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Abstract
Plants are continuously exposed to pathogen challenges. To defend themselves, plants have developed sophisticated innate 
and induced immune responses. The recognition of invading pathogens by membrane-localized or intracellular receptors 
triggers a local immune response, but plants often also establish a systemic immunity throughout the entire plant body to 
confer broad-spectrum and long-lasting resistance to secondary infections. Both the local and systemic immune responses 
are regulated by several phytohormones, including jasmonic acid, ethylene, and salicylic acid, which induce genome-wide 
transcriptional reprogramming to elicit effective immune responses. During this transcriptional reprogramming, epigenetic 
mechanisms are engaged to modulate chromatin structure and the accessibility of cis-elements to transcription factors. In 
this review, we first describe how the model plant Arabidopsis thaliana recognizes invading pathogens to trigger local and 
systemic immune responses. Next, we describe how phytohormones mediate transcriptional responses, establishing immunity. 
Finally, we review recent findings in the epigenetic aspect of immunity in Arabidopsis.

Keywords Local immunity · Systemic immunity · Salicylic acid · NPR1 · Transcriptional reprogramming · Epigenetic 
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Introduction

Plants are potential hosts for a wide range of pathogens and 
continuously confront diverse pathogen challenges dur-
ing their lifetime. Unlike vertebrates, plants lack special-
ized cells and circulatory systems developed for immunity; 
however, plants do have a capacity to trigger innate immune 
responses. Phytopathogens have developed various strategies 
to enhance their invasion, survival, and proliferation within 
host plants, to which plants have responded by developing 
sophisticated immune strategies.

The innate immunity of plants relies on large numbers of 
receptors for the surveillance of pathogen attacks. Plant cells 
recognize pathogen invasions using cell-surface receptors 

that detect the conserved molecular structures present in 
pathogens, and intracellular receptors that sense specific 
molecules secreted by pathogens. Signals initiated from 
pathogen recognition are conveyed to hormone-mediated 
signaling pathways, which induce massive transcriptional 
reprogramming to turn on the expression of defense-related 
genes and repress growth-promoting genes. In addition to 
eliciting local immunity, plant cells exposed to pathogen 
challenges generate mobile signals that trigger a systemic 
immunity to enable the whole plant body to be prepared 
for subsequent pathogen challenges. Through this local and 
systemic immune signaling, plants convert their cells into 
an immune-equipped state, and thus operate a plastic rather 
than a permanently specified immune system.

Local Immunity

In plants, local immunity is composed of a two-tiered innate 
immune response: pathogen-associated molecular pattern 
(PAMP)-triggered immunity (PTI) and effector-triggered 
immunity (ETI) (Fig. 1). PAMPs, such as flagellin, the bac-
terial elongation factor Tu, and chitin, are small molecular 
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Fig. 1  Schematic of pathogen-associated molecular pattern (PAMP)-
triggered immunity (PTI) and effector-triggered immunity (ETI) 
in Arabidopsis. In PTI, PAMPs derived from invading pathogens 
are perceived by PAMP recognition receptors (PRRs) in the plasma 
membrane, which also leads to the interaction between PRRs and 
co-PRRs. Activated PRR complexes transmit signals through phos-
phorylation relays: receptor-like cytoplasmic kinases (RLCKs) are 
thought to relay PRR-derived signals to multiple downstream sign-
aling pathways, including those involving mitogen-activated protein 
kinase (MAPK) cascades and calcium-dependent kinases (CDKs). 
To suppress PTI, phytopathogens secret effector molecules into host 
cells. Pathogen effectors bind to host proteins and can induce confor-
mational changes or post-translational modifications; however, host 

nucleotide-binding domain leucine-rich-repeat receptors (NLRs) can 
specifically recognize pathogen effectors either directly or indirectly 
and disable their activity. In indirect perception mechanisms, NLRs 
interact with guardees or decoys to monitor the changes in their con-
formations or modifications caused by effectors. In some cases, NLRs 
contain integrated domains, which are subject to modulation by effec-
tors. NLRs become activated when they sense the presence of effec-
tors, triggering ETI. A programmed cell death called the hypersensi-
tive response (HR) occurs only during ETI; however, PTI and ETI do 
exhibit substantial similarities in various immune responses. Intricate 
crosstalk between PTI and ETI is likely responsible for these similari-
ties, and could enhance disease resistance
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motifs that are conserved among a class of pathogens. PTI 
is induced when cell membrane-localized PAMP recogni-
tion receptors (PRRs) detect PAMPs. To suppress PTI and 
enhance their virulence, pathogens secrete effector mol-
ecules into host cells via the type III secretion system. ETI 
is induced when pathogen effectors are recognized by host 
intracellular receptors called disease resistance (R) proteins, 
which directly bind with the effectors or detect changes in 
host proteins induced by pathogen effectors.

Although PTI and ETI are differently triggered, these 
two immune responses eventually elicit various immune 
responses that are similar to each other, including calcium 
influx, reactive oxygen species (ROS) burst, callose depo-
sition, stomatal closure, the production of antimicrobial 
secondary metabolites, the activation of mitogen-activated 
protein kinase (MAPK) cascades, and transcriptional repro-
gramming. The existence of an intricate crosstalk between 
PTI and ETI was recently described (Ngou et al. 2021; Pruitt 
et al. 2021; Yuan et al. 2021), which likely enables the two 
immune response pathways to coordinate and share vari-
ous downstream events. Nonetheless, ETI is known to be 
activated more quickly and result in more robust immune 
responses than PTI. Furthermore, during ETI but not PTI, 
a programmed cell death called the hypersensitive response 
(HR) is developed to restrict the growth and spread of patho-
gens (Fig. 1).

Pathogen‑Associated Molecular Pattern 
(PAMP)‑Triggered Immunity (PTI)

PTI relies on PRRs that are localized in the plasma mem-
brane. PRRs interact with co-receptors in a PAMP-induced 
manner to activate downstream signaling pathways (Fig. 1); 
for example, FLAGELLIN-SENSITIVE2 (FLS2) and 
EF-TU RECEPTOR (EFR), which are receptors for bacterial 
flg22 and EF-Tu, respectively, interact with the co-receptor 
BRI1-ASSOCIATED KINASE1 (BAK1) (Chinchilla et al. 
2007). The PAMP-induced interaction between BAK1 and 
FLS2 or EFR is facilitated by FERONIA (FER) acting as a 
scaffold protein (Stegmann et al. 2017). In its basal state, 
BAK1 is sequestered from FLS2 or EFR by directly binding 
with BAK1-INTERACTING RECEPTOR-LIKE KINASE2 
(BIR2) and BIR3 (Halter et al. 2014; Imkampe et al. 2017).

Similar to FLS2 and EFR, LYSM-CONTAINING 
RECEPTOR-LIKE KINASE5 (LYK5), a well-known chi-
tin receptor, requires the co-receptor CHITIN ELICITOR 
RECEPTOR KINASE1 (CERK1) to trigger antifungal 
immunity (Cao et al. 2014). Interestingly, bacterial elici-
tors also induce BAK1-mediated CERK1 phosphorylation, 
which results in enhanced antifungal immunity (Gong et al. 
2019). This example suggests that bacterial pathogen-
induced PRR complexes might prime the PRR complexes 
to function in antifungal immunity.

Signals initiated from PAMP-induced PRR complexes 
are conveyed to receptor-like cytoplasmic kinases (RLCKs), 
including BOTRYTIS-INDUCED KINASE1 (BIK1), 
through auto- and trans-phosphorylation events. After its 
phosphorylation by BAK1, BIK1 directly phosphorylates 
the NADPH oxidase RESPIRATORY BURST OXIDASE 
HOMOLOGUE D (RbohD) to trigger a ROS burst (Li 
et al. 2014). Moreover, the BIK1-mediated phosphoryla-
tion of CYCLIC NUCLEOTIDE GATED CHANNEL4 
(CNGC4) activates a heteromeric calcium channel com-
posed of CNGC2 and CNGC4, resulting in a calcium influx 
into cytosol (Tian et al. 2019). In addition, PAMP-induced 
PRR complexes activate multiple downstream signaling 
pathways, including calcium-dependent kinases (CDKs) 
and MAPKs (Fig. 1).

Effector‑Triggered Immunity (ETI)

ETI relies on intracellular receptors known as R proteins, 
most of which belong to a subfamily of nucleotide-bind-
ing domain leucine-rich-repeat receptors (NLRs) (Fig. 1). 
Plant NLRs contain either Toll/interleukin-1 receptor (TIR) 
domain, a coiled-coil (CC) domain, or a resistance to pow-
dery mildew8-like (RPW8) domain at the N-terminus, 
resulting in their division into three classes: TIR-type NLRs 
(TNLs), CC-type NLRs (CNLs), and RPW8-type NLRs 
(RNLs), respectively.

NLRs recognize effectors secreted from pathogens using 
a variety of strategies. Some NLRs physically interact with 
the effectors; however, more commonly NLRs sense con-
formational changes or post-translational modifications of 
host proteins that are induced by the targeting of pathogen 
effectors. The indirect perception mechanisms of pathogen 
effectors by plant NLRs have been described in guardee and 
decoy models (van der Hoorn and Kamoun 2008), in which 
the guardee is a host protein playing a role in plant immu-
nity and the decoy is a mimic of host protein targeted by the 
pathogen effector. Guardees or decoys are directly modi-
fied by pathogen effectors, and cognate NLRs recognize the 
changes of guardees or decoys to trigger ETI (Fig. 1).

The guardee protein RESISTANCE TO P. SYRINGAE 
PV MACULICOLA1 (RPM1)-INTERACTING4 (RIN4) 
is itself a negative regulator of PTI (Kim et al. 2005), and 
is targeted by the pathogen effectors AvrRpt2, AvrRpm1, 
and AvrB. To monitor these effectors, RESISTANT TO P. 
SYRINGAE2 (RPS2) and RPM1, the CNL class members, 
interact with RIN4 in the plasma membrane. While RPM1 
senses AvrRpm1- and AvrB-induced RIN4 phosphorylation, 
RPS2 senses the AvrRpt2-mediated reduction in RIN4 and 
triggers the RPM1- or RPS2-dependent signaling pathways, 
respectively (Mackey et al. 2002; Axtell and Staskawicz 
2003).
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PROBABLE SERINE/THREONINE-PROTEIN 
KINASE2 (PBL2) acts as a BIK1 decoy in ETI. BIK1 uri-
dylylation by an effector AvrAC suppresses BIK1-mediated 
PTI (Feng et al. 2012), while by contrast PBL2 uridylylated 
by AvrAC forms a complex with HOPZ-ACTIVATED 
RESISTANCE1 (ZAR1) via interacting with RESISTANCE 
RELATED KINASE1 (RKS1) to trigger ZAR1-mediated 
ETI (Wang et al. 2015). ZAR1-mediated ETI is also induced 
when ZAR1 senses the HopZ1a-mediated acetylation of 
HOPZ-ETI-DEFICIENT1 (ZED1) acting as a decoy (Lewis 
et al. 2013). ZAR1 forms a pentameric funnel-shaped struc-
ture, called the ZAR1 resistosome, on the plasma membrane 
(Wang et al. 2019), which when activated functions as a 
calcium-permeable channel (Bi et al. 2021).

A subset of plant NLRs carry integrated domains that 
mimic the binding targets of pathogen effectors; for instance, 
RESISTANT TO RALSTONIA SOLANACEARUM1 (RRS1) 
contains an integrated WRKY domain to which the AvrRps4 
and PopP2 effectors bind. RPS4 interacts with RRS1 to 
sense AvrRps4 targeting to the WRKY domain and the 
Pop2-mediated acetylation of the WRKY domain (Sarris 
et al. 2015). WRKY proteins are DNA-binding transcription 
factors acting in the regulation of defense genes; thus, the 
two NLRs (RPS4 and RRS1) with RRS1 as a helper NLR act 
as a pair to detect effectors that interfere with the functions 
of the WRKY transcription factors.

In addition to effector sensing, helper NLRs act down-
stream of NLR-mediated signaling pathways. N REQUIRE-
MENT GENE1 (NRG1) functions together with a heter-
odimer complex composed of ENHANCED DISEASE 
SUSCEPTIBILITY1 (EDS1) and SENESCENCE-ASSO-
CIATED GENE101 (SAG101) to trigger HR (Rietz et al. 
2011), and ACTIVATED DISEASE RESISTANCE1 
(ADR1) acts together with a heterodimer composed of EDS1 
and PHYTOALEXIN-DEFICIENT4 (PAD4) to promote the 
biosynthesis of salicylic acid (SA), a key phytohormone in 
plant immunity (Dong et al. 2016). NRG1 and ADR1 asso-
ciate with the EDS1/SAG101 and EDS1/PAD4 complex, 
respectively, following the activation of the TNL-mediated 
signaling pathways (Sun et al. 2021), which are converged 
on a lipase-like protein, EDS1 (Rietz et al. 2011).

Taken together, plant NLRs generally detect self-mole-
cules perturbed by pathogen effectors rather than non-self-
molecules, suggesting that plants with limited defense genes 
effectively sense diverse effectors sharing target molecules.

Systemic Immunity

Besides local immunity at infection sites, plants trigger sys-
temic immunity to protect the rest of the plant body from 
subsequent pathogen attack. This phenomenon is called sys-
temic acquired resistance (SAR), and confers long-lasting 

and broad-spectrum resistance. It is established by a slight 
increase in the levels of SA in uninfected tissues and is 
accompanied by the expression of the SA marker PATHO-
GENESIS-RELATED (PR) genes (Yalpani et  al. 1991; 
Gaffney et al. 1993; Wildermuth et al. 2001). The establish-
ment of SAR is severely impaired by mutations in NON-
EXPRESSOR OF PATHOGENESIS-RELATED GENES1 
(NPR1) (Cao et al. 1994), suggesting that NPR1 acts as an 
essential regulator of SAR. Even though both SA accumula-
tion and SA-mediated signaling are required for SAR, SA 
itself is unlikely to act as a mobile signal (Vernooij et al. 
1994; Ryals et al. 1995). The roles of SA and NPR1 in local 
immunity will be further explained later in this review.

Instead of SA, methyl salicylate (MeSA) was once pro-
posed to be a phloem-mobile signal that could induce the 
systemic immune response upon hydrolysis to active SA in 
systemic tissues, as well as being an airborne signal that can 
induce disease resistance in neighboring plants (Park et al. 
2007). This molecule is unlikely to be the main systemic 
immunity signal however, as it was later reported that most 
MeSA accumulated in the pathogen-infected leaves is emit-
ted into the atmosphere, and SAR is not affected by muta-
tions in an SA methyltransferase gene (Attaran et al. 2009).

Recent studies have suggested that a new path-
way involving pipecolic acid (Pip) → nitric oxide 
(NO) ↔ ROS → azelaic acid (AzA) → glycerol-3-phosphate 
(G3P) acts in parallel with the SA pathway for the establish-
ment of SAR. Pip is increased both in the petiole exudates 
of infected and uninfected tissues upon pathogen infection, 
and an exogenous application of Pip induces SAR (Nav-
arova et al. 2012). The Pip-mediated SAR is dependent on 
FLAVIN-DEPENDENT-MONOOXYGENASE1 (FMO1) 
catalyzing the conversion of Pip to N-hydroxypipecolic acid 
(NHP) (Hartmann et al. 2018). The de novo biosynthesis 
of Pip in uninfected but not in infected tissues is depend-
ent on both SA and G3P, and Pip functions upstream of the 
NO/ROS-mediated signaling pathway in both uninfected 
and infected tissues (Wang et al. 2018). Following the Pip-
induced accumulation of NO/ROS, several ROS act in an 
additive manner to induce AzA biosynthesis, which results 
in G3P biosynthesis (Wang et al. 2014). The biosynthesis 
of G3P is dependent on two lipid-transfer proteins, DEFEC-
TIVE IN INDUCED RESISTANCE1 (DIR1) and AZELAIC 
ACID INDUCED1 (AZI1), which interact with each other 
(Yu et al. 2013a). G3P may act as a mobile signal to induce 
SAR, and its translocation to uninfected tissues is interde-
pendent with DIR1 (Chanda et al. 2011).

Once systemic immunity is established, plants are primed 
to induce more rapid and robust immune responses upon sub-
sequent pathogen challenges. Defense priming is a type of 
immune memory that plants adopt as an adaptive strategy to 
survive their continuous exposure to surrounding pathogens. 
It was reported that bacterial pathogen- or herbivore-induced 
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defense priming could be inherited to subsequent genera-
tions (Luna et al. 2012; Rasmann et al. 2012; Slaughter et al. 
2012); however, Yun et al. recently reported that they did not 
find evidence of the transgenerational inheritance of defense 
priming using a variety of methods used for pathogen infec-
tion and multiple developmental stages of host plants under-
going repetitive pathogen challenges (Yun et al. 2022). Thus, 
the transgenerational effect of defense priming should be 
more carefully reassessed in the context of the underlying 
molecular mechanisms.

Systemic immunity is also activated by beneficial micro-
organisms such as mycorrhizal fungi and plant growth-pro-
moting rhizobacteria. This phenomenon is termed induced 
systemic resistance (ISR) to be distinguished from SAR. 
While SAR is dependent on SA-mediated signaling, ISR is 
dependent on jasmonic acid (JA)/ethylene (ET)-mediated 
signaling.

Phytohormone‑Mediated Signaling 
Pathways

Initiated from pathogen recognition, defense signals are 
transmitted in the form of phytohormones for signal ampli-
fication and transcriptional reprogramming. JA, ET, and SA 
are key hormones that play central roles in plant immunity. 
JA and ET are essential for defense against necrotrophic 
pathogens and herbivores, which destroy host cells to obtain 
nutrients and cause wounding to host plants, respectively. 
On the contrary, SA is responsible for defense against bio-
trophic pathogens, which derive nutrients from living host 
cells, and hemibiotrophic pathogens, which display an initial 
biotrophic phase before moving to a necrotrophic phase.

It has been documented that JA- and ET-mediated signal-
ing pathways are synergistic, whereas the JA/ET- and SA-
mediated signaling pathways are mutually antagonistic (Li 
et al. 2019); however, recent findings showed that the JA/ET- 
and SA-mediated signaling pathways are not always antago-
nistic. For instance, an exogeneous treatment of the ethylene 
precursor 1-aminocyclopropane-1-carboxylic acid (ACC) 
enhanced the SA-induced expression of PR1, and this effect 
was not shown in the ethylene insensitive2-1 (ein2-1) mutant 
(De vos et al. 2006). By analyzing gene expression levels, 
another study reported that the synergistic effect of SA and 
JA is revealed when both hormones are applied at low con-
centrations, whereas an antagonistic effect is observed at 
high concentrations (Mur et al. 2006). It was also reported 
that during ETI involving SA-mediated signaling, the JA-
responsive genes required for de novo JA biosynthesis are 
induced in an NPR3 and NPR4-dependent manner, and the 
increased JA levels contribute to HR induction (Liu et al. 
2016). Mine et al. showed that a co-treatment with flg22 
and methyl jasmonic acid (MeJA) enhanced resistance to a 

biotrophic pathogen in a delayed dehiscence2 (dde2) pad4 
double mutant to a greater extent than the flg22 treatment 
alone (Mine et al. 2017). Collectively, hormone-mediated 
signaling pathways in plant immunity are coordinated by 
a variety of cross-talks, constituting a complex signaling 
network.

Jasmonic Acid (JA)‑Mediated Signaling Pathway

JA is biosynthesized in the chloroplasts and peroxisomes 
via the octadecanoid pathway involving several enzymatic 
steps. The biosynthesis of JA is initiated in the chloroplasts, 
where α-linoleic acid is converted into oxophytodienoic acid 
(OPDA). The export of OPDA into the cytosol is facilitated 
by JASSY proteins localized on the outer membrane of the 
chloroplasts (Guan et al. 2019). After their import into the 
peroxisome, OPDA is reduced by OPDA REDUCTASE3 
(OPR3) and then converted into JA through three cycles of 
β-oxidation (Schaller et al. 2000) (Fig. 2).

CORONATINE-INSENSITIVE1 (COI1) acts as a recep-
tor for the bioactive form of JA, jasmonoyl-L-isoleucine 
(JA-Ile), and is the F-box subunit of the SKP1-CULLIN1-F-
BOX-TYPE (SCF) ubiquitin ligase complex  SCFCOI1 (Katsir 
et al. 2008; Yan et al. 2009). JA-Ile mediates the binding of 
COI1 to the JASMONATE ZIM-DOMAIN (JAZ) proteins 
(repressors of JA-responsive genes) and, thus, results in the 
26S proteasome-mediated degradation of JAZs (Chini et al. 
2007; Thines et al. 2007) (Fig. 2).

In their basal state, JAZs suppress the function of the tran-
scriptional activators of the JA-responsive genes by form-
ing a transcriptional co-repressor complex with NOVEL 
INTERACTOR OF JAZ (NINJA), TOPLESS (TPL), and 
the TPL-RELATED PROTEINS (TPRs) (Pauwels et al. 
2010). MYC2 is a binding target of the JAZs and acts as a 
key transcriptional activator of the JA-induced genes (Kazan 
and Manners 2013); thus, the JA-induced degradation of 
JAZs causes the release of MYC2 from its suppression, lead-
ing to the transcriptional activation of the JA-responsive 
genes (Fig. 2). This MYC2 branch of JA-mediated immu-
nity is known to be induced by herbivores and mechanical 
wounding.

On the contrary, the ERF branch of JA-mediated immu-
nity is induced by necrotrophic pathogens. The ERF branch 
is dependent on the OCTADECANOID-RESPONSIVE 
ARABIDOPSIS AP2/ERF59 (ORA59) and ETHYLENE 
RESPONSE FACTOR1 (ERF1) transcription factors. 
ORA59 and ERF1 expression is activated by ETHYLENE 
INSENSITIVE3 (EIN3) and EIN3 LIKE1 (EIL1), with 
which the JAZs interact to suppress their activities (Zhu 
et al. 2011). Thus, the JA-triggered degradation of JAZs 
results in the EIN3/EIL1-induced transcriptional activa-
tion of ORA59 and ERF1 (Fig. 2). The ERF branch shows 
a synergistic interaction with ET-mediated signaling but an 
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antagonistic interaction with the MYC2 branch. The antago-
nistic interaction between the ERF and MYC2 branches is 
fulfilled in such a way that EIN3 and MYC2 mutually inhibit 
their transcriptional activities by binding to each other (Song 
et al. 2014).

Ethylene (ET)‑Mediated Signaling Pathway

The gaseous hormone ET is produced in a two-step enzy-
matic reaction. In Arabidopsis thaliana, multiple ET recep-
tors including ETYLENE RESPONSE1 (ETR1), ETHYL-
ENE RESPONSE SENSOR1 (ERS1), ETR2, ERS2, and 
EIN4 have been identified. All of these ET receptors are 
localized in the membrane of the endoplasmic reticulum 
(ER).

Upon ET perception, the fragment generated by EIN2 
cleavage at the C-terminus (EIN2-C) is translocated into 
the nucleus. By contrast, under normal conditions, CON-
STITUTIVE TRIPLE RESPONSE1 (CTR1)-mediated 
EIN2 phosphorylation not only prevents the cleavage but 
also promotes EIN2 degradation (Ju et al. 2012; Qiao et al. 
2012). When generated by ET signaling, the EIN2-C directly 
binds to the 3′ untranslated regions (UTRs) of the EIN3-
BINDING F BOX PROTEIN1 (EBF1) and EBF2 transcripts 
to repress their translation (Li et al. 2015; Merchante et al. 
2015). While the two F-box proteins, EBF1 and EBF2, 
mediate the degradation of EIN3/EIL1, which are essential 
transcription factors required for ET-induced gene expres-
sion under normal conditions (Potuschak et al. 2003), EIN3 
and EIL1 become stabilized by ET signaling and trigger the 
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ET responses by inducing the expression of numerous ET-
responsive genes (Fig. 2).

Salicylic Acid (SA)‑Mediated Signaling Pathway

Two SA biosynthetic pathways have been identified in plants, 
one involving ISOCHORISMATE SYNTHASE1 (ICS1) 
and the other involving PHENYLALANINE AMMONIA-
LYASE (PAL) (Lefevere et al. 2020). In Arabidopsis, SA is 
mainly biosynthesized through the isochorismate pathway 
involving ICS1 upon pathogen infection, whereas the PAL 
pathway only has a minor effect on SA-mediated immunity.

ICS1 catalyzes the conversion of chorismate to isochoris-
mate in the chloroplast. The expression of ICS1 is activated 
by two transcriptional activators, CALMODULIN BIND-
ING PROTEIN 60-LIKE G (CBP60g) and its homolog 
SYSTEMIC ACQUIRED RESISTANCE DEFICIENT1 
(SARD1) (Zhang et al. 2010). EDS5 was proposed to export 
isochorismate from the chloroplasts into the cytoplasm on 
the basis that EDS5 encodes a multidrug and toxin extru-
sion (MATE) transporter protein and SA accumulation is 
compromised in an eds5 mutant (Nawrath et al. 2002). After 
export from plastids, isochorismate is conjugated to gluta-
mate by AVRPPHB SUSCEPTIBLE3 (PBS3), after which 
isochorismate-9-glutamate decays into SA either sponta-
neously or facilitated by ENHANCED PSEUDOMONAS 
SUSCEPTIBLITY1 (EPS1) (Torrens-Spence et al. 2019) 
(Fig. 2). SA is directly perceived by NPR1 (Wu et al. 2012; 
Ding et al. 2018) and its homologs, NPR3 and NPR4 (Fu 
et al. 2012; Ding et al. 2018).

Nonexpresser of Pathogenesis‑Related Genes1 
(NPR1) in SA‑Mediated Immunity

NPR1 is a bona fide SA receptor (Wu et al. 2012; Ding et al. 
2018) (Fig. 2). The direct binding of SA induces a confor-
mational change in the NPR1 protein, resulting in the release 
of the C-terminal transactivation domain from the inhibitory 
effect of the N-terminal BTB/POZ domain (Wu et al. 2012). 
Mutations in NPR1 cause failures in the development of SA-
triggered immunity and impairments in SA- and pathogen-
induced PR gene expression (Cao et al. 1994, 1997; Dela-
ney et al. 1995; Shah et al. 1997). In addition, SA-induced 
transcriptional reprogramming is impaired in npr1 mutants. 
According to microarray-based and RNA sequencing-based 
analyses, npr1 mutations affect the expression of 99% of the 
benzothiadiazole S-methylester (called BTH; a functional 
SA analog)-inducible genes (Wang et al. 2006) and 71% 
of the 2,6-dichloroisonicotinic acid (called INA; a func-
tional SA analog)-inducible genes (Jin et al. 2018), respec-
tively; therefore, NPR1 acts as the master transcriptional 
regulator in the transmission of SA signals to transcriptional 
reprogramming.

Fig. 2  Phytohormone-mediated signaling pathways leading to tran-
scriptional reprogramming and immunity in Arabidopsis. For jas-
monic acid (JA) biosynthesis, α-linoleic acid is first converted to 
oxophytodienoic acid (OPDA) by a series of reactions catalyzed by 
various enzymes, including LIPOXYGENASE (LOX), ALLENE 
OXIDE SYNTHASE (AOS), and ALLENE OXIDE CYCLASE 
(AOC), in the chloroplasts. OPDA is then exported through JASSY 
from the chloroplast to the cytoplasm and subsequently imported 
into the peroxisome. Within the peroxisome, OPDA is reduced by 
OPDA REDUCTASE3 (OPR3), and the reduced product is shortened 
through three cycles of β-oxidation to generate JA. JA is perceived 
by CORONATINE-INSENSITIVE1 (COI1), which comprises the 
F-box subunit of the SKP1-CULLIN1-F-BOX-TYPE (SCF) ubiq-
uitin ligase complex  SCFCOI1. This complex mediates the degrada-
tion of the JASMONATE ZIM-DOMAIN (JAZ) proteins through 
26S proteasome. In the absence of JA, JAZs interact with MYC2 to 
suppress its transcriptional activity by forming a co-repressor com-
plex with NOVEL INTERACTOR OF JAZ (NINJA) and TOPLESS 
(TPL). The JA-induced degradation of the JAZs enables MYC2 to 
induce the transcriptional activation of the JA-responsive genes, 
including VEGETATIVE STORAGE PROTEIN2 (VSP2). The JAZs 
also repress the transcription of ETHYLENE RESPONSE FACTOR1 
(ERF1) and OCTADECANOID-RESPONSIVE ARABIDOPSIS AP2 
(ORA59) by interacting with ETHYLENE INSENSITIVE3 (EIN3) 
and EIN3 LIKE1 (EIL1). Upon JA-induced degradation of the JAZs, 
EIN3 and EIL1 induce the transcription of ERF1 and ORA59, result-
ing in the subsequent expression of JA-responsive genes including 
PLANT DEFENSIN1.2 (PDF1.2). In the absence of ethylene (ET), 
CONSTITUTIVE TRIPLE RESPONSE1 (CTR1) interacts with 
multiple ET receptors, including ETYLENE RESPONSE1 (ETR1), 
ETHYLENE RESPONSE SENSOR1 (ERS1), ETR2, ERS2, and 
EIN4, and directly phosphorylates the C-terminal domain of EIN2 
within the membrane of the endoplasmic reticulum (ER). EIN2 
phosphorylation by CTR1 prevents the cleavage of the EIN2-C frag-
ment but facilitates the degradation of EIN2 through the 26S protea-
some. In addition, EIN3 and EIL1 are degraded by the  SCFEBF1/2 
in the absence of ET in the nucleus. When ET receptors in the ER 
membrane perceive ET, the kinase activity of CTR1 becomes inac-
tivated. As a result, EIN2-C is cleaved, binds with the EBF1/2 tran-
scripts, and targets them to the cytoplasmic processing body (P-body) 
for their translational repression. As a result, EIN3 and EIL1 are 
released from  SCFEBF1/2-mediated degradation upon ET signaling. 
EIN2-C is also translocated into the nucleus and activates the tran-
scription of the ET-responsive genes, including the ERFs, through 
the activity of the undegraded EIN3 and EIL1. Salicylic acid (SA) 
is biosynthesized through the isochorismate pathway upon pathogen 
infection. In the chloroplasts, chorismate is converted to isochoris-
mate by ISOCHORISMATE SYNTHASE1 (ICS1). Isochorismate is 
then exported from the chloroplast to the cytoplasm by ENHANCED 
DISEASE SUSCEPTIBILITY5 (EDS5). Next, AVRPPHB SUSCEP-
TIBLE3 (PBS3) conjugates glutamate to isochorismate, generating 
isochorismate-9-glutamate. Finally, isochorismate-9-glutamate is 
converted into SA by ENHANCED PSEUDOMONAS SUSCEP-
TIBLITY1 (EPS1) or through spontaneous decay. SA induces the 
conversion of oligomeric NONEXPRESSOR OF PATHOGENESIS-
RELATED GENES1 (NPR1) proteins into their monomeric form. 
The monomerized NPR1 proteins are then translocated into the 
nucleus. Although NPR1 forms a complex with TGACG motif-bind-
ing transcription factors (TGAs) even in the absence of SA, the TGAs 
but not the NPR1–TGA complex are targeted to and repress the tran-
scription of the SA-responsive genes, including the PRs. When NPR1 
perceives SA via its direct binding, the NPR1–TGA complex is tar-
geted to and activates the transcription of the SA-responsive genes

◂
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The mechanism by which NPR1 regulates SA-mediated 
changes in gene expression has been extensively studied. 
An SA-triggered redox change induces NPR1 monomeriza-
tion, and the monomeric NPR1 is translocated from the cyto-
plasm to activate the PR genes (Mou et al. 2003) by interact-
ing with TGACG motif-binding transcription factors (TGAs) 
at the PR promoters (Zhang et al. 1999; Zhou et al. 2000; 
Després et al. 2003; Shearer et al. 2009) (Fig. 2). Based on 
cryo-electron microscopy and crystal structure analyses, it 
was recently proposed that the SA-induced structural change 
of NPR1 facilitates the recruitment of an unknown regulator 
for transcriptional activation (Kumar et al. 2022), suggesting 
that NPR1 might require other transcriptional activators for 
SA-induced gene expression. Indeed, a recent study demon-
strated that NPR1 forms a transcriptional co-activator com-
plex with CBP/p300-family histone acetyltransferases, HIS-
TONE ACETYLTRANSFERASE OF THE CBP FAMILY1 
(HAC1) and HAC5 (HAC1/5), as well as TGAs, and that the 
HAC-NPR1-TGA complex mediates histone H3 acetylation 
in the PR1 promoter and its transcriptional activation upon 
SA signaling (Jin et al. 2018).

The SMALL UBIQUITIN-LIKE MODIFIER3 
(SUMO3)-mediated sumoylation of NPR1 has been known 
to be a mechanism for NPR1 turnover (Saleh et al. 2015). 
This protein modification is induced by SA accumulation but 
inhibited by NPR1 phosphorylation at Ser55/Ser59 under 
normal conditions. The SA-induced NPR1 sumoylation 
promotes NPR1 phosphorylation at Ser11/Ser15, and the 
Ser11/Ser15 phosphorylation in turn enhances the NPR1 
sumoylation and NPR1 activity. The SUMO3-mediated 
NPR1 sumoylation also facilitates proteasome-mediated 
NPR1 degradation; thus, it was proposed that the protea-
some-mediated turnover of active NPR1 might facilitate 
NPR1-induced gene expression through a promoter-refresh-
ing mechanism (Spoel et al. 2009).

NPR3 and NPR4 in SA‑Mediated Immunity

The transcriptional co-activator role of NPR1 is suppressed 
by its homologs, NPR3 and NPR4 (NPR3/4). NPR3/4 act 
as SA receptors with affinities to SA that differ from that of 
NPR1, but also function as adaptors for the Cullin3 ubiq-
uitin E3 ligase which mediates the turnover of NPR1 pro-
tein in an SA concentration–dependent manner (Fu et al. 
2012). Moreover, functionally redundant NPR3/4 target 
several genes that are also SA-dependent NPR1 targets and 
repress their expression in the basal state (Ding et al. 2018). 
NPR3/4 also induces the transcriptional activation of the 
JA-responsive genes required for de novo JA biosynthesis 
during ETI-induced SA accumulation by directly mediating 
the degradation of JAZ repressors, resulting in enhanced 
ETI and HR that are associated with SA-triggered immunity 
(Liu et al. 2016).

Epigenetic Regulation of Plant Immunity

When attacked by pathogens, plants induce a massive tran-
scriptional reprogramming to elicit an effective immune 
response. As eukaryotic DNA is organized into chromatin, 
changes in chromatin structure are prerequisites for mas-
sive transcriptional reprogramming. Chromatin structure 
is regulated by epigenetic mechanisms, including DNA 
methylation, histone modification, chromatin remodeling, 
and non-coding RNAs. These epigenetic mechanisms 
enable plants to differentially use the genetic information 
in their DNA and adapt to and survive various pathogen 
challenges.

Role of DNA Methylation

The methylation of the fifth position of the pyrimidine 
ring of cytosine (5-methylcytosine) is the most abundant 
type of DNA methylation in plants, animals, and yeast. 
Whereas DNA methylation in animals mostly occurs at 
CG dinucleotides, DNA methylation in plants is deposited 
in three different cytosine sequence contexts: CG, CHG, 
and CHH (where H is A, T, or C). The genome-wide DNA 
methylation level has an impact on pathogen resistance 
in plants. Both the methyltransferase1 (met1) single and 
domains rearranged methylase1 (drm1) drm2 chromo-
methylase3 (cmt3) triple mutants, which have reduced 
genome-wide CG and CHG/CHH methylation levels, 
respectively, were more resistant to a bacterial pathogen 
known to induce SA-mediated immunity (Dowen et al. 
2012). In addition, several mutants defective in the RNA-
directed DNA methylation pathway, including nuclear 
rna polymerase e1 (nrpe1), nuclear RNA polymerase d2 
(nrpd2), rna-dependent rna polymerase2 (rdr2), defective 
in rna-dependent dna methylation1 (drd1), argonaute4 
(ago4), and the double drm1 drm2 mutant, were more 
susceptible to necrotrophic pathogens known to induce 
JA-mediated immunity (López et al. 2011). Some mutants 
defective in DNA methylation, including decreased dna 
methylation1 (ddm1), nrpe1, drd1, and cmt3, displayed 
enhanced resistance to a biotrophic pathogen, while exhib-
iting diminished resistance to a necrotrophic pathogen 
(López Sánchez et al. 2016). Contrasting phenotypes to the 
above were observed in the repressor of silencing1 (ros1) 
mutant, which has genome-wide hyper DNA methylation 
(López Sánchez et al. 2016).

DNA methylation is dynamically altered in response 
to infection by virulent and avirulent pathogens, and 
the SA content changes with a context-specific pattern 
(Dowen et al. 2012). More recently, it was reported that 
rapid DNA demethylation, which is dependent on ROS1, 
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DEMETER-LIKE PROTEIN2 (DML2), and DML3, is 
induced by flg22 and the ros1 dml2 dml3 triple mutant 
exhibits compromised flg22-triggered immunity (Huang 
et al. 2022). A pathogen attack induced DNA hypometh-
ylation at centromeric and pericentromeric regions (Pavet 
et al. 2006), while the SA-induced hypomethylation at 
several transposable elements was positively correlated 
with the derepression of these transposable elements 
(Dowen et al. 2012). Thus, it has, been hypothesized that 
DNA methylation levels at transposons or other repeti-
tive sequences near or within defense genes might affect 
the expression of these genes. The TNL-encoding gene 
RESISTANCE METHYLATED GENE1 (RMG1) contains 
two helitron-related repeats in its promoter. Consist-
ent with this hypothesis, the DNA methylation level at 
the repeat proximal to the transcriptional start site was 
increased in all cytosine contexts, and both the basal and 
flg22-induced transcript levels of RMG1 were compro-
mised in a ros1 mutant (Yu et al. 2013b).

Role of Histone Modifications

Eukaryotic DNA is wrapped around a histone octamer, 
forming a nucleosome, which is the basal repeating unit of 
chromatin. A histone octamer consists of two copies of the 
histone proteins H2A, H2B, H3, and H4. In addition, the 
histone H1 protein acts as a linker, and this linker activ-
ity is essential for higher-order chromatin organization. The 
N-terminal tail of each nucleosome histone protein protrudes 
from the nucleosome core, enabling histone modifiers easy 
access to the histone tails and post-translational modifica-
tions. The covalent modification of histones can affect the 
chromatin structure by altering the electric charge and struc-
ture of the histone tails. In addition, each covalent histone 
modification catalyzed by specific ‘writers’ can provide a 
binding platform for modification-specific ‘readers’, which 
eventually recruit ‘effectors’ that affect chromatin structure 
and transcription. Histone modifications therefore influence 
plant immunity mainly through regulating transcriptional 
output. Now, there is considerable evidence that numerous 
defense genes are regulated by histone modifications as writ-
ten below.

The acetylation of lysine residues within histones is regu-
lated by the opposing activities of histone acetyltransferases 
(HATs) and histone deacetylases (HDACs). Several HATs 
and HDACs have roles in the regulation of plant immunity 
via their histone acetyltransferase and deacetylase activities, 
respectively. HISTONE ACETYLTRANSFERASE OF THE 
GNAT FAMILY1 (HAG1), a member of the GNAT-family 
HATs, regulates the histone H3 lysine 14 (H3K14) acetyla-
tion levels in the 5′ and 3′ ends of its target genes, which is 
associated with the downregulation of genes acting in SA-
mediated immunity and the upregulation of genes acting as 

inhibitors of SA biosynthesis (Kim et al. 2020). Another 
GNAT-family member, ELONGATA3 (ELO3), also known 
as ELONGATOR PROTEIN3 (ELP3) or HAG3, is the cata-
lytic subunit of an elongator complex. The HAT activity of 
ELO3 was found to be required for SA-mediated immunity 
(Defraia et al. 2013); however, it remains unclear whether 
ELO3 directly targets and acetylates histones at SA-respon-
sive gene loci to induce their transcription.

Both HAC1 and HAC5 (HAC1/5), members of the CBP/
p300-family HATs, have positive roles in SA-mediated 
immunity with functional redundancy and HAC1 dominance. 
Dozens of SA-responsive genes, including PR genes, were 
induced in the presence of SA through HAC1/5-dependent 
histone H3 acetylation, and a subset of those genes were co-
regulated by NPR1 (Jin et al. 2018). Furthermore, to induce 
the expression of the JA-responsive genes, HAC1 acety-
lated H3K9 at their promoters by forming a complex with 
MEDIATOR SUBUNIT25 (MED25) and MYC2 (An et al. 
2017). Notably, HAC1 interacted with NPR1 and MYC2, 
which play essential roles in SA- and JA-mediated immu-
nity, respectively, suggesting that HAC1 might be a central 
regulator of multiple immunity pathways in Arabidopsis.

HISTONE DEACETYLASE19 (HDA19) and HDA6, 
members of the REDUCED POTASSIUM DEFICIENCY3 
(RPD3)/HISTONE DEACETYLASE1 (HDA1) family, 
function as positive regulators in JA-mediated immunity 
(Zhou et al. 2005; Wu et al. 2008), but as negative regu-
lators in SA-mediated immunity (Choi et al. 2012; Wang 
et al. 2017). In the regulation of JA-responsive genes, the 
opposing activities of HDA6 and HAG1 jointly maintain the 
acetylation homeostasis of a co-repressor, TOPLESS (TPL) 
(An et al. 2022). The HDA6 transcript level is increased in 
response to JA, thus facilitating TPL deacetylation which 
suppresses the TPL-dependent repression of JA-induced 
genes. This case therefore indicates that antagonistic activi-
ties of histone modifiers control the expression of defense 
genes through the modification of a non-histone protein.

In addition to HATs and HDACs, several histone methyl-
transferases and demethylases are known to be involved in 
the regulation of defense genes. A histone methyltransferase 
ARABIDOPSIS HOMOLOG OF TRITHORAX1 (ATX1) 
is targeted to WRKY70 in response to bacterial pathogens 
and deposits H3K4 trimethylation (H3K4me3) to activate 
the expression of the target gene (Alvarez-Venegas et al. 
2007). Another histone methyltransferase, SET DOMAIN 
GROUP8 (SDG8), affects both SA- and JA/ET-mediated 
immunity by regulating the H3K36me3-associated tran-
scription of defense genes; for example, the H3K36me3-
associated transcription of a gene encoding an RPS4-like R 
protein is dependent on SDG8 (Palma et al. 2010). SDG8 
also positively regulates both H3K36me3 enrichment and 
the transcription of SA- or JA/ET-responsive marker genes 
upon pathogen infection or exogenous hormone treatment 
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(Berr et al. 2010; Zhang et al. 2020). An H3K4 methyl-
transferase, SDG25, plays a positive role in the regulation 
of genes encoding TNLs (Xia et al. 2013). Mutations in the 
JUMONJI DOMAIN-CONTAINING PROTEIN14 (JMJ14) 
or JMJ27 histone demethylase gene cause a reduced disease 
resistance to a bacterial pathogen associated with SA-medi-
ated immunity (Dutta et al. 2017; Li et al. 2020).

Role of Chromatin‑Remodeling Complexes (CRCs)

Chromatin-remodeling complexes (CRCs) are large and 
multi-component complexes that affect the position and/or 
composition of the nucleosomes. CRCs contain an ATPase/
helicase subunit of the SWITCHING DEFECTIVE2/
SUCROSE NON-FERMENTING2 (SWI2/SNF2) family, 
and energy derived from ATP hydrolysis allows the CRCs 
to modify nucleosomes. The SWI2/SNF2-family CRCs are 
evolutionarily conserved and categorized into four subfam-
ilies: SWI/SNF, IMITATION SWITCH (ISWI), CHRO-
MODOMAIN HELICASE DNA-BINDING (CHD), and 
INOSITOL REQUIRING 80 (INO80). In comparison with 
other epigenetic mechanisms, little is known about the role 
of CRCs in plant immunity.

The SWI2/SNF2-RELATED1 (SWR1) complex belong-
ing to the INO subfamily catalyzes the replacement of 
canonical H2A with the H2A.Z variant. PHOTOPERIOD-
INDEPENDENT EARLY FLOWERING1 (PIE1) is the cat-
alytic subunit of the SWR1 complex. Mutations in both PIE1 
and the genes encoding the subunits of the SWR1 complex 
and H2A.Z affects plant immunity. In the pie1, sef, and hta9 
hta11 mutants, the basal transcript levels of SA-responsive 
genes and basal resistance to biotrophic pathogens were 
increased (March-Diaz et al. 2008); however, by contrast, a 
more recent study showed that basal resistance to biotrophic 
pathogens was reduced in the mutants of genes encoding the 
SWR1 complex, including pie1, swc6, and hta9 hta11 (Ber-
riri et al. 2016). The same study also reported that ETI and 
JA/ET-mediated immunity were compromised in the pie1 
and swc6 mutants (Berriri et al. 2016). A SWI/SNF subfam-
ily member, SPLAYED (SYD), is required for the resistance 
against necrotrophic but not biotrophic pathogens, and tar-
gets several marker genes of JA/ET-mediated immunity to 
induce their transcription (Walley et al. 2008).

Role of Long Noncoding RNAs (lncRNAs)

LncRNAs are transcripts with more than 200 nucleotides 
and no protein-coding capacity. LncRNAs are pervasively 
transcribed from various genomic regions, including inter-
genic sequences, enhancers, introns, and some regions of 
protein-coding sequences in either sense or antisense orien-
tations. This heterogeneity makes lncRNAs versatile regula-
tors that are involved in diverse biological processes using a 

variety of molecular mechanisms. LncRNAs may regulate 
genes in cis and/or trans; cis-acting lncRNAs regulate the 
expression of genes located at or near their own loci of tran-
scription, while trans-acting lncRNAs regulate the expres-
sion of genes at distant loci. LncRNAs may act as scaffolds 
for the assembly of RNA–protein complexes or sometimes 
recruit epigenetic or transcriptional factors to specific loci 
through their sequence complementarity to DNA or RNA. 
Recently, lncRNAs have emerged as important regulators 
of plant immunity.

The ELF18-INDUCED LONG NONCODING RNA1 
(ELENA1) recruits MED19a to the PR1 promoter and 
induces its expression upon PAMP treatment, thereby act-
ing as a positive regulator in PAMP-triggered SA-induced 
immunity (Seo et al. 2017). More recently, ELENA1 was 
reported to evict FIBRILLARIN2 (FIB2) from MED19a on 
the PR1 promoter, resulting in PR1 derepression (Seo et al. 
2019).

A lncRNA, SALICYLIC ACID BIOGENESIS CONTROL-
LER1 (SABC1), balances immunity and growth by regulat-
ing SA biosynthesis (Liu et al. 2022). Under normal condi-
tions, SABC1 suppresses immunity and promotes growth 
by recruiting POLYCOMB REPRESSIVE COMPLEX2 
(PRC2) to NAC3 to repress its transcription via H3K27me3 
deposition; however, upon pathogen infection, the transcript 
level of SABC1 in decreased, resulting in the transcriptional 
activation of NAC3 and the subsequent derepression of 
immunity and growth inhibition.

Concluding Remarks

The co-evolutionary arms race between plants and phy-
topathogens has resulted in various types of virulence fac-
tors in phytopathogens and pathogen-receptors in plants. 
Research over the past few decades has revealed that plants 
and phytopathogens use a variety of strategies for successful 
pathogen recognition and enhanced virulence, respectively; 
however, our understanding of the underlying molecular 
mechanisms is limited to only a few plant receptors and 
pathogen effectors (Kourelis and van der Hoorn 2018; Xin 
et al. 2018). Recent studies that have described the exist-
ence of intricate cross-talks between PTI and ETI further 
show the complexity of the plant immune responses against 
pathogens (Ngou et al. 2021; Pruitt et al. 2021; Yuan et al. 
2021). Although PTI and ETI share various downstream 
events, the mechanisms by which ETI activates the more 
rapid and robust immune responses than PTI and the reason 
why HR is specific to ETI signaling should be answered in 
greater detail.

Crosstalks in plant immunity are also found among the 
phytohormone-mediated signaling pathways. It was pro-
posed that the JA- and ET-mediated signaling pathways are 



Journal of Plant Biology 

1 3

synergistic, whereas the SA- and JA/ET-mediated signaling 
pathways are antagonistic to each other (Li et al. 2019); how-
ever, evidence from recent studies has indicated that the SA- 
and JA/ET-mediated signaling pathways are not necessarily 
antagonistic (De vos et al. 2006; Mur et al. 2006; Liu et al. 
2016; Mine et al. 2017). Considering that the SA- and JA/
ET-triggered immune responses are responsible for defense 
against different types of pathogens, the activation of one of 
the immunity pathways by a type of pathogen may make host 
plants vulnerable to other types of pathogens which trigger 
the other immunity pathway. To avoid this risk, plants might 
balance and orchestrate various signaling pathways through 
cross-talks to achieve an optimal immunity to defend against 
potential attacks as well as responding to immediate attacks.

Unlike animals, plants do not have permanently differen-
tiated immune cells. However, plants can induce immune-
equipped cells upon pathogen attack. Based on this nature of 
plant immunity, which is operated through cell-fate transi-
tions from normal to immune-equipped cells, massive tran-
scriptional reprogramming is necessary and fundamental 
in plant immunity. Therefore, epigenetic mechanisms and 
regulators that enable transcriptional reprogramming are to 
be important in plant immunity also. However, given that 
epigenetic regulators usually have multiple and broad targets 
and participate in various biological processes, pleiotropic 
effects from the misexpression of epigenetic regulators are 
to be expected and considered when the role of epigenetic 
components in immunity is assessed. For this reason, the 
molecular mechanisms as well as phenotypic effects of the 
epigenetic components must be elucidated in detail. As one 
epigenetic component-related aspect, it would be of inter-
est to identify new epigenetic partners targeting the mas-
ter transcriptional regulators of plant immunity, including 
NPR1, MYC2, and EIN3/EIL1 involved in SA-, JA- and ET-
triggered immunity, respectively, and reveal their underlying 
regulatory molecular mechanisms.

Studies of systemic immunity in plants are of great value 
due to their major application potentials for enhancing 
immune response. Despite extensive studies to identify the 
mobile signals that establish systemic immunity, bona fide 
mobile signals are yet to be confirmed. In addition to identi-
fying the mobile signals, future studies on systemic immu-
nity should address how the mobile signals are generated 
in local tissues and perceived in systemic tissues. Systemic 
immunity enables plants to prime an enhanced resistance 
against broad-spectrum pathogens, and is likely to occur 
at the physiological, metabolic, and transcriptional levels. 
Epigenetic mechanisms, including DNA methylations and 
histone modifications, may provide mechanisms for defense 
priming at the transcriptional level. In this regard, it would 
be of interest to elucidate how an initial exposure to a patho-
gen is memorized at the transcriptional level through epige-
netic mechanisms.

Acknowledgements This work was supported by grants from the 
National Research Foundation of Korea (NRF-2021R1A2C1012064 
and NRF-2021R1A5A1032428 to  Y.-S.N.  and NRF-
2020R1A2C2008109 to B.N.).

Author Contributions S-HY and Y-SN wrote the manuscript with 
advice and supervision from BN.

Declarations 

Conflict of Interest The authors declare no conflict of interest.

References

Alvarez-Venegas R, Abdallat AA, Guo M, Alfano JR, Avramova Z 
(2007) Epigenetic control of a transcription factor at the cross 
section of two antagonistic pathways. Epigenetics 2:106–113

An C, Li L, Zhai Q, You Y, Deng L, Wu F, Chen R, Jiang H, Wang 
H, Chen Q, Li C (2017) Mediator subunit MED25 links the jas-
monate receptor to transcriptionally active chromatin. Proc Natl 
Acad Sci USA 114:E8930–E8939

An C, Deng L, Zhai H, You Y, Wu F, Zhai Q, Goossens A, Li C (2022) 
Regulation of jasmonate signaling by reversible acetylation of 
TOPLESS in Arabidopsis. Mol Plant 15:1329–1346

Attaran E, Zeier TE, Griebel T, Zeier J (2009) Methyl salicylate pro-
duction and jasmonate signaling are not essential for systemic 
acquired resistance in Arabidopsis. Plant Cell 21:954–971

Axtell MJ, Staskawicz BJ (2003) Initiation of RPS2-specified disease 
resistance in Arabidopsis is coupled to the AvrRpt2-directed 
elimination of RIN4. Cell 112:369–377

Berr A, McCallum EJ, Alioua A, Heintz D, Heitz T, Shen WH (2010) 
Arabidopsis histone methyltransferase SET DOMAIN GROUP8 
mediates induction of the jasmonate/ethylene pathway genes 
in plant defense response to necrotrophic fungi. Plant Physiol 
154:1403–1414

Berriri S, Gangappa SN, Kumar SV (2016) SWR1 chromatin-remod-
eling complex subunits and H2A.Z have non-overlapping func-
tions in immunity and gene regulation in Arabidopsis. Mol Plant 
9:1051–1065

Bi G, Su M, Li N, Liang Y, Dang S, Xu J, Hu M, Wang J, Zou M, Deng 
Y, Li Q, Huang S, Li J, Chai J, He K, Chen Y-h, Zhou J-M (2021) 
The ZAR1 resistosome is a calcium-permeable channel trigger-
ing plant immune signaling. Cell 184:3528–3541

Cao H, Bowling SA, Gordon AS, Dong X (1994) Characterization of an 
Arabidopsis mutant that is nonresponsive to inducers of systemic 
acquired resistance. Plant Cell 6:1583–1592

Cao H, Glazebrook J, Clarke JD, Volko S, Dong X (1997) The 
Arabidopsis NPR1 gene that controls systemic acquired resist-
ance encodes a novel protein containing ankyrin repeats. Cell 
88:57–63

Cao Y, Liang Y, Tanaka K, Nguyen CT, Jedrzejczak RP, Joachimiak 
A, Stacey G (2014) The kinase LYK5 is a major chitin receptor 
in Arabidopsis and forms a chitin-induced complex with related 
kinase CERK1. Elife 3:e03766

Chanda B, Xia Y, Mandal MK, Yu K, Sekine KT, Gao QM, Selote D, 
Hu Y, Stromberg A, Navarre D, Kachroo A, Kachroo P (2011) 
Glycerol-3-phosphate is a critical mobile inducer of systemic 
immunity in plants. Nat Genet 43:421–427

Chinchilla D, Zipfel C, Robatzek S, Kemmerling B, Nürnberger T, 
Jones JDG, Felix G, Boller T (2007) A flagellin-induced complex 
of the receptor FLS2 and BAK1 initiates plant defence. Nature 
448:497–500



 Journal of Plant Biology

1 3

Chini A, Fonseca S, Fernández G, Adie B, Chico JM, Lorenzo O, 
García-Casado G, López-Vidriero I, Lozano FM, Ponce MR, 
Micol JL, Solano R (2007) The JAZ family of repressors is 
the missing link in jasmonate signalling. Nature 448:666–671

Choi S-M, Song H-R, Han S-K, Han M, Kim C-Y, Park J, Lee Y-H, 
Jeon J-S, Noh Y-S, Noh B (2012) HDA19 is required for the 
repression of salicylic acid biosynthesis and salicylic acid-
mediated defense responses in Arabidopsis. Plant J 71:135–146

De Vos M, Van Zaanen W, Koornneef A, JmP K, Dicke M, Van 
Loon LC, Pieterse CMJ (2006) Herbivore-induced resistance 
against microbial pathogens in Arabidopsis. Plant Physiol 
142:352–363

DeFraia CT, Wang Y, Yao J, Mou Z (2013) Elongator subunit 3 
positively regulates plant immunity through its histone acetyl-
transferase and radical S-adenosylmethionine domains. BMC 
Plant Biol 13:102

Delaney TP, Friedrich L, Ryals JA (1995) Arabidopsis signal 
transduction mutant defective in chemically and biologi-
cally induced disease resistance. Proc Natl Acad Sci USA 
92:6602–6606

Després C, Chubak C, Rochon A, Clark R, Bethune T, Desveaux D, 
Fobert PR (2003) The Arabidopsis NPR1 disease resistance pro-
tein is a novel cofactor that confers redox regulation of DNA 
binding activity to the basic domain/leucine zipper transcription 
factor TGA1. Plant Cell 15:2181–2191

Ding Y, Sun T, Ao K, Peng Y, Zhang Y, Li X, Zhang Y (2018) Oppo-
site roles of salicylic acid receptors NPR1 and NPR3/NPR4 in 
transcriptional regulation of plant immunity. Cell 173:1454–1467

Dong OX, Tong M, Bonardi V, El Kasmi F, Woloshen V, Wünsch LK, 
Dangl JL, Li X (2016) TNL-mediated immunity in Arabidopsis 
requires complex regulation of the redundant ADR1 gene family. 
New Phytol 210:960–973

Dowen RH, Pelizzola M, Schmitz RJ, Lister R, Dowen JM, Nery JR, 
Dixon JE, Ecker JR (2012) Widespread dynamic DNA meth-
ylation in response to biotic stress. Proc Natl Acad Sci USA 
109:E2183–E2191

Dutta A, Choudhary P, Caruana J, Raina R (2017) JMJ27, an Arabi-
dopsis H3K9 histone demethylase, modulates defense against 
Pseudomonas syringae and flowering time. Plant J 91:1015–1028

Feng F, Yang F, Rong W, Wu X, Zhang J, Chen S, He C, Zhou JM 
(2012) A xanthomonas uridine 5’-monophosphate transferase 
inhibits plant immune kinases. Nature 485:114–118

Fu ZQ, Yan S, Saleh A, Wang W, Ruble J, Oka N, Mohan R, Spoel 
SH, Tada Y, Zheng N, Dong X (2012) NPR3 and NPR4 are 
receptors for the immune signal salicylic acid in plants. Nature 
486:228–232

Gaffney T, Friedrich L, Vernooij B, Negrotto D, Nye G, Uknes S, 
Ward E, Kessmann H, Ryals J (1993) Requirement of salicylic 
acid for the induction of systemic acquired resistance. Science 
261:754–756

Gong B-Q, Guo J, Zhang N, Yao X, Wang H-B, Li J-F (2019) Cross-
microbial protection via priming a conserved immune co-recep-
tor through juxtamembrane phosphorylation in plants. Cell Host 
Microbe 26:810–822

Guan L, Denkert N, Eisa A, Lehmann M, Sjuts I, Weiberg A, Soll J, 
Meinecke M, Schwenkert S (2019) JASSY, a chloroplast outer 
membrane protein required for jasmonate biosynthesis. Proc Natl 
Acad Sci USA 116:10568–10575

Halter T, Imkampe J, Blaum BS, Stehle T, Kemmerling B (2014) BIR2 
affects complex formation of BAK1 with ligand binding recep-
tors in plant defense. Plant Signal Behav 9:e28944

Hartmann M, Zeier T, Bernsdorff F, Reichel-Deland V, Kim D, Hohm-
ann M, Scholten N, Schuck S, Bräutigam A, Hölzel T, Ganter C, 
Zeier J (2018) Flavin monooxygenase-generated N-hydroxyp-
ipecolic acid is a critical element of plant systemic immunity. 
Cell 173:456–469

Huang M, Zhang Y, Wang Y, Xie J, Cheng J, Fu Y, Jiang D, Yu 
X, Li B (2022) Active DNA demethylation regulates MAMP-
triggered immune priming in Arabidopsis. J Genet Genomics 
49:796–809

Imkampe J, Halter T, Huang S, Schulze S, Mazzotta S, Schmidt 
N, Manstretta R, Postel S, Wierzba M, Yang Y, van Dongen 
WMAM, Stahl M, Zipfel C, Goshe MB, Clouse S, de Vries 
SC, Tax F, Wang X, Kemmerling B (2017) The Arabidopsis 
leucine-rich repeat receptor kinase BIR3 negatively regulates 
BAK1 receptor complex formation and stabilizes BAK1. Plant 
Cell 29:2285–2303

Jin H, Choi S-M, Kang M-J, Yun S-H, Kwon D-J, Noh Y-S, Noh B 
(2018) Salicylic acid-induced transcriptional reprogramming 
by the HAC–NPR1–TGA histone acetyltransferase complex in 
Arabidopsis. Nucleic Acids Res 46:11712–11725

Ju C, Yoon GM, Shemansky JM, Lin DY, Ying ZI, Chang J, Garrett 
WM, Kessenbrock M, Groth G, Tucker ML, Coopere B, Kieber 
JJ, Chang C (2012) CTR1 phosphorylates the central regulator 
EIN2 to control ethylene hormone signaling from the ER mem-
brane to the nucleus in Arabidopsis. Proc Natl Acad Sci USA 
109:19486–19491

Katsir L, Schilmiller AL, Staswick PE, He SY, Howe GA (2008) 
COI1 is a critical component of a receptor for jasmonate and the 
bacterial virulence factor coronatine. Proc Natl Acad Sci USA 
105:7100–7105

Kazan K, Manners JM (2013) MYC2: the master in action. Mol Plant 
6:686–703

Kim MG, da Cunha L, McFall AJ, Belkhadir Y, DebRoy S, Dangl 
JL, Mackey D (2005) Two Pseudomonas syringae type III effec-
tors inhibit RIN4-regulated basal defense in Arabidopsis. Cell 
121:749–759

Kim S, Piquerez SJM, Ramirez-Prado JS, Mastorakis E, Veluchamy 
A, Latrasse D, Manza-Mianza D, Brik-Chaouche R, Huang Y, 
Rodriguez-Granados NY, Concia L, Blein T, Citerne S, Ben-
dahmane A, Bergounioux C, Crespi M, Mahfouz MM, Raynaud 
C, Hirt H, Ntoukakis V, Benhamed M (2020) GCN5 modulates 
salicylic acid homeostasis by regulating H3K14ac levels at the 5′ 
and 3′ ends of its target genes. Nucleic Acids Res 48:5953–5966

Kourelis J, van der Hoorn RAL (2018) Defended to the nines: 25 years 
of resistance gene cloning identifies nine mechanisms for R pro-
tein function. Plant Cell 30:285–299

Kumar S, Zavaliev R, Wu Q, Zhou Y, Cheng J, Dillard L, Powers J, 
Withers J, Zhao J, Guan Z, Borgnia MJ, Bartesaghi A, Dong 
X, Zhou P (2022) Structural basis of NPR1 in activating plant 
immunity. Nature 605:561–566

Lefevere H, Bauters L, Gheysen G (2020) Salicylic acid biosynthesis 
in plants. Front Plant Sci 11:338

Lewis JD, Lee AH-Y, Hassan JA, Wan J, Hurley B, Jhingree JR, Wang 
PW, Lo T, Youn J-Y, Guttman DS, Desveaux D (2013) The 
Arabidopsis ZED1 pseudokinase is required for ZAR1-mediated 
immunity induced by the Pseudomonas syringae type III effector 
HopZ1a. Proc Natl Acad Sci USA 110:18722–18727

Li L, Li M, Yu L, Zhou Z, Liang X, Liu Z, Cai G, Gao L, Zhang X, 
Wang Y, Chen S, Zhou J-M (2014) The FLS2-associated kinase 
BIK1 directly phosphorylates the NADPH oxidase RbohD to 
control plant immunity. Cell Host Microbe 15:329–338

Li W, Ma M, Feng Y, Li H, Wang Y, Ma Y, Li M, An F, Guo H (2015) 
EIN2-directed translational regulation of ethylene signaling in 
Arabidopsis. Cell 163:670–683

Li N, Han X, Feng D, Yuan D, Huang L-J (2019) Signaling crosstalk 
between salicylic acid and ethylene/jasmonate in plant defense: 
do we understand what they are whispering? Int J Mol Sci 20:671

Li D, Liu R, Singh D, Yuan X, Kachroo P, Raina R (2020) JMJ14 
encoded H3K4 demethylase modulates immune responses by 
regulating defence gene expression and pipecolic acid levels. 
New Phytol 225:2108–2121



Journal of Plant Biology 

1 3

Liu L, Sonbol F-M, Huot B, Gu Y, Withers J, Mwimba M, Yao J, He 
SY, Dong X (2016) Salicylic acid receptors activate jasmonic 
acid signalling through a non-canonical pathway to promote 
effector-triggered immunity. Nature Commun 7:13099

Liu N, Xu Y, Li Q, Cao Y, Yang D, Liu S, Wang X, Mi Y, Liu Y, 
Ding C, Liu Y, Li Y, Yuan Y-W, Gao G, Chen J, Qian W, 
Zhang X (2022) A lncRNA fine-tunes salicylic acid biosynthe-
sis to balance plant immunity and growth. Cell Host Microbe 
30:1124–1138

López A, Ramírez V, García-Andrade J, Flors V, Vera P (2011) The 
RNA silencing enzyme RNA polymerase V is required for 
plant immunity. PLOS Genet 7:e1002434

López Sánchez A, Stassen JHM, Furci L, Smith LM, Ton J (2016) 
The role of DNA (de)methylation in immune responsiveness 
of Arabidopsis. Plant J88:361–374

Luna E, Bruce TJA, Roberts MR, Flors V, Ton J (2012) Next-gener-
ation systemic acquired resistance. Plant Physiol 158:844–853

Mackey D, Holt BF, Wiig A, Dangl JL (2002) RIN4 interacts with 
Pseudomonas syringae type III effector molecules and is 
required for RPM1-mediated resistance in Arabidopsis. Cell 
108:743–754

March-Diaz R, Garcia-Dominguez M, Lozano-Juste J, Leon J, Flor-
encio FJ, Reyes JC (2008) Histone H2A.Z and homologues of 
components of the SWR1 complex are required to control immu-
nity in Arabidopsis. Plant J 53:475–487

Merchante C, Brumos J, Yun J, Hu Q, Spencer Kristina R, Enríquez 
P, Binder Brad M, Heber S, Stepanova Anna N, Alonso Jose 
M (2015) Gene-specific translation regulation mediated by the 
hormone-signaling molecule EIN2. Cell 163:684–697

Mine A, Nobori T, Salazar-Rondon MC, Winkelmüller TM, Anver 
S, Becker D, Tsuda K (2017) An incoherent feed-forward loop 
mediates robustness and tunability in a plant immune network. 
EMBO Rep 18:464–476

Mou Z, Fan W, Dong X (2003) Inducers of plant systemic acquired 
resistance regulate NPR1 function through redox changes. Cell 
113:935–944

Mur LAJ, Kenton P, Atzorn R, Miersch O, Wasternack C (2006) The 
outcomes of concentration-specific interactions between salicy-
late and jasmonate signaling include synergy, antagonism, and 
oxidative stress leading to cell death. Plant Physiol 140:249–262

Navarova H, Bernsdorff F, Doring AC, Zeier J (2012) Pipecolic acid, 
an endogenous mediator of defense amplification and priming, 
is a critical regulator of inducible plant immunity. Plant Cell 
24:5123–5141

Nawrath C, Heck S, Parinthawong N, Métraux J-P (2002) EDS5, an 
essential component of salicylic acid–dependent signaling for 
disease resistance in Arabidopsis, is a member of the MATE 
transporter family. Plant Cell 14:275–286

Ngou BPM, Ahn H-K, Ding P, Jones JDG (2021) Mutual potentiation 
of plant immunity by cell-surface and intracellular receptors. 
Nature 592:110–115

Palma K, Thorgrimsen S, Malinovsky FG, Fiil BK, Nielsen HB, 
Brodersen P, Hofius D, Petersen M, Mundy J (2010) Autoim-
munity in Arabidopsis acd11 is mediated by epigenetic regula-
tion of an immune receptor. PLOS Pathog 6:e1001137

Park S-W, Kaimoyo E, Kumar D, Mosher S, Klessig DF (2007) Methyl 
salicylate is a critical mobile signal for plant systemic acquired 
resistance. Science 318:113–116

Pauwels L, Barbero GF, Geerinck J, Tilleman S, Grunewald W, Pérez 
AC, Chico JM, Bossche RV, Sewell J, Gil E et al (2010) NINJA 
connects the co-repressor TOPLESS to jasmonate signalling. 
Nature 464:788–791

Pavet V, Quintero C, Cecchini NM, Rosa AL, Alvarez ME (2006) 
Arabidopsis displays centromeric DNA hypomethylation and 
cytological alterations of heterochromatin upon attack by Pseu-
domonas syringae. Mol Plant Microbe Interact 19:577–587

Potuschak T, Lechner E, Parmentier Y, Yanagisawa S, Grava S, Koncz 
C, Genschik P (2003) EIN3-Dependent regulation of plant ethyl-
ene hormone signaling by two Arabidopsis F box proteins: EBF1 
and EBF2. Cell 115:679–689

Pruitt RN, Locci F, Wanke F, Zhang L, Saile SC, Joe A, Karelina 
D, Hua C, Fröhlich K, Wan W-L, Hu M, Rao S, Stolze SC, 
Harzen A, Gust AA, Harter K, Joosten MHAJ, Thomma BPHJ, 
Zhou JM, Dangl JL, Weigel D, Nakagami H, Oecking C, Kasmi 
FE, Parker JE, Nürnberger T (2021) The EDS1–PAD4–ADR1 
node mediates Arabidopsis pattern-triggered immunity. Nature 
598:495–499

Qiao H, Shen Z, S-sC H, Schmitz RJ, Urich MA, Briggs SP, Ecker 
JR (2012) Processing and subcellular trafficking of ER-tethered 
EIN2 control response to ethylene gas. Science 338:390–393

Rasmann S, De Vos M, Casteel CL, Tian D, Halitschke R, Sun JY, 
Agrawal AA, Felton GW, Jander G (2012) Herbivory in the pre-
vious generation primes plants for enhanced insect resistance. 
Plant Physiol 158:854–863

Rietz S, Stamm A, Malonek S, Wagner S, Becker D, Medina-Escobar 
N, Corina Vlot A, Feys BJ, Niefind K, Parker JE (2011) Different 
roles of ENHANCED DISEASE SUSCEPTIBILITY1 (EDS1) 
bound to and dissociated from PHYTOALEXIN DEFICIENT4 
(PAD4) in Arabidopsis immunity. New Phytol 191:107–119

Ryals J, Lawton KA, Delaney TP, Friedrich L, Kessmann H, Neuen-
schwander U, Uknes S, Vernooij B, Weymann K (1995) Signal 
transduction in systemic acquired resistance. Proc Natl Acad Sci 
USA 92:4202–4205

Saleh A, Withers J, Mohan R, Marqués J, Gu Y, Yan S, Zavaliev R, 
Nomoto M, Tada Y, Dong X (2015) Posttranslational modifi-
cations of the master transcriptional regulator NPR1 enable 
dynamic but tight control of plant immune responses. Cell Host 
Microbe 18:169–182

Sarris PF, Duxbury Z, Huh SU, Ma Y, Segonzac C, Sklenar J, Der-
byshire P, Cevik V, Rallapalli G, Saucet SB, Wirthmueller L, 
Menke FLH, Sohn KH, Jones JDG (2015) A plant immune recep-
tor detects pathogen effectors that target WRKY transcription 
factors. Cell 161:1089–1100

Schaller F, Biesgen C, Mussig C, Altmann T, Weiler EW (2000) 
12-Oxophytodienoate reductase 3 (OPR3) is the isoenzyme 
involved in jasmonate biosynthesis. Planta 210:979–984

Seo JS, Sun H-X, Park BS, Huang C-H, Yeh S-D, Jung C, Chua N-H 
(2017) ELF18-induced long-noncoding RNA associates with 
mediator to enhance expression of innate immune response genes 
in Arabidopsis. Plant Cell 29:1024–1038

Seo JS, Diloknawarit P, Park BS, Chua NH (2019) ELF18-induced 
long noncoding RNA 1 evicts fibrillarin from mediator subunit 
to enhance pathogenesis-related gene 1 (PR1) expression. New 
Phytol 221:2067–2079

Shah J, Tsui F, Klessig DF (1997) Characterization of a salicylic acid-
insensitive mutant (sai1) of Arabidopsis thaliana, identified in a 
selective screen utilizing the SA-inducible expression of the tms2 
gene. Mol Plant Microbe Interact 10:69–78

Shearer HL, Wang L, DeLong C, Despres C, Fobert PR (2009) NPR1 
enhances the DNA binding activity of the Arabidopsis bZIP tran-
scription factor TGA7. Botany 87:561–570

Slaughter A, Daniel X, Flors V, Luna E, Hohn B, Mauch-Mani B 
(2012) Descendants of primed Arabidopsis plants exhibit resist-
ance to biotic stress. Plant Physiol 158:835–843

Song S, Huang H, Gao H, Wang J, Wu D, Liu X, Yang S, Zhai Q, Li C, 
Qi T, Xie D (2014) Interaction between MYC2 and ETHYLENE 
INSENSITIVE3 modulates antagonism between jasmonate and 
ethylene signaling in Arabidopsis. Plant Cell 26:263–279

Spoel SH, Mou Z, Tada Y, Spivey NW, Genschik P, Dong X (2009) 
Proteasome-mediated turnover of the transcription coactiva-
tor NPR1 plays dual roles in regulating plant immunity. Cell 
137:860–872



 Journal of Plant Biology

1 3

Stegmann M, Monaghan J, Smakowska-Luzan E, Rovenich H, Lehner 
A, Holton N, Belkhadir Y, Zipfel C (2017) The receptor kinase 
FER is a RALF-regulated scaffold controlling plant immune 
signaling. Science 355:287–289

Sun X, Lapin D, Feehan JM, Stolze SC, Kramer K, Dongus JA, Rze-
mieniewski J, Blanvillain-Baufumé S, Harzen A, Bautor J, 
Derbyshire P, Menke FLH, Finkemeier I, Nakagami H, Jones 
JDG, Parker JE (2021) Pathogen effector recognition-dependent 
association of NRG1 with EDS1 and SAG101 in TNL receptor 
immunity. Nat Commun 12:3335

Thines B, Katsir L, Melotto M, Niu Y, Mandaokar A, Liu G, Nomura 
K, He SY, Howe GA, Browse J (2007) JAZ repressor proteins 
are targets of the  SCFCOI1 complex during jasmonate signalling. 
Nature 448:661–665

Tian W, Hou C, Ren Z, Wang C, Zhao F, Dahlbeck D, Hu S, Zhang 
L, Niu Q, Li L, Staskawicz BJ, Luan S (2019) A calmodulin-
gated calcium channel links pathogen patterns to plant immunity. 
Nature 572:131–135

Torrens-Spence MP, Bobokalonova A, Carballo V, Glinkerman CM, 
Pluskal T, Shen A, Weng J-K (2019) PBS3 and EPS1 complete 
salicylic acid biosynthesis from isochorismate in Arabidopsis. 
Mol Plant 12:1577–1586

van der Hoorn RAL, Kamoun S (2008) From guard to decoy: a new 
model for perception of plant pathogen effectors. Plant Cell 
20:2009–2017

Vernooij B, Friedrich L, Morse A, Reist R, Kolditz-Jawhar R, Ward E, 
Uknes S, Kessmann H, Ryals J (1994) Salicylic acid is not the 
translocated signal responsible for inducing systemic acquired 
resistance but is required in signal transduction. Plant Cell 
6:959–965

Walley JW, Rowe HC, Xiao Y, Chehab EW, Kliebenstein DJ, Wagner 
D, Dehesh K (2008) The chromatin remodeler SPLAYED regu-
lates specific stress signaling pathways. PLoS Pathog 4:e1000237

Wang D, Amornsiripanitch N, Dong X (2006) A genomic approach 
to identify regulatory nodes in the transcriptional network of 
systemic acquired resistance in plants. PLOS Pathog 2:e123

Wang C, El-Shetehy M, Shine MB, Yu K, Navarre D, Wendehenne D, 
Kachroo A, Kachroo P (2014) Free radicals mediate systemic 
acquired resistance. Cell Rep 7:348–355

Wang G, Roux B, Feng F, Guy E, Li L, Li N, Zhang X, Lautier M, 
Jardinaud M-F, Chabannes M, Arlat M, Chen S, He C, Noël LD, 
Zhou J-M (2015) The decoy substrate of a pathogen effector and 
a pseudokinase specify pathogen-induced modified-self recog-
nition and immunity in plants. Cell Host Microbe 18:285–295

Wang Y, Hu Q, Wu Z, Wang H, Han S, Jin Y, Zhou J, Zhang Z, Jiang 
J, Shen Y, Shi H, Yang W (2017) HISTONE DEACETYLASE 
6 represses pathogen defence responses in Arabidopsis thaliana. 
Plant Cell Environ 40:2972–2986

Wang C, Liu R, Lim GH, de Lorenzo L, Yu K, Zhang K, Hunt AG, 
Kachroo A, Kachroo P (2018) Pipecolic acid confers systemic 
immunity by regulating free radicals. Sci Adv 4:4509

Wang J, Hu M, Wang J, Qi J, Han Z, Wang G, Qi Y, Wang H-W, Zhou 
J-M, Chai J (2019) Reconstitution and structure of a plant NLR 
resistosome conferring immunity. Science 364:5870

Wildermuth MC, Dewdney J, Wu G, Ausubel FM (2001) Isochorismate 
synthase is required to synthesize salicylic acid for plant defence. 
Nature 414:562–565

Wu K, Zhang L, Zhou C, Yu C-W, Chaikam V (2008) HDA6 is 
required for jasmonate response, senescence and flowering in 
Arabidopsis. J Exp Bot 59:225–234

Wu Y, Zhang D, Chu Jee Y, Boyle P, Wang Y, Brindle Ian D, De Luca 
V, Després C (2012) The Arabidopsis NPR1 protein is a receptor 
for the plant defense hormone salicylic acid. Cell Rep 1:639–647

Xia S, Cheng YT, Huang S, Win J, Soards A, Jinn T-L, Jones JDG, 
Kamoun S, Chen S, Zhang Y, Li X (2013) Regulation of tran-
scription of nucleotide-binding leucine-rich repeat-encoding 
genes SNC1 and RPP4 via H3K4 trimethylation. Plant Physiol 
162:1694–1705

Xin XF, Kvitko B, He SY (2018) Pseudomonas syringae: what it takes 
to be a pathogen. Nat Rev Microbiol 16:316–328

Yalpani N, Silverman P, Wilson TM, Kleier DA, Raskin I (1991) Sali-
cylic acid is a systemic signal and an inducer of pathogenesis-
related proteins in virus-infected tobacco. Plant Cell 3:809–818

Yan J, Zhang C, Gu M, Bai Z, Zhang W, Qi T, Cheng Z, Peng W, 
Luo H, Nan F, Wang Z, Xie D (2009) The Arabidopsis CORO-
NATINE INSENSITIVE1 protein is a jasmonate receptor. Plant 
Cell 21:2220–2236

Yu A, Lepère G, Jay F, Wang J, Bapaume L, Wang Y, Abraham 
A-L, Penterman J, Fischer RL, Voinnet O, Navarro L (2013a) 
Dynamics and biological relevance of DNA demethylation in 
Arabidopsis antibacterial defense. Proc Natl Acad Sci USA 
110:2389–2394

Yu K, Soares Juliana M, Mandal Mihir K, Wang C, Chanda B, Gifford 
Andrew N, Fowler Joanna S, Navarre D, Kachroo A, Kachroo 
P (2013b) A feedback regulatory loop between G3P and lipid 
transfer proteins DIR1 and AZI1 mediates azelaic-acid-induced 
systemic immunity. Cell Rep 3:1266–1278

Yuan M, Jiang Z, Bi G, Nomura K, Liu M, Wang Y, Cai B, Zhou J-M, 
He SY, Xin X-F (2021) Pattern-recognition receptors are required 
for NLR-mediated plant immunity. Nature 592:105–109

Yun S-H, Noh B, Noh Y-S (2022) Negative evidence on the transgen-
erational inheritance of defense priming in Arabidopsis thaliana. 
BMB Rep 55:342–347

Zhang Y, Fan W, Kinkema M, Li X, Dong X (1999) Interaction of 
NPR1 with basic leucine zipper protein transcription factors that 
bind sequences required for salicylic acid induction of the PR-1 
gene. Proc Natl Acad Sci USA 96:6523–6528

Zhang Y, Xu S, Ding P, Wang D, Cheng YT, He J, Gao M, Xu F, Li Y, 
Zhu Z, Li X, Zhang Y (2010) Control of salicylic acid synthesis 
and systemic acquired resistance by two members of a plant-
specific family of transcription factors. Proc Natl Acad Sci USA 
107:18220–18225

Zhang X, Ménard R, Li Y, Coruzzi GM, Heitz T, Shen W-H, Berr A 
(2020) Arabidopsis SDG8 potentiates the sustainable transcrip-
tional induction of the pathogenesis-related genes PR1 and PR2 
during plant defense response. Front Plant Sci 11:277

Zhou J-M, Trifa Y, Silva H, Pontier D, Lam E, Shah J, Klessig DF 
(2000) NPR1 differentially interacts with members of the TGA/
OBF family of transcription factors that bind an element of the 
PR-1 gene required for induction by salicylic acid. Mol Plant 
Microbe Interact 13:191–202

Zhou C, Zhang L, Duan J, Miki B, Wu K (2005) HISTONE DEACET-
YLASE19 is involved in jasmonic acid and ethylene signaling 
of pathogen response in Arabidopsis. Plant Cell 17:1196–1204

Zhu Z, An F, Feng Y, Li P, Xue L, Jiang Z, Kim JM, To TK, Li W, 
Zhang X, Yu Q, Dong Z, Chen W-Q, Seki M, Zhou J-M, Guo H 
(2011) Derepression of ethylene-stabilized transcription factors 
(EIN3/EIL1) mediates jasmonate and ethylene signaling synergy 
in Arabidopsis. Proc Natl Acad Sci USA 108:12539–12544

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.


	Plant Immunity: A Plastic System Operated Through Cell-Fate Transition
	Abstract
	Introduction
	Local Immunity
	Pathogen-Associated Molecular Pattern (PAMP)-Triggered Immunity (PTI)
	Effector-Triggered Immunity (ETI)

	Systemic Immunity
	Phytohormone-Mediated Signaling Pathways
	Jasmonic Acid (JA)-Mediated Signaling Pathway
	Ethylene (ET)-Mediated Signaling Pathway
	Salicylic Acid (SA)-Mediated Signaling Pathway
	Nonexpresser of Pathogenesis-Related Genes1 (NPR1) in SA-Mediated Immunity
	NPR3 and NPR4 in SA-Mediated Immunity

	Epigenetic Regulation of Plant Immunity
	Role of DNA Methylation
	Role of Histone Modifications
	Role of Chromatin-Remodeling Complexes (CRCs)
	Role of Long Noncoding RNAs (lncRNAs)

	Concluding Remarks
	Acknowledgements 
	References


