 2009). Therefore, PPV CP may
link the suppression of PTI with activation of ETI, as predicted by
the zigzag evolutionary model of plant innate immunity (Jones
and Dangl, 2006; Fig. 1). Finally, reverse genetics and overex-
pression studies with characterized PTI components have dem-
onstrated that plants efficiently use PTI to limit viral infection
(Karner et al., 2013; Liu et al., 2011; Nicaise and Candresse, 2017,
Niehl, et al,, 2016; Yang et al., 2010). An obvious caveat from
these previous results is that no virus-derived PAMP detected by
a plant PRR has been identified, and hence antiviral PRRs remain
to be described. Recently, both virus-derived and synthesized
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double-stranded (ds) RNAs have been shown to activate plant
PTI and to restrict virus infection in an RNA-silencing independ-
ent manner (Niehl, et al,, 2016; Fig. 1). This dsRNA-induced PTl in
plants requires the function of the LRR-RLK coreceptor SOMATIC
EMBRYOGENESIS RECEPTOR KINASE 1 (SERK1) linking virus per-
ception to the membrane-anchored immune receptor signalling.
The direct inactivation of plant PTI components has pro-
vided compelling evidence that transmembrane PRR-mediated
PTI operates against viruses in plants. Frequently, the mem-
brane-anchored immune RLKs and receptor-like proteins
(RLPs) depend on ligand (PAMP/DAMP)-induced dimeriza-
tion or oligomerization with coreceptors for activation (Ma
et al., 2016). The BRASSINOSTEROID INSENSITIVE1 (BRI1)-
ASSOCIATED KINASE 1 (BAK1) functions as a coreceptor that
interacts with multiple PAMP-interacting immune receptors
(RLKs and RLPs) to assemble active PTI signalling complexes
(Ma et al., 2016). Like BAK1, other members of the subfam-
ily I of LRR-RLKs, including SERK1, SERK4/BKK1 (BAK1-LIKE
KINASE 1) and the NUCLEAR SHUTTLE PROTEIN-INTERACTING
KINASE 1 (NIK1), function in antiviral immunity (Gouveia et al.,
2017). Accordingly, inactivation of the PTI regulator BAK1 or
BKK1 enhances susceptibility to RNA virus infection, demon-
strating that they are required to build an effective defence
against RNA viruses in Arabidopsis (Kerner et al., 2013; Yang
et al., 2010; Fig. 1). This assembled defence is more likely due
to BAK1-dependent PTI because crude viral extracts from
infected plants induced several PTI marker responses in a
BAK1-dependent manner (Karner et al., 2013). Likewise, serk!
knockout lines are more susceptible to virus infection (Niehl,
et al., 2016), and the Arabidopsis double mutant bak1-5/bkk1
displays increased viral accumulation when inoculated with
PPV (Nicaise and Candresse, 2017). Collectively, these results
further substantiate the notion that plant PTI functions to
combat virus infection similarly to non-viral pathogens. These
recent data have also implicated plasma membrane-localized
coreceptors of PRRs, such as BAK1, BKK1, and SERKI, in an-
tiviral PTI, leaving an open question on how viruses, which
are intracellular obligate parasites and are expected to deliver
PAMPs intracellularly, are perceived extracellularly (Fig. 1).

NIK1-mediated antiviral immunity: from a PTI-like
activation to a somewhat distinct response

NIK1 was first identified as a virulence target of the nuclear shut-
tle protein (NSP) from the bipartite begomoviruses, Geminiviridae
family (Mariano et al, 2004; Silva et al, 2017). NSP mediates
the nuclear export of begomoviral DNA to the cytoplasm, a pro-
cess facilitated by the NSP-interacting GTPase (Carvalho et al.,
2008a, b). NIK1 belongs to the LRR-RLKs subfamily I, which
includes the SERK clade, the NIK clade and a third clade of
uncharacterized members (Zhang et al,, 2006). In phylogenetic
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Fig. 1 Activation of the NIK1-mediated antiviral signalling and antiviral PTI. The viral single-stranded DNA from begomoviruses replicates via double-stranded
DNA intermediates that are transcribed in the nucleus of infected plant cells (1). NSP binds to the nascent viral DNA and facilitates its movement to the cytoplasm
via nuclear pores (2). At the cytosolic side, the NSP-interacting GTPase (NIG) helps the release of NSP-viral DNA complex from the nuclear pores into the cytoplasm
(3) and then moves the viral DNA complex towards the cell periphery. MP associates with the endosomal synaptotagmin A (SYTA) and may interact directly

with the NSP—viral DNA complex to move the viral DNA to plasmodesmata via an endocytic recyclizing pathway for the MP-assisted cell-to-cell spread (4). In
incompatible interactions, plant cells may elicit the translational control branch of the NIK1-mediated antiviral signalling as an innate defence against DNA viruses
(5). The mechanism of NIK1 transmembrane receptor activation is unknown, but we showed here that both RNA and DNA from infected plants activate the NIK1-
mediated antiviral signalling (6). As plant viruses depend on the insect-vector-induced mechanical injury for entry into the plant cells, endogenous DAMPs induced
during infection may also activate the antiviral innate immune system (7). Upon activation, NIK1/NIK2 mediates the phosphorylation of RPL10 and subsequent
translocation to the nucleus, where it interacts with LIMYB to fully repress the expression of translational machinery-related genes [ribosome protein (RP) genes for
instance] (8). Prolonged down-regulation of translation-related genes leads to global translation suppression, which also impairs viral MRNA (vmRNA) translation
(9). In begomovirus—host compatible interactions, NSP binds to NIK1 and suppresses its activity, creating a favourable environment for virus infection (10). In the
case of RNA and DNA viruses, replication and expression of viral genomes lead to the accumulation of non-self DNA or RNA motifs (virus-derived PAMPs, dsRNA,
RNA and DNA), which may be recognized by PRRs that in turn heteromultimerize with co-receptors (BAKT or SERK1) to trigger antiviral PTI (11), which may also be
activated by endogenous DAMPs (7). In any case, in RNA or DNA viruses, a successful infection implicates in the accumulation of viral effectors (e.g. CP from PPV
and NSP from begomoviruses) to suppress PTl, leading to disease (12). In resistant genotypes, however, the resistance (R) proteins specifically recognize, directly or
indirectly, the viral effectors, called avirulence (Avr) factors, activating ETl and conferring resistance (13). Adapted from Gouveia et al., 2017.

analysis, NIKT and NIK2 cluster together and separately from
NIK3 (Sakamoto et al, 2012). Although NIK1 is structurally
related to SERKs and is also implicated in plant immunity, the
mechanism by which NIK1 propagates an antiviral signal, and the
resulting immune responses are entirely different from the BAK1/
SERK3-dependent PTI response against pathogens (Machado
et al., 2015). The mechanism of NIK1-mediated defence is un-
derscored by repression of translational machinery genes and
suppression of global translation, as a new paradigm for plant
antiviral immunity (Machado et al.,, 2017; Zorzatto et al., 2015).

As Ser/Thr kinase receptors, NIK1 is activated by autopho-
shorylation (Santos et al., 2010). Several lines of evidence in-
dicate that phosphorylation at the essential Thr-474 residue
within the A-loop constitutes a critical regulatory mechanism for
NIK1 activation. NIK1 undergoes autophosphorylation in vitro
at conserved threonine residues, positions Thr-468, Thr-469
and Thr-474 within the activation loop, and mediates substrate
phosphorylation in vivo (Santos et al., 2009). While phosphor-
ylation at Thr-469 negatively regulates NIK1 kinase activity,
phosphorylation at positions Thr-468 and Thr-474 enhances and
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promotes kinase activation, respectively. Within the conserved
activation loop of the members of the LRR-RLK subfamily Il, Thr-
468 and Thr-474 align to the same positions as the conserved
BAK1 residues Thr-449 and Thr-455, and SERK1 residues Thr-
462 and Thr-468, which are intramolecular targets for BAK1 and
SERK1 kinase activation (Shah et al., 2001; Wang et al., 2005;
Yun et al, 2009). Furthermore, replacement of NIK1 Thr-474
with alanine impairs autophosphorylation and substrate phos-
phorylation activity in vitro (Santos et al., 2009). Consistently,
the ectopic expression of loss-of-function Thr-474 mutants, such
as T474A or the double mutant G4743V/T474A, did not reverse
the enhanced susceptibility phenotype of NIK1 knockout lines,
demonstrating that Thr-474 autophosphorylation is required to
transduce a defence response against begomoviruses (Santos
et al., 2009). Finally, the replacement of Thr-474 with the phos-
phomimetic amino acid aspartate promotes constitutive acti-
vation of the NIK1-mediated antiviral signalling (Santos et al.,
2009). Ectopic expression of T474D in Arabidopsis and tomato
transgenic lines promotes RPL10 phosphorylation, causes re-
pression of ribosomal protein genes, suppresses global transla-
tion, decreases viral mRNA association with actively translating
polysome fractions and confers resistance to begomoviruses,
as readouts of NIK1-mediated antiviral signalling elicitation
(Brustolini et al., 2015; Zorzatto et al., 2015).

The current mechanistic model for the activation of NIK1-
mediated signalling holds that in response to virus infection, NIK1
undergoes homodimerization with itself or heterodimerization
with an unknown receptor, promoting transphosphorylation at
the essential threonine residue position 474 within the activation
loop of the kinase (Fig. 1). Upon activation, NIK1-mediated sig-
nalling mediates the phosphorylation of RIBOSOMAL PROTEIN
L10 (RPL10), which in turn is redirected to the nucleus, where
it interacts with L10-INTERACTING MYB DOMAIN-CONTAINING
PROTEIN (LIMYB) to fully down-regulate the expression of trans-
lational machinery-related genes (Carvalho et al., 2008c; Rocha
et al., 2008; Santos et al., 2009; Zorzatto et al., 2015). Therefore,
the down-regulation of the translation-related genes is transcrip-
tionally regulated through NIK1-mediated formation of transcrip-
tion-repressing complexes by an association of phosphorylated
RPL10 and LIMYB. The prolonged down-regulation of the transla-
tional machinery leads to suppression of global translation. Plant
DNA viruses cannot escape this translation regulatory mecha-
nism of plant cells, and hence the viral mRNA is not efficiently
translated, compromising the infection (Zorzatto et al.,, 2015).
Counteracting this activation mechanism, the begomovirus NSP
binds to the kinase domain of NIK1 and prevents activation of
the signalling pathway (Fontes et al., 2004). Therefore, in com-
patible interactions, begomoviruses increase their pathogenicity
to susceptible hosts by suppressing the activity of NIK1 kinase
via interaction of the viral suppressor NSP, a reminiscent feature
of PTl inactivation by pathogen suppressors.
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Although the NIK1-mediated antiviral responses are quite dis-
tinct from the PTl-mediated antiviral defences, some similarities
can be observed regarding the mechanism of activation and sup-
pression of NIK1 and PRRs. First, NIK1 is presumably activated by
ligand-dependent complex formation that promotes phosphory-
lation and activation of the kinase domain. Phosphorylation of
the functional analogues NIK1 Thr-474, SERK1 Thr-468 and BAK1
Thr-455 is essential for receptor/coreceptor signalling, which
may underscore a similar mechanism for activation (Santos
et al., 2009; Shah et al., 2001; Wang et al., 2005; Yun et al.,
2009). Second, this activation of NIK1 is induced by virus infec-
tion, which may provide virus-derived PAMPs for NIK1-mediated
virus perception (Zorzatto et al, 2015). Finally, NIK1 is sup-
pressed by the viral effector NSP, which also functions as an Avr
factor for ETl activation in resistant Phaseolus vulgaris genotypes
(Garrido-Ramirez et al., 2000), linking a primary mechanism of
antiviral immunity at the cell surface with ETI (Fig. 1). According
to the zigzag evolutionary model of the two-branch innate im-
mune system, the activation of ETI in plant—virus interactions
(NSP in resistant bean genotypes) is conceptually associated with
PTl inhibition (NIK1 signalling) by a viral effector (NSP).

A comparison of the transcriptome induced by ectopic ex-
pression of T474D and by begomovirus infection [Cabbage leaf
curl virus (CaLCuV)/Arabidopsis and Tomato yellow spot virus
(ToYCV)/Tomato] indicates that virus infection both activates
and suppresses NIK1-mediated antiviral signalling (Brustolini et
al., 2015; Zorzatto et al., 2015). While the inhibition of the NIK1-
mediated antiviral signalling is due to the suppressive activity of
the viral NSP, the mechanism by which the virus activates this
antiviral response and the molecular bases for such elicitation
are unknown. Here, we extended these studies by analysing
whether begomovirus-derived nucleic acids could act as PAMPs
to activate NIK1. Arabidopsis wild-type ecotype Columbia (Col-
0) plants at the seven-leaf stage were inoculated by biolistic
delivery with infectious clones of CaLCuV DNA-A, and DNA-B
and the accumulation of viral DNA was monitored by PCR
(Florentino et al., 2006). Then, we used total RNA or total DNA
isolated from infected plants subtracted from mock-inoculated
plants as sources for begomovirus-derived nucleic acids. Leaf
discs treated with RNA or DNA from virus-infected plants were
from the ecotype Columbia (Col-0), the loss-of-function mutants
nik1-1 (Fontes et al., 2004), nik2-1 (Fontes et al., 2004) and the
double mutant nik-11nik2-1 (Fig. 2A). Arabidopsis lines in which
NIK1 was replaced by T474D (Zorzatto et al., 2015) were also
included as a positive control for NIK1 activation. The activation
of the antiviral signal transduction was assayed by monitoring
the down-regulation of the ribosomal protein (RB) genes RPL13
and RPS25, which have been shown to function as NIK1 activa-
tion-associated marker genes (Brustolini et al., 2015; Zorzatto
et al., 2015). Accordingly, ectopic expression of constitutively
activated T474D in nik1 null alleles caused the down-regulation
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Fig. 2 RNA and DNA prepared from begomovirus-infected leaves activate the NIK1-mediated antiviral signalling. (A) Single and double knockout lines of
NIKT and NIK2. The expression of NIK1 or NIK2 in the leaves of Col-0, nik7-1, nik2-1 and nik1-1nk2-1lines was monitored by quantitative RT-PCR. Mean + 95%
confidence intervals (n = 3) based on bootstrap resampling replicates of three independent experiments. (B) and (C) Begomovirus infection-derived DNA and
RNA down-regulate RP genes, RPL13 and RPS25, in a NIK1- and/or NIK2-ependent manner. RP gene expression was monitored by gRT-PCR of RNA from Col-0,
nik1-1, nik2-1 and nik 1-1nk2-1 lines treated with RNA or DNA from mock-inoculated leaves (UnRNA and UnDNA) or CaLCuV-infected leaves (INRNA and InDNA).
Mean + 95% confidence intervals (n = 3) based on bootstrap resampling replicates of three independent experiments. (D) Begomovirus infection-derived RNA
and DNA require mechanical injury in leaves to activate the NIK1/2-mediated antiviral signalling. Intact, unwounded leaves and injured leaves were treated with
RNA or DNA from CaLCuV-infected leaves. After 3 h of treatment, RP gene expression was monitored by qRT-PCR.

of both RP genes compared to the wild-type, Col-0 line (Fig.
2B,C; Zorzatto et al., 2015). In contrast, inactivation of both NIK1
and NIK2 in the double mutant nik71-1nik2-1 released repres-
sion and caused up-regulation of the RB genes, indicating that
NIK1 and NIK2 are functionally paralogs for the NIK-mediated
repression of RB genes. These T474D- and nik1nik2-mediated
phenotypes recapitulate those resulting from overexpression
and inactivation of the downstream transcriptional repressor
LIMYB, respectively (Zorzatto et al., 2015). Both DNA and RNA
from infected plants (INDNA and InRNA) promoted down-reg-
ulation of RP genes in Col-0, as opposed to RNA and DNA
from mock-inoculated, uninfected plants (UnDNA and UnRNA,
Fig. 2B,C). Inactivation of NIK7 or NIK2 caused a lower nucleic
acid-mediated repression of the RP genes compared with the
level of repression in Col-0. The down-regulation of RPL13
and RPL25 was totally blocked in the double mutant nik7nik2.
These results confirmed that NIK1 and NIK2 are functionally re-
dundant and that the elicitation of NIK1-mediated response by
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begomovirus-derived DNA and RNA is dependent on NIK1 and/
or NIK2. We also showed that virus-derived RNA and DNA did
not elicit NIK-mediated antiviral signalling in unwounded leaves
but instead were only effective if intact leaves were rubbed with
abrasives before the treatment, which might have mechanically
provided intracellular access for viral PAMPs (Fig. 2D).

Our findings suggest that begomovirus-derived RNA and DNA
function as viral PAMPs, which elicit the NIK-mediated antiviral
signalling in a NIK1- and/or NIK2-dependent manner. However,
the nature and origin of the viral PAMPs, how viruses are sensed
by NIKs extracellularly, and whether NIK1 and NIK2 function as
coreceptors or genuine PRRs remain to be determined.

Mechanistic hypotheses for the perception of viral
PAMPs by RLKs at the cell surface

Because viruses are obligate intracellular parasites, viral PAMPs
are expected to be produced intracellularly and there is no evi-
dence that virus-derived nucleic acids can reach the apoplast to
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be sensed directly by the LRR extracellular domain of NIKs and
SERKs or associated PRRs. It is possible that plasma membrane
anchored receptors sense viral PAMPs through their intracellular
domain, thus antiviral PTI would be activated by viral PAMP-
induced receptor—coreceptor dimerization via the kinase domain.
The intracellular mammalian protein kinase RNA-activated (PKR)
undergoes dsRNA ligand-mediated dimerization and activation
upon direct association of viral dsRNA produced during infection
with its kinase domain (Balachandran et al., 2000).

Alternatively, the microsomal recycling pathway may provide
the opportunistic colocalization for NIKs, SERKs and PRRs with
viral PAMPs. The movement proteins (MPs) of plant viruses use
the endocytic recycling pathway to move viral RNA- and viral
DNA—protein complexes to the plasmodesmata for the MP-
assisted cell-to-cell spread of the virus (Lewis and Lazarowitz,
2010). Plant PRRs have also been shown to be internalized via
endosomes (Mbengue et al., 2016). Therefore, the specific per-
ception of a virus by PRRs would rely on the opportunistic subcel-
lular colocalization of internalized PRRs and the MP-associated
viral genome in host cells. Consistent with both alternatives,
virus-derived nucleic acids did not activate the NIK1-mediated
antiviral signalling in intact, unwounded leaves but instead re-
quired the leaves to be mechanically injured, which may have
provided the intracellular access for viral PAMPs. Complementary
experiments by expressing truncated, extracellular LRR-less NIKs
and/or SERKs, which remain associated with the plasma membrane,
may facilitate addressing this issue.

Although this endocytic recycling pathway is an attractive
hypothesis for virus perception by plant PRRs, similar to mamma-
lian endosomal TLRs, it may not be possible to synchronize PTI
activation as a primary, early response to pathogen attack, with
the later event of virus movement to adjacent cells. Therefore,
only with the identification of the origin and nature of virus-de-
rived PAMPs and the characterization of nucleic acid-sensing
PRRs will it be possible to address these possibilities for virus
perception by plasma membrane-anchored RLKs.

CONCLUSION

Recent studies with SERK-like coreceptors and known PRRs,
which function in plant innate immunity, have demonstrated
that the classical PTI is part of the antiviral defence arsenal
of plant cells. Several components of classic PTI, including the
co-receptor SERKs, BAK1 and SERK1, and the MAPK4 negative
regulator, in addition to common immune responses, co-exist
as part of antiviral PTI. As for viral PAMPs, dsRNAs isolated
from virus-infected plants have been demonstrated to induce
typical PTI responses dependent on the coreceptor SERKI.
Likewise, begomovirus-derived nucleic acids were shown here
to induce the NIK1-mediated antiviral signalling in a NIK1-
and NIK2-dependent manner and were included as a piece of
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new complementary evidence for this review. However, the
nature and origin of the nucleic acid PAMPs have not been
deciphered, and the nucleic acid sensors have yet to be identi-
fied. Furthermore, as viruses are intracellular obligate para-
sites and may not have access to the apoplast, it remains to
be determined how PRRs would sense viruses and viral PAMPS
extracellularly. The identification of the origin and nature of
virus-derived nucleic acid PAMPs and the discovery of the cog-
nate PRRs will shed light on the mechanism of antiviral PTI
activation and its role in resistance against viruses.
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