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Abstract

Pattern-triggered immunity (PTI), the first line of defense in plants, is activated when host pattern recognition receptors (PRRs) detect
pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs) released during microbial invasion.
Over the past decade, major advances have clarified PTI’s complex signaling network, revealing its role as a dynamic regulator of plant
immune responses. This review summarizes recent progress in PTI signal transduction, emphasizing the core mechanisms: (1) kinase
cascades, including MAPKs and calcium-dependent protein kinases (CDPKs), that amplify defense signals; (2) calcium ion (Ca2+) dy-
namics acting as rapid secondary messengers; and (3) reactive oxygen species (ROS) bursts that mediate antimicrobial and signaling. The
roles of lipid signaling, crosstalk between immune signaling and plant hormones, and scaffold proteins are also discussed. Furthermore,
we explore the interplay between PTI and effector-triggered immunity (ETI), highlighting synergistic modules, such as the enhanced
disease susceptibility 1–phytoalexin deficient 4–activated disease resistance 1 (EDS1-PAD4-ADR1) which integrate immune signals to
enhance pathogen resistance. By linking molecular mechanisms to systemic immune regulation, this review provides a comprehensive
framework for understanding plant defense strategies and identifies emerging opportunities to engineer disease-resistant crops through
modulation of immune pathways.

Keywords: plant immunity; pattern recognition receptors; signal transduction; protein kinases; host-pathogen interactions; plant disease
resistance

1. Introduction
Plant pathogens employ various strategies to invade

their hosts, including direct penetration of the cuticle, ex-
ploitation of natural openings (e.g., stomata, hydathodes,
lenticels, and styles), or entry through wounds caused by
pests, mechanical injury, frost, or natural fissures. Some
pathogens develop specialized structures, such as hausto-
ria, to breach plant cells and extract nutrients, ultimately
leading to plant death. To counter these threats, plants
have evolved multilayered defense mechanisms, with their
immune system serving as a cornerstone of pathogen re-
sistance [1]. Current research shows that plant immunity
operates through a dual surveillance system [2], compris-
ing two distinct branches: (1) pattern-triggered immunity
(PTI), initiated by cell surface-localized pattern recognition
receptors (PRRs) that detect conserved pathogen-associated
molecular patterns (PAMPs); and (2) effector-triggered im-
munity (ETI), mediated by intracellular nucleotide-binding
leucine-rich repeat (NB-LRR) proteins encoded by resis-
tance genes (R genes). These NB-LRR proteins, charac-
terized by nucleotide-binding (NB) and leucine-rich repeat
(LRR) domains, recognize pathogen effectors and activate
robust immune responses [1–3].

The plant immune system is described by the “zigzag
model”, which outlines the relationship between PTI
and ETI and the iterative signaling between plants and
pathogens. PTI provides basal resistance, while ETI
strengthens defenses against effectors that suppress immu-
nity. Pathogen evasion of PTI triggers stronger ETI re-
sponses, escalating defense mechanisms. This model is
widely used to analyze the complexity of immune signal-
ing [1].

Upon detecting pathogens, plants activate multi-
faceted defensive arsenal to combat invasion. These strate-
gies include: (1) Abscisic acid (ABA) regulates the clo-
sure of stomata to limit pathogen entry. Recent studies
have shown that ABA enhances stomatal defense by pro-
moting the local biosynthesis of salicylic acid (SA). More-
over, the ABA-mediated regulatory process may involve
crosstalk between multiple hormones, which requires fur-
ther investigation [4–6]; (2) the production and secretion of
antimicrobial compounds to inhibit pathogen proliferation
[7], and (3) the activation of mitogen-activated protein ki-
nase (MAPK) signaling cascades, which coordinate ion flux
and reactive oxygen species (ROS) production to directly
impair pathogens [8]. These mechanisms collectively en-
hance plant resilience, illustrating the sophistication of their
immune responses. Navarro et al. [9] demonstrated signif-
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icant transcriptional overlap between PTI and ETI induced
genes, indicating some shared regulatory nodes in defense
signal transduction between PTI and ETI [8].

Recent transformative discoveries in PTI signaling
lack a cohesive framework. This review synthesizes the
molecular architecture of PTI, focusing on Arabidopsis
thaliana, and outlines key signaling pathways, receptor
complexes, and downstream responses. It also explores the
interplay between PTI and ETI, providing new insights into
their synergistic roles in layered plant defense (Fig. 1).

2. PAMP/DAMP Recognition in PTI: The
First Line of Defense

Substantial advances have elucidated the role of
PAMPs (also known asMicrobe-AssociatedMolecular Pat-
terns (MAMPs)) in triggering plant immunity. These mi-
crobial molecules activate conserved defense pathways, en-
abling plants to detect and respond to potential invasions.
For instance, flg22, a conserved 22-amino acid N-terminal
fragment of bacterial flagellin, is a key inducer of plant
immunity [1,10]. In Arabidopsis, flg22 is recognized by
the leucine-rich repeat (LRR) receptor kinase Flagellin-
Sensing 2 (FLS2), leading to the rapid transcriptional ac-
tivation of over 1100 defense-related genes [1,11,12]. This
response includes the upregulation of receptors, signaling
kinases, and antimicrobial compounds. Chitin, a major
component of fungal cell walls, is as a critical fungal PAMP.
In Arabidopsis, the receptor chitin elicitor receptor kinase
1 (CERK1) recognizes chitin, triggering downstream re-
sponses such as mitogen-activated protein kinase (MAPK)
activation, ROS bursts, and defense gene expression [13].
Additionally, the chitin elicitor-binding protein (CEBiP) in
rice senses chitin, initiating immune signaling and enhanc-
ing resistance to fungal pathogens [14]. Many proteins se-
creted by pathogens also act as PAMPs, and induce plant
immune responses, including cell wall-degrading enzymes
(CWDEs), harpins, and glycoprotein elicitors [15].

Damage-associated molecular patterns (DAMPs) are
endogenous danger signals released by plants during
pathogen attack. They are host-derived molecules released
or exposed upon cellular damage caused by pathogen en-
zymes (e.g., cellulases and pectinases) or physical disrup-
tion, such as cutin monomers, cell wall fragments (e.g.,
oligogalacturonides and cellulose-derived oligomers), and
endogenous peptides (e.g., systemin and plant elicitor pep-
tides). These signals amplify immune responses and acti-
vate defense pathways that overlap with PTI [16].

PRRs are plasma membrane-localized proteins that
serve as the frontline sensors of plant immunity. They in-
clude receptor-like kinases (RLKs) and receptor-like pro-
teins (RLPs) with extracellular domains. They contain vari-
ous ligand-binding extracellular domains (e.g., leucine-rich
repeats (LRRs) and lysin motifs (LysM)) that recognize
MAMPs/DAMPs to initiate immune responses upon ligand
binding [17,18]. The first PRR discovered in both plants

and animals is the Xa21 protein, which confers resistance
in rice against Xanthomonas oryzae [19]. Subsequently,
FLS2 (the bacterial flagellin receptor) and EFR (the bac-
terial elongation factor Tu receptor) were identified in Ara-
bidopsis [20].

Several PRR-MAMP pairs have been identified, in-
cluding the PRRs FLS2 and EFR, which recognize the
MAMPs flg22 and elf18, respectively [20–22]. PRRs as-
semble into immune receptor complexes with other pro-
teins, which are essential for MAMP sensing and down-
stream signal transduction [23]. For example, in Arabidop-
sis, recognition of flg22 by FLS2 induces the rapid forma-
tion of such a complex. This triggers mutual transphos-
phorylation between FLS2 and its co-receptor BAK1, ulti-
mately leading to the dissociation of the kinase BIK1 from
the FLS2-BAK1 complex [24].

With ongoing research, an increasing number of PRRs
and PRR–MAMP pairs have been identified. These top-
ics have been comprehensively reviewed by DeFalco and
Zipfel [25], and are therefore not discussed in this paper.

3. Protein Kinases: Messengers of Signal
Transduction

In Arabidopsis, approximately 41% of expressed pro-
teins undergo phosphorylation under various conditions.
The process is dynamically regulated by protein kinases and
phosphatases, and predominantly occurs on serine, threo-
nine, and tyrosine residues [26]. Phosphorylation deter-
mines the functional properties of proteins [27], and serves
as a key regulatory mechanism for signaling pathways acti-
vated by external stimuli, such as environmental stressors,
as well as internal cues like plant hormones [28,29]. In
the PTI immune pathway, MAMP recognition triggers a se-
ries of phosphorylation cascades. For example, Rayapuram
et al. [30] identified several precisely mapped and highly
reliable phosphopeptide sites associated with immune sig-
naling. Their work also showed decreased phosphorylation
levels of specific phosphopeptides following MAMP treat-
ment, suggesting that certain protein phosphatases play im-
portant roles in PTI signal transduction.

MAMP recognition rapidly activates multiple pro-
tein kinases, including mitogen-activated protein kinases
(MAPKs), calcium-dependent protein kinases (CDPKs),
and AGC protein kinases. These kinases play crucial roles
in regulating target proteins to coordinate immune re-
sponses [30]. CDPKs will be discussed in detail in Section
4.

3.1 AGC and Related Kinases: Critical Role in Immunity
In Arabidopsis, AGC kinases—a group of ser-

ine/threonine protein kinases, named after the protein ki-
nase A, G, and C families—play crucial roles in various
biological processes. The Arabidopsis genome encodes
39 AGC kinases, which are classified into five major sub-
families: AGCVI, AGCVII, AGCVIII, AGC other, and
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Fig. 1. PTI signal transduction mechanism. (1) Initial Perception and Early Signaling: Recognition of flg22 by the flagellin-
sensing 2–BRI1-associated receptor kinase 1 (FLS2–BAK1) complex triggers receptor transphosphorylation, releasing phosphorylated
botrytis-induced kinase 1 (BIK1) and inducing Ca2+ influx. This activates membrane ion fluxes (K+/Cl− efflux, H+ influx), result-
ing in membrane depolarization and apoplastic alkalization. (2) ROS Production: Ca2+ activates respiratory burst oxidase homolog
D (RBOHD) via BIK1 and calcium-dependent protein kinases (CDPKs). RBOHD activity is modulated by phosphatidic acid (PA),
Ca2+, nitric oxide (NO), and kinases (serine/threonine-protein kinase I1 (SKI1)/cysteine-rich receptor-like kinase 2 (CRK2)), generating
extracellular hydrogen peroxide (H2O2). Calmodulin (CaM) stimulates NO synthesis, while phospholipase C (PLC)/phospholipase D
(PLD)/diacylglycerol kinase (DGK) pathways produce PA, reinforcing ROS/NO signaling loops. (3) Downstream Kinase Activation:
PA activates 3-phosphoinositide-dependent protein kinase 1 (PDK1), which phosphorylates oxidative signal-inducible 1 (OXI1). H2O2-
activatedOXI1 phosphorylates Pto-interacting protein 1–2 (Pti1-2) tomodulatemitogen-activated protein kinases (MAPKs). MAP kinase
6 (MPK6) phosphorylates OXI1/Pti1-2, forming feedback loops. (4) Heterotrimeric G Proteins: Activation of the FLS2–BAK1 complex
dissociates Gα from Gβγ. Gβγ enhances RBOHD-mediated ROS production. BIK1 phosphorylates regulator of G signaling 1 (RGS1),
leading to release of extra-large G protein 2 (XLG2) which suppresses MORC-like kinases (MLKs) and relieves PTI inhibition. (5)
MAPK Cascades: BIK1 activates two pathways: (a) the MAPK kinase kinase 1–MAPK kinase 1/2–MAP kinase 4 (MEKK1–MKK1/2–
MPK4) cascade, which phosphorylates transcription factors (TFs) to regulate defense genes; (b) the MAPK kinase kinase 3/5–MAPK
kinase 4/5–MAP kinase 3/6 (MAPKKK3/5–MKK4/5–MPK3/6) cascade, which targets cyclin-dependent kinase C 1/2 (CDKC1/2), 1-
aminocyclopropane-1-carboxylic acid synthase (ACS) (involved in ethylene biosynthesis), histone deacetylase 2B (HD2B), and TFs,
promoting RNA polymerase II (Pol II) activation and defense gene expression. (6) 14-3-3 Proteins and Hormones: 14-3-3 proteins reg-
ulate CDPKs, PBS1-like proteins (PBLs), PDK1, and ACS. The interaction between PBS1-like protein 19 (PBL19) and 14-3-3 proteins
amplifies the MEKK1/MAPKKK3/5 cascades. Hormonal pathways, including ethylene (ET), jasmonic acid (JA), salicylic acid (SA),
abscisic acid (ABA), and others, crosstalk to fine-tune defense responses. The figure was created with figdraw.com.

PDK1 homologs [31]. Among these, the AGCVIII subfam-
ily is the largest, consisting of 23 kinases that are further di-
vided into four groups: ACG1, ACG2, ACG3, and ACG4
[32,33]. Notably, plant AGC kinases have been impli-

cated in immune responses and the regulation of pathogen-
induced MAPK cascades [34].

OXI1 (AGC2-1), an AGC protein kinase, is activated
by H2O2 and cellulase in Arabidopsis. The activation of
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MAPK3 and MAPK6, which is critical for mediating sig-
naling responses to H2O2 and flg22 [35,36], depends on
OXI1. Wild-type plants exhibit robust MAPK3/6 activa-
tion upon H2O2 or cellulase treatment; however, this acti-
vation is significantly reduced in OXI1mutants, underscor-
ing OXI1’s essential role in amplifying MAPK3/6 signal-
ing [37]. Furthermore, OXI1 expression and kinase activ-
ity are rapidly upregulated in Arabidopsis roots in response
to PAMPs, cellulase, and H2O2. Additionally, OXI1 gov-
erns resistance against the pathogens Hyaloperonospora
arabidopsidis and Pseudomonas syringae, highlighting its
broader role in plant immunity [37–39].

In Arabidopsis, OXI1 transcriptional induction is sig-
nificantly reduced in AtRBOHDmutants or following treat-
ment with the NADPH oxidase inhibitor diphenyleneiodo-
nium (DPI) [39]. RBOHD generates ROS in response to
PAMPs and biotrophic pathogens, demonstrating that ROS
produced during plant-pathogen interactions mediate OXI1
upregulation [40,41].

OXI1 modulates the activity of a subset of protein ki-
nases, including PTI 1-1, PTI 1-2, PTI 1-3, and PTI 1-
4, which are structurally related to the tomato PTI kinase
involved in hypersensitive responses [42,43]. RNA inter-
ference experiments show that PTI 1-2 activation in Ara-
bidopsis depends on OXI1 during exogenous PA, xylanase-
mediated PA, and H2O2 activation, whereas PDK1 is
specifically essential for PA-dependent signaling. Addi-
tionally, PTI 1-2 enhances ROS promoter expression, link-
ing it to redox signaling pathways [42].

In vitro studies demonstrate that OXI1 phosphorylates
PTI 1-4, a kinase that interacts with MPK3 and MPK6. In
turn, MPK3 and MPK4 phosphorylate both OXI1 and PTI
1-4, forming a dynamic signaling network. Within this net-
work, OXI1-mediated phosphorylation of PTI 1-4 enables
its interaction with MPK6, thereby regulating the cascade.
MPK6 phosphorylates both Pti1-4 and OXI1, establishing
a regulatory feedback loop [43]. Notably, OXI1 activity
is further modulated by PDK1, a regulatory mechanism
common among AGC kinases. Phosphatidic acid (PA) ac-
tivates PDK1, which subsequently phosphorylates OXI1,
suggesting that additional upstream kinases may contribute
to OXI1 regulation [42].

Recent study has revealed that OXI1 and its closest
homolog, AGC subfamily 2 member 2 (AGC2-2; which
shares 75% amino acid sequence identity with OXI1), play
key roles in the secretion of camalexin and help Arabidop-
sis resistance against Pseudomonas syringae and Botry-
tis cinerea [44]. These kinases can phosphorylate three
pleiotropic drug resistance (PDR) transporters in vitro:
PDR6, PDR8, and PDR12. Notably, physical interactions
between PDR6 and both OXI1 and AGC2-2 have been con-
firmed. Direct phosphorylation of PDR6 by these kinases
controls its efflux activity, thereby enhancing pathogen
resistance in Arabidopsis. However, it remains unclear
whether OXI1 and AGC2-2 directly modulate the function

of PDR8 and PDR12, or influence the distribution of other
secondary metabolites. Further investigation is needed to
clarify these potential regulatory mechanisms [44].

3.2 MAPKs: Key Nodes of Defense Response
The Arabidopsis genome encodes 20 MAPKs, 10

MAPK kinases (MAPKKs), and 60 MAPKK kinases
(MAPKKKs), forming a tiered signaling network [45].
The MAPK cascade, an evolutionarily conserved module
in eukaryotes, translates extracellular stimuli into intracel-
lular responses via phosphorylation cascades [45]. This
cascade operates through hierarchical mechanisms [46–
48]: (1) Receptor activation: Plasma membrane receptors
perceive stimuli, triggering the activation of MAPKKKs.
(2) MAPKKK-MAPKK signaling: Activated MAPKKKs
phosphorylate and activate downstream MAPKKs. (3)
MAPKK-MAPKactivation: MAPKKs (dual-specificity ki-
nases) phosphorylate MAPKs at conserved threonine and
tyrosine residues within their activation loop, enabling full
kinase activity. (4) Effector regulation: Activated MAPKs
(serine/threonine kinases) phosphorylate diverse cytoplas-
mic and nuclear targets, including transcription factors, en-
zymes, and other kinases, to orchestrate cellular responses
[48].

In Arabidopsis, PRRs detect PAMPs and activate
downstream MAPK cascades that control immune re-
sponses. Two primary MAPK pathways are involved, in-
cluding the MEKK1-MKK1/2-MPK4 cascade [49,50] and
the MAPKKK3/5-MKK4/MKK5-MPK3/6 cascade [51,
52]. Activation of these cascades triggers defense re-
sponses, including ROS bursts, stomatal closure, and tran-
scriptional activation of immune-related genes. PRRs, po-
sitioned upstream ofMAPK signaling, are key regulators of
this process. For example, the Arabidopsis receptor FLS2
recognizes the bacterial flagellin-derived peptide flg22 and
forms a complex with the co-receptor BAK1, which then
activates downstream MAPK cascades to start plant im-
mune responses [53,54].

In the MAPKKK3/5-MKK4/5-MPK3/6 pathway,
MAPKKK3 and MAPKKK5 regulate the activation of
the MKK4/5-MPK3/6 module, which strengthens plant re-
sistance to bacterial and fungal pathogens [51,52,55,56].
Studies reveal that in ArabidopsisMAPKKK3/MAPKKK5
double mutants, flg22-induced MPK3/6 activation is re-
duced to ~45%, while activation by chitin, elf18, and pep2
is reduced to ~10–20%. This shows that MAPKKK3/5 are
critical regulators of immune responses to microbial pat-
terns (e.g., flg22, chitin, and elf18) and plant-derived sig-
nals (e.g., pep2). However, the remaining MPK3/6 activity
in mutants suggests other MAPKKKs may also contribute
to this pathway. Notably, single MAPKKK3 or MAP-
KKK5 mutations only partially reduce MPK3/6 activation,
indicating overlapping functions between MAPKKK3 and
MAPKKK5 in PTI [51,52].
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The MEKK1-MKK1/2-MPK4 cascade is another
well-studied MAPK pathway [49,50]. Initially, this path-
waywas proposed to negatively regulate defense responses,
as its disruption leads to constant autoimmune activity, in-
cluding spontaneous cell death and overactivation of de-
fense genes [57,58]. However, recent studies show that
this module also plays a positive role in defense responses.
SUMM2, a NLR protein, monitors the integrity of the
MEKK1-MKK1/2-MPK4 cascade. Disruption of the cas-
cade (e.g., in MEKK1 or MKK1/MKK2 mutants) activates
SUMM2-dependent autoimmunity, masking the module’s
normal role in basal defense. In MEKK1 SUMM2 or
MKK1 MKK2 SUMM2 double mutants, where SUMM2-
mediated autoimmunity is removed, plants become more
susceptible to pathogens. This shows that the MEKK1-
MKK1/2-MPK4 cascade actively promotes basal immunity
[58]. Thus, this cascade not only fine-tunes immune re-
sponses but is also protected by SUMM2, which monitors
its function and triggers backup defenses if the pathway
is disrupted. Additionally, the SMN1 gene encodes RPS6,
a toll/interleukin-1 receptor (TIR)-type NLR protein. To-
gether with SUMM2, SMN1/RPS6 forms a dual surveil-
lance system that monitors the integrity of the MEKK1-
MKK1/MKK2-MPK4 cascade [59,60].

3.3 Substrates of MAPKs: Transcriptional Regulation

MAPKs play a crucial role in plant immunity, es-
pecially in transcriptional regulation. Study shows that
many MAPK targets are transcription factors, highlight-
ing their importance in immune signaling [16]. Specif-
ically, MPK3, MPK4, and MPK6 directly phosphorylate
and activate the WRKY transcription factor 33 (WRKY33)
both in vitro and in vivo. MPK3/6 regulate immune-
related genes, including ACS2 and ACS6 (involved in ethy-
lene biosynthesis) and camalexin biosynthesis genes, via
WRKY33 phosphorylation [61–63]. Notably, mutations
in WRKY33’s MPK3/6 phosphorylation sites stop it from
activating camalexin biosynthesis genes, confirming that
WRKY33 is a target ofMPK3/6. Phosphorylation enhances
WRKY33’s transcriptional activity, allowing it to bind its
own promoter and directly upregulate camalexin biosyn-
thesis genes [62,64]. Additionally, MPK3/6 are needed for
the accumulation of pipecolic acid (PIP), a precursor of N-
hydroxypipecolic acid (NHP), which is an important com-
ponent of systemic acquired resistance (SAR). PIP biosyn-
thesis depends entirely onAGD2-like defense response pro-
tein 1 (ALD1) [65,66]. WRKY33 directly regulates ALD1
transcription, increasing PIP synthesis [67]. Thus, MPK3/6
likely promote PIP production by regulating ALD1 through
WRKY33, linking local immune signaling to systemic de-
fense.

WRKY33 also interacts with MPK4, an important
MAP kinase in Arabidopsis immune signaling. When
MPK4 is activated by Pseudomonas syringae infection or
the microbial peptide flg22, it phosphorylates MKS1 (MAP

kinase substrate 1), a scaffold protein bound to WRKY33.
This phosphorylation causes theMKS1-WRKY33 complex
to dissociate fromMPK4, allowingWRKY33 to translocate
to the nucleus. There, WRKY33 directly binds to the pro-
moter of PAD3 (phytoalexin deficient 3), activating its tran-
scription and promoting the production of camalexin, an
antimicrobial compound that is critical for defense against
pathogens [68,69].

MPK3 further interacts with the transcription factor
VIP1 (virus-interacting protein 1), showing its broad role in
transcriptional regulation. When flg22 is detected, MPK3
phosphorylates VIP1, causing it to move into the nucleus
and activate the expression of PR1 (pathogenesis-related
1) [70]. PR1 is a common marker gene of plant disease
resistance, and its activation indicates that MPK3 directly
controls VIP1 localization and function, amplifing immune
responses by activating defense-related genes [70].

MPK4 also targets the immune suppressor ASR3 (al-
tered seed germination 3), a plant-specific trihelix transcrip-
tion factor, adding another layer of immune regulation [71].
The Study shows that MPK4 quickly phosphorylates ASR3
at Thr189 post-flg22 perception. Phosphorylated ASR3 en-
hances its DNA-binding ability, suppressing the expres-
sion of many flg22-responsive genes. This negative regula-
tion is consistent with the enhanced disease resistance ob-
served in ASR3 mutants when infected with lethal bacterial
pathogens. In contrast, overexpression of either wild-type
or phosphomimetic ASR3 in transgenic plants impairs PTI
responses, showing that ASR3 dampens immune signaling
[71].

The ethylene response factor (ERF) family, which has
over 120 members in Arabidopsis, is one of the largest
groups of plant transcription factors involved in stress re-
sponses [72]. A key part of immune signaling is the in-
teraction between ERF104 and the mitogen-activated pro-
tein kinaseMPK6. MPK6 directly phosphorylates ERF104,
causing it to separate from the protein complex. Once
released, phosphorylated ERF104 activates expression of
defense-related genes. Notably, the ERF104-MPK6 in-
teraction is quickly modulated upon pathogen perception,
and the ERF104/MPK6 complex dissociates within 5–15
minutes after flg22 treatment. This process depends on
MPK6 kinase activity, ethylene production and signaling
pathways. Transcriptomic analysis reveals that the overex-
pression of ERF104 upregulates multiple stress-responsive
genes, indicating that MPK6-mediated phosphorylation is
essential for ERF104’s role in regulating immunity [73].

Additionally, MPK3 and MPK6 phosphorylate ERF6,
enhancing its protein stability [74]. In experiments of
Botrytis cinerea infection, phosphomimetic ERF6 (e.g.,
T178D variant) strongly activates defensin genes (PDF1.1
and PDF1.2), leading to enhanced resistance to Botrytis
cinerea. This activation happens independently of ethylene
signaling, showing that ERF6 functions differently from
typical ethylene-dependent defense pathways. These find-
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ings show that ERF6 acts as a phosphorylation-dependent
effector in the MPK3/6 signaling cascade, directly linking
kinase activity to antifungal defense gene expression [74].

In Arabidopsis, PAMP-triggered activation of MAPK
cascades leads to phosphorylation of BES1, a key tran-
scription factor in brassinosteroid (BR) signaling. Specif-
ically, MPK6 directly interacts with and phosphorylates
BES1, which is essential for effective immune responses
[75]. BES1 loss-of-function mutants exhibit reduced resis-
tance to the bacterial pathogen Pst DC3000, indicating that
BES1 is required for plant immunity. A phospho-deficient
BES1 variant (S286A/S137A) fails to undergo PAMP-
induced phosphorylation and does not restore pathogen
resistance in BES1 mutants [75]. These findings show
that MPK6-mediated phosphorylation of BES1 at specific
sites (S286/S137) is critical for coupling BR signaling to
immune activation, providing a molecular connection be-
tween growth and defense.

Non-Transcription Factor Substrates of MAPKs

In addition to transcription factors, MAPKs also in-
teract with other substrates regulating biotic stress, growth,
and development. We focus on those that are critical to im-
mune signaling and pathogen resistance.

The interaction betweenVQmotif-containing proteins
(VQPs) and MAPK signaling in Arabidopsis highlights
the complex regulatory mechanisms that control plant im-
mune responses. VQPs are a family of proteins contain-
ing the VQ motif, which function in diverse physiologi-
cal processes in plants. Stress-activated MAPKs, including
MPK3, MPK4, MPK6, and MPK11, interact with VQPs to
modulate immune signaling pathways [76,77]. MPK3/6-
targeted VQPs (MVQs) are a subgroup of VQPs that are
regulated byMAPK phosphorylation. For example, MVQ1
suppresses gene expression mediated by WRKY transcrip-
tion factors, such as the NHL10 promoter, when PAMPs
are detected [78]. MPK6 phosphorylates MVQ1, which
changes its stability and promotes its degradation. No-
tably, non-phosphorylated MVQ1 exhibits greater stabil-
ity than its phosphorylated form. This suggests that after
PAMP infection, MAPK-mediated phosphorylation accel-
erates MVQ1 degradation, thereby alleviating its suppres-
sion of WRKY-dependent immune responses and reacti-
vating defense-related gene transcription. This mechanism
shows an important regulatory pattern: MAPKs modulate
the stability of VQPs, potentially changing the composition
of WRKY-VQP transcriptional regulatory complexes and
fine-tuning defense gene expression [78]. Thus, plant im-
mune signaling is regulated not only by the activating or
suppressing specific transcription factors, but also by con-
trolling their stability and interaction networks, enabling
coordinated immune responses.

Pathogen infection triggers ethylene production in
plants, which plays an important role in immunity. When
plants are attacked, pathogens induce the expression of

ACS genes, such as ACS6 in Arabidopsis, which encode
key enzymes in ethylene biosynthesis [79,80]. Early study
revealed that MPK6-mediated phosphorylation stabilizes
ACS2 and ACS6, increasing their levels and enhancing
ACS activity in cells [81]. In liquid-cultured seedlings, B.
cinerea-induced ethylene biosynthesis is significantly re-
duced inMPK3/MPK6 doublemutants but not in singlemu-
tants, indicating that MPK3 also phosphorylates ACS2 and
ACS6 [82]. Li et al. [83] showed thatWRKY33 directly ac-
tivates ACS2 and ACS6 downstream of the MPK3/MPK6
signaling cascade during pathogen invasion. Therefore,
MPK3 and MPK6 regulate ACS2 and ACS6 by phospho-
rylation and by promoting their gene expression, providing
dual-layer regulation of ethylene synthesis during immune
responses.

The AT-hook motif nuclear localized (AHL) gene fam-
ily is evolutionarily conserved across land plants, and Ara-
bidopsis has 29 members (AHL1–AHL29). AHL proteins
play roles in plant growth, development, and differen-
tiation. For example, AHL27 and AHL29 affect peti-
ole growth [84], AHL22 influences flowering [85], and
AHL18 shapes root architecture [86]. Chromatin phospho-
proteomic studies [87] have identified AHL13—a nuclear
DNA-binding protein containing an AT-hook motif—as a
substrate of MAPK signaling. Although AHL13 mainly in-
teracts with MPK6 in vivo, it can be phosphorylated in vitro
by MPK3, MPK4, and MPK6. AHL13 knockout mutants
exhibit impaired PAMP-triggered immunity, including re-
duced ROS burst, attenuated defense gene induction, and
compromised PTI responses.

Phosphorylation of AHL13 at S109 and S376 is crit-
ical for its stability [87]. Since MPK3, MPK4, MPK6,
and AHL13 are expressed throughout plant tissues, and
AHL13 phosphorylation at these sites is widespread, this
suggests that MAPK-mediated regulation of AHL13 stabil-
ity is a conserved mechanism important for plant defense
responses [88].

In eukaryotes, RNA polymerase II (RNA Pol II) is
essential for protein-coding gene transcription. RNA Pol
II contains a C-terminal domain (CTD) with heptad re-
peats (Tyr1-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7). Phosphory-
lation of the CTD by various kinases regulates transcrip-
tion initiation, elongation, and termination [89]. Notably,
PAMP perception triggers rapid but transient phosphory-
lation of serine residues in these CTD repeats. In Ara-
bidopsis, activation of the flg22-induced MAPK cascade
leads to MPK3-mediated phosphorylation of CDKC;1 and
CDKC;2, which enhances their kinase activity on the CTD.
This process is balanced by CPL3-mediated CTD dephos-
phorylation [90]. Together, this MAPK cascade-CDKC-
RNA Pol II CTD phosphorylation module amplifies RNA
Pol II activity and upregulates defense-related gene expres-
sion during immune responses to combat pathogens.

Arabidopsis encodes 18 histone deacetylases
(HDACs) [91,92], categorized into four groups. Group IV,
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including HD2A-D and HD2B, is specific to plants [91].
Among these, HD2B is phosphorylated by the mitogen-
activated protein kinase MPK3 at residues T249 and S266,
both in vitro and in vivo. MPK4 and MPK6 can also phos-
phorylate HD2B less efficiently. Functional studies reveal
that HD2B knockout mutants are more susceptible to both
pathogenic and non-pathogenic strains of Pseudomonas
syringae, whereas overexpression of HD2B enhances
plant resistance [93]. Thus, MPK3 directly targets HD2B,
which regulates numerous defense genes, highlighting the
important role of chromatin remodeling through HDAC
activity and kinase signaling in plant immune responses.

The ubiquitination cascade, involving E1 ubiquitin-
activating enzymes, E2 ubiquitin-conjugating enzymes,
and E3 ubiquitin-ligases enzymes, mediates the tagging of
target proteins with ubiquitin. U-box-type E3 ligases, in
particular, play important roles in plant immunity [94,95].
In Arabidopsis, the U-box ligases PUB22, PUB23, and
PUB24 negatively regulate PAMP-triggered immunity [96]
and reduce PAMP-induced signaling [97]. Notably, PUB22
undergoes self-ubiquitination and proteasomal degradation
when exposed to the bacterial PAMP flg22. However,
MPK3, a key immune signaling kinase, specifically inter-
acts with and phosphorylates PUB22, which disrupts its
oligomerization, blocks self-ubiquitination, and stabilizes
the ligase. This MPK3-mediated stabilization enhances
PUB22’s ability to suppress immune responses, creating a
feedback loop that fine-tunes immune signaling [98].

MPK3/MPK6 interact with LIP5, a protein associated
with multivesicular bodies (MVB) [99,100]. Pathogen-
activated MPK3/6 signaling phosphorylates and stabilizes
LIP5, leading to its accumulation during infection and pro-
moting pathogen-responsive vesicle trafficking. Although
LIP5 mutants show normal flg22-triggered defenses, they
are more susceptible to Pseudomonas syringae due to de-
fective MVB formation [100]. Thus, MPK3/6 stabilize
LIP5 to activate theMVB pathway, thereby enhancing plant
immunity.

4. Ca2+ Influx: An Early Immune Signaling
Recognition of fungal or bacterial PAMPs triggers a

rapid increase in cytosolic Ca2+ levels, a hallmark of early
plant immune signaling [101–106]. Studies using trans-
genic aequorin plants and BIK1 mutant show that flg22 in-
duces rapid and strong luminescence, indicating Ca2+ in-
flux in wild-type plants. In contrast, BIK1 mutants ex-
hibit only 50% of this response, highlighting BIK1’s critical
role in amplifying Ca2+ signals during immune activation
[107]. Mechanistically, BIK1 phosphorylates and activates
the calmodulin (CaM)-gated channels CNGC2 and CNGC4
upon flg22 perception, thereby increasing cytosolic Ca2+
concentrations. This phosphorylation-dependent activation
directly links BIK1 kinase activity to Ca2+ mobilization,
underscoring its essential role in initiating Ca2+-dependent
defense responses [105,108].

Moreover, CDPKs act as central calcium sensors, reg-
ulating numerous Ca2+-stimulated protein kinase activities
to coordinate responses to both internal signals and environ-
mental cues [107,109]. For example, CDPKs are rapidly
activated upon detection of biotrophic pathogen invasion
or herbivore attack, triggering localized defense mecha-
nisms [107]. Genetic studies underscore the critical role
of CDPKs in plant immunity, as many are essential for
effective defense responses. Their activity increases dy-
namically following pathogen infection, further highlight-
ing their importance in immune signal transduction [110].

The structure of CDPKs is well defined. They have
an N-terminal Ser/Thr kinase domain responsible for au-
tophosphorylation and a C-terminal EF-hand domain that
binds Ca2+ to activate the kinase. Additionally, CDPKs
can also autophosphorylate Tyr, classifying them as dual-
specificity kinases with both Ser/Thr and Tyr kinase activity
[104,111,112]. In Arabidopsis, there are 34 distinct CDPK
isoforms, showing their functional diversity [109]. For ex-
ample, fungal infection rapidly upregulates AtCDPK1 ex-
pression. Functional analyses demonstrate that AtCDPK1
loss-of-function mutants are more susceptible to pathogens
compared to wild-type plants, confirming its critical role in
innate immunity [113].

Upon flg22 perception, CPK4, CPK5, CPK6, and
CPK11 are rapidly activated, displaying distinct molecu-
lar weights and activation kinetics compared to tobacco
CDPKs, which remain persistently active during the Avr9-
Cf9 immune interaction [114–116]. CDPKs also regulate
ROS bursts, which are critical for plant immunity [110].
For example, ectopic expression of AtCPK1 in tomato
protoplasts [117] or NtCDPK2 in Nicotiana benthamiana
[118] induces ROS bursts. Genetic evidence in Arabidop-
sis underscores their role: flg22-induced oxidative bursts
are significantly reduced in cpk5/cpk6 double mutants,
cpk5/cpk6/cpk11 triple mutants, and cpk4/cpk5/cpk6/cpk11
quadruple mutants, demonstrating their collective contribu-
tions to ROS generation. This mechanism may involve di-
rect phosphorylation of RBOHD, highlighting the role of
CDPKs in the local activation of RBOHD [110,114].

The receptor-like cytoplasmic kinase (RLCK) PBL1,
encoded by the CCE5 gene, plays a pivotal role in calcium
signaling during plant immunity. CCE5 mutants exhibit
reduced cytosolic Ca2+ elevation in response to PAMPs
[105,119]. This Ca2+ influx activates membrane trans-
porters, driving H+ influx along with Cl−, K+, and NO3

−

efflux. These ion fluxes cause membrane depolarization
and extracellular alkalization within one minute of flg22
or elf18 treatment, marking early immune signaling events
[106]. Cytosolic Ca2+ homeostasis is tightly regulated
by channels, such as Ca2+-permeable glutamate receptor-
like (GLR) channels [120]. Arabidopsis mutants lacking
GLR2.7, GLR2.8, and GLR2.9 show a ~25% reduction in
flg22, elf18, and Pep1 induced Ca2+ influx and impaired
resistance to Pseudomonas syringae, indicating that GLRs
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contribute to PAMP-induced Ca2+ influx during PTI [121].
In contrast, cyclic nucleotide-gated channel CNGC2 mu-
tants lack Ca2+ elevation in response to endogenous danger
signals (e.g., AT PEP3 and bacterial lipopolysaccharides
(LPS)), but maintain flg22-induced responses, highlighting
pathway-specific roles for Ca2+ channels in immune sig-
naling [122].

Plasma membrane-localized Ca2+-ATPases, such as
ACA8 and ACA10 [123], and vacuolar membrane-
localized ACA4 and ACA11 [124], play essential roles in
regulating Ca2+ influx. While some of these transporters
are well understood, many ion channels mediating Ca2+
signaling in immunity remain unexplored. Interestingly, in-
hibition of serine/threonine kinases and MAPKKs reduces
cytosolic and chloroplast stromal Ca2+ oscillations, sug-
gesting that MAPK cascades may influence Ca2+ signaling
[125]. During PTI, Ca2+ sensors decode cytosolic Ca2+
fluctuations and interact with MAPKs to orchestrate de-
fense gene activation. For example, the Ca2+ responsive
transcription factor CAMTA3 binds to target gene promot-
ers to suppress defense responses [126]. However, MPK3
andMPK6 phosphorylate CAMTA3, leading to its degrada-
tion. This MAPK-mediated elimination of CAMTA3 lifts
its suppression of defense pathways, enhancing plant resis-
tance [127].

5. ROS Burst: Early PTI Signaling
ROS, such as superoxide (O2

−) and hydrogen per-
oxide (H2O2), are rapidly generated in the apoplast fol-
lowing pathogen recognition, marking an early event in
PTI [128]. These ROS bursts typically occur within 2–
3 minutes of PAMP detection, and peak around 10–15
minutes [129]. Plasma membrane NADPH oxidases and
cell wall-associated peroxidases both contribute to ROS
bursts. NADPH oxidases transfer electrons from cytoso-
lic NADPH/NADH to apoplastic oxygen to generate O2

−,
which is then converted to H2O2 by superoxide dismutase.
Notably, ROS, particularly H2O2, enhance immune signal-
ing by promoting Ca2+ influx, thereby elevating cytosolic
Ca2+ levels [128]. PAMP or DAMP induced ROS bursts
raise cytosolic Ca2+ levels, indicating a feedback loop be-
tween ROS and Ca2+ signaling. These ROS bursts are crit-
ical for the second peak or sustained plateau of Ca2+ con-
centrations observed during immune activation [103].

Arabidopsis has ten respiratory burst oxidase homolog
(RBOH) genes, containing FAD/NADPH binding domains,
six transmembrane regions, and a functional oxidase do-
main. Among these, RBOHD—localized to the plasma
membrane—mediates PAMP-triggered ROS bursts [103,
130,131]. Upon PAMP detection, the receptor kinases EFR
and FLS2 form a complex, and BIK1 directly interacts
with RBOHD, and phosphorylates its N-terminus at Ca2+-
independent sites to initiate ROS production [108,132,133].
This early phosphorylation is distinct from regulation by
calcium-dependent protein kinase (CDPK). Phosphorylated

RBOHD is essential for PAMP-induced ROS bursts. The
EF-hand motifs in RBOHD’s N-terminus are critical for
regulation, as demonstrated by EF-hand mutation analy-
sis [134]. Ca2+ influx induces conformational changes
in these motifs, enabling phosphorylation by CDPKs such
as CPK4, CPK5, CPK6, and CPK11, which amplify ROS
bursts in Arabidopsis [114,134]. Notably, CPK5 phospho-
rylates RBOHD at Ser148, Ser163, and Ser347, enhancing
ROS production and immune signal propagation [135].

Regulation of ROS bursts in Arabidopsis involves
both activation and suppression. For positive regulation,
SIK1, a MAP4K in Arabidopsis, has dual functions [136].
It phosphorylates BIK1 to stabilize it, enhancing its role
in immune signaling, and also directly senses the bacterial
PAMP flg22 to promote phosphorylation of RBOHD’s N-
terminal region, boosting RBOHD activity and ROS pro-
duction [136]. CRK2 pre-forms a complex with RBOHD
and phosphorylates its C-terminal S703 residue during
pathogen attack, further regulating PAMP-induced ROS
generation [137]. Conversely, some protein kinases act
as negative regulators. For example, CPK28 phosphory-
lates BIK1, triggers its degradation, and indirectly sup-
presses ROS bursts [138,139]. CIPK14 is another nega-
tive regulator; over expression of CIPK14 suppresses ROS,
while CIPK14 mutants display hyperactive ROS responses
upon PAMP detection [140]. PBL13 directly binds to
RBOHD’s C-terminus and phosphorylates it at S862 and
T912. The E3 ubiquitin ligase PIRE interacts with PBL13
andRBOHD, promoting RBOHDubiquitination and reduc-
ing its activity, thereby decreasing plant disease resistance
[141]. Additionally, the Arabidopsis translation initiation
factor binding protein eIF4E1 (CBE1) may negatively reg-
ulate RBOHD accumulation at the translational level, im-
pairing ROS-dependent immune response [142].

The role of MAPKs in PAMP-induced ROS bursts
remains unclear, and key experimental findings suggests
these pathways operate independently. In Arabidopsis,
atrbohD mutants show similar MPK3/MPK6 activation to
wild-type plants upon flg22 treatment, indicating that ROS
production does not depend on MAPK signaling [143,144].
It was found that ROS production was not reduced inMPK3
or MPK6 mutants, although MPK3 mutants had a delayed
response, suggesting that MAPKs may fine tune ROS dy-
namics but not drive them [103]. Furthermore, overex-
pression of the phosphatase AP2C1, which dephospho-
rylates and inactivates MPK3/MPK6, does not suppress
flg22-mediated ROS production, further supporting the in-
dependence of these pathways [145]. In anp2/anp3 double
mutants or β-estradiol-induced anp1/anp2/anp3 triple mu-
tants, elf18-triggered ROS is suppressed, yet MPK3/MPK6
activation persists, suggesting that ROS production and
MAPK activation are regulated by distinct upstream reg-
ulators [146]. These findings suggest that ROS bursts and
MPK3/MPK6 activation are independent pathways down-
stream of the FLS2 receptor. While both are critical for
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immunity, their relationship and coordination remain unre-
solved and need further investigation [1,147,148].

6. Nitric Oxide and Phosphatidic Acid: Lipid
and Redox Signaling

Nitric oxide (NO) plays a significant role in plant-
pathogen interactions, enhancing plant immunity through
multiple mechanisms [149]. Plants rapidly produce NO
upon recognition of PAMPs or DAMPs during pathogen in-
vasion [150,151]. NO works with ROS together to amplify
both local and systemic defense responses [152]. In Ara-
bidopsis, NPR1 and TGA1 are redox-regulated signals that
interact in their reduced state, enhancing TGA1’s DNA-
binding ability and activating pathogenesis-related PR gene
expression [153]. NO regulates the NPR1/TGA1 signal-
ing network, further boosting plant immune defenses [154].
PAMP-induced Ca2+ signaling is also linked to NO pro-
duction, though the molecular mechanisms remain unclear
[155]. For example, the cation channel CNGC2 is re-
quired for lipopolysaccharide (LPS)-triggered NO synthe-
sis, while CNGC2 mutants suppress LPS-induced NO pro-
duction in Arabidopsis [156]. The Ca2+-binding protein
CML24, activated by pathogen-induced Ca2+ influx, me-
diates downstream NO production, bridging Ca2+ and NO
signaling pathways [157].

Phosphatidic acid (PA), a key intermediate in lipid
biosynthesis, integrates environmental cues into plant im-
mune responses [158]. PA and its associated enzymes—
phospholipase C (PLC), phospholipase D (PLD), and di-
acylglycerol kinase (DGK)—play important roles in plant
immune defense [159]. PA influences immune outputs by
modulating ROS bursts and CDPK activity [16,160]. In
tomato cells, PA levels increase in response to xylanase,
flg22, and fungal elicitors, along with elevated levels of
its precursor, diacylglycerol pyrophosphate (DGPP), and
enhanced PI-PLC and PLD activity. This indicates that
PLC and PLD are required for PA accumulation and sub-
sequent immune responses [161,162]. In Arabidopsis,
DGK phosphorylates diacylglycerol (DAG) to produce PA,
and inhibitors of DGK block flg22-induced PA production
and ROS bursts, highlighting DGK’s positive role in plant
immunity [163]. PA also enhances 3-phosphoinositide-
dependent kinase 1 (PDK1) activity, further promoting im-
mune defense responses [42]. Notably, PAMP-triggered PA
synthesis via PLD and PLC/DGK pathways partially de-
pends onNO, suggesting cross-talk between lipid and redox
signaling pathways [164]. Thus, NO and PA operate within
interconnected networks to enhance plant immunity. NO
influences Ca2+-mediated PA synthesis, while PA enhances
ROS generation and kinase cascades that, in turn, promote
NO production. This reciprocal regulation ensures robust
and coordinated defense responses against pathogens.

7. Heterotrimeric G Proteins: Bridging
PRRs and Downstream Effectors

The heterotrimeric G protein system in Arabidopsis
consists of a single canonical Gα subunit (GPA1), one Gβ
subunit (AGB1), and three Gγ subunits (AGG1, AGG2,
AGG3). These Gγ subunits are classified into three phy-
logenetically distinct types, with AGG1 and AGG2 classi-
fied as Type A and AGG3 as Type C [165,166]. Unlike
animal G protein-coupled receptors (GPCRs), plant G pro-
teins are self-activating and do not rely on GPCRs. A Study
has shown that Gβ (AGB1) and Gγ (AGG1, AGG2) act
downstream of various receptor-like kinases (RLKs), such
as SOBIR1, FLS2, EFR, and CERK1, to activate plant im-
mune defenses, including ROS bursts, without involving
MPK3/MPK6 activation [167]. This independence high-
lights a unique regulatory mechanism in plant immunity,
where G proteins directly integrate RLK signals to mobi-
lize defense responses.

Gα (GPA1) appears to be dispensable for immune sig-
naling, as studies show that gpa1 mutants have little im-
pact on defense responses [167,168]. This raises the ques-
tion of how heterotrimeric G proteins mediate disease re-
sistance if Gα only plays a minor role. One explanation
is that Gβγ dimers can function independently of Gα or
other protein substitutes of Gα to form heterotrimers [169].
Notably, Arabidopsis encodes three extra-large G proteins
(XLGs: XLG1, XLG2, XLG3), which evolved from an-
cestral plant Gα subunits. These plant-specific XLGs form
functional complexes with Gβγ dimers, compensating for
GPA1’s limited role in immunity [169,170]. This compen-
satory mechanism highlights a unique evolutionary strategy
in plants to diversify G protein signaling, enabling robust
defense regulation despite the redundancy of the canonical
Gα subunit.

The current model proposed by Pandey describes that
the dynamic G protein cycle is central to Arabidopsis im-
mune signaling, and outlines its structured sequence from
quiescence to activation [170]. In the resting state, the het-
erotrimeric G protein complex—including either the canon-
ical Gα subunit (GPA1) or the plant-specific extra-large G
proteins (XLG2 or XLG3), paired with Gβ (AGB1) and
Gγ (AGG1/AGG2/AGG3)—is bonded to the FLS2 recep-
tor kinase and its associated cytoplasmic kinase BIK1. The
regulator of G signaling protein RGS1, part of this com-
plex, interacts with both FLS2 and Gα (GPA1). Through
the GTPase-accelerating protein (GAP) activity, it main-
tains the G protein complex in an inactive state, and sup-
presses Gα’s transition [170,171]. Upon recognition of the
bacterial flg22, FLS2 dimerizes with its co-receptor BAK1
to form an active receptor complex and activate BIK1 [22].
Activated BIK1 phosphorylates RGS1, leading to its disso-
ciation from the FLS2 receptor complex or promoting its
endocytosis [170,172,173]. This removal of RGS1 abol-
ishes its GAP-mediated suppression of Gα, allowing Gα to
bind GTP and separate from the Gβγ dimer [170,172]. The
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released Gβγ dimer interacts with downstream effectors to
transmit signals and promote immune responses.

Arabidopsis heterotrimeric G proteins coordinate im-
mune responses through both cytoplasmic and nuclear path-
ways. Upon flg22 detection, BIK1 phosphorylates XLG2,
causing it dissociate from Gβγ and bind to RBOHD, which
enhances ROS production [174]. Phosphorylated XLG2
also moves into the nucleus, suppressing MLK to relieve
PTI repression and activate defense genes [175,176]. By
interacting with PRR complexes, G proteins fine-tune PTI
signaling and link pathogen recognition to the activation of
immune responses.

8. 14-3-3 Proteins: Modular Scaffolds in PTI
Signaling

14-3-3 proteins are key regulators of plant immunity,
acting as dynamic scaffolds to mediate protein-protein in-
teractions and modulate the activity, stability, or localiza-
tion of their target proteins. In Arabidopsis, the 14-3-3
gene family includes 15 members, which are typically ac-
tivated by interacting with phosphorylated proteins to am-
plify and coordinate signaling pathways [177,178]. 14-3-
3 proteins interact with various immune-related molecules,
such as CDPKs, PA, PDK1, and 1-Aminocyclopropane-1-
carboxylate synthase (ACS) [16].

In plant defense responses, 14-3-3 proteins interact
with multiple members of the Receptor-like Cytoplasmic
Kinases (RLCK) subfamily VII, such as PBL19, PBL20,
and PBL37, as well as subfamily XII members PBL40 and
BSK1. These RLCKs regulate plant resistance by phos-
phorylating downstream targets likeMAPKKK5 orMPK15
[179]. Additionally, 14-3-3 proteins interact with PBL19,
PBL20, and BIK1 within PRR receptor complexes, sup-
porting rapid signal propagation [179,180].

14-3-3 proteins relieve kinase autoinhibition to pro-
mote signaling. In MAPKKK5, autoinhibitory interactions
between its N- and C- terminal regions block PBL19 access.
14-3-3 proteins (GRF6/8) bind PBL19 and MAPKKK5’s
C-terminus, allowing PBL19 to phosphorylate and relieve
autoinhibition. 14-3-3 proteins also scaffold the interac-
tions between PBL19 and MEKK1, activating the MAPK
cascade. Therefore, 14-3-3 proteins accelerate immune re-
sponses, such as ROS bursts and defense gene expression
[180].

A summary of the key kinases, their substrates,
and regulatory roles in PTI signaling is provided in
Table 1 (Ref. [1,16,24,37,39,42,43,49,51,52,57–71,73–
75,90,91,98–100,105,108,110,114,119,133,136,137,139–
141,146,170,179,180]).

9. Plant Defense Hormones: Converging
Pathways in Immune Regulation

Salicylic acid (SA), ethylene (ET), and jasmonic acid
(JA) are key hormones involved in plant defense, play-
ing distinct roles against different types of pathogens

[181]. These hormones are rapidly produced upon PAMP
perception and work together with PTI to enhance de-
fense responses. SA mainly defends against biotrophic or
hemibiotrophic pathogens, while JA and ET are critical
for combating necrotrophic pathogens [181,182]. Besides
these three hormones, other auxiliary hormones, such as
brassinosteroids, auxins, abscisic acid (ABA), cytokinins,
and gibberellins, also modulate immune outcomes, form-
ing a complex regulatory network in plant immunity.

These hormones do not regulate plant immunity inde-
pendently, but form dynamic networks that fine-tune im-
mune responses through both antagonistic and synergis-
tic interactions [16]. They transmit different signals and
perform diverse defense functions. For example, in SA-
JA interplay, SA signaling often suppresses JA pathways.
The SA receptor NPR1 inhibits JA-mediated defenses, al-
though their relationship also includes synergistic effects
[183]. NPR1, the SA receptor acts as a key regulator of SA
signaling and mediates its antagonistic crosstalk with the
JA pathway [184,185]. Conversely, the JA receptor COI1
represses SA signaling, establishing a bidirectional regula-
tory loop [186]. Interestingly, the SA receptors NPR3 and
NPR4 have opposite functions to NPR1, and they activate
JA signaling during ETI to induce combined SA and JA de-
fenses that enhance plant immunity [187–189].

In SA-ABA interactions, the two signaling pathways
are generally antagonistic, and ABA suppresses SA signal-
ing, weakening plant immunity against certain pathogens
[190]. For example, ABA suppresses SA accumulation,
impairing resistance to pathogens such as Pseudomonas sy-
ringae pv. tomato [191]. However, SA and ABA also have
synergistic effects. For instance, SA and ABA work to-
gether to enhance RNA silencing in viral defense, as shown
in Arabidopsis resistance to Bamboo mosaic virus (BaMV)
[192].

SA-ET exhibit mutual antagonism, with each hor-
mone’s biosynthesis pathways inhibiting the other. SA sig-
naling via NPR1 inhibits ET responses by interacting with
the ethylene response factor EIN3, blocking ET-dependent
gene transcription [193]. Conversely, EIN3 and EIL1 sup-
press SA biosynthesis by binding to the SID2 promoter, in-
creasing susceptibility to Pseudomonas syringae [194].

In summary, the complex interactions among plant
hormones play crucial roles in plant immune responses.
However, further research is needed to fully understand
how these hormones precisely regulate plant immunity
through their mutual interactions. Future studies using sys-
tems biology and single-cell approaches will unravel these
complexities and provide new strategies for developing
disease-resistant crop.

10. PTI-ETI Interplay: The Unification of
Interaction

The classical zigzag model posits that ETI is an ampli-
fied version of PTI, forming a stepwise defense hierarchy
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Table 1. Summary of kinases, substrates and the functions.
Kinase Type/family Substrates/interacting proteins Functions Reference

FLS2 LRR-RLK (PRR) flg22; BAK1 Perceives flg22; recruits BAK1 to form active complex and initiate PTI signaling [1,24]
BAK1 SERK-RLK FLS2; BIK1 Co-receptor with FLS2; phosphorylates BIK1 and mediates FLS2 ubiquitination [24]
BIK1 RLCK VII RBOHD; RGS1; CNGC2/4 Phosphorylates RBOHD to trigger ROS burst; phosphorylates RGS1 to activate G-proteins; activates

CNGC channels
[105,108,133,170]

SIK1 (MAP4K) MAP4K BIK1; RBOHD Phosphorylates and stabilizes BIK1; directly phosphorylates RBOHD to enhance ROS burst [136]
CRK2 CRK-RLK RBOHD; BIK1 Directly phosphorylates RBOHD; amplifying ROS signaling [137]
CDPKs (CPK4/5/6/11) CDPK RBOHD Ca2+-dependent phosphorylation of RBOHD; enhancing early ROS burst [110,114]
CPK28 CDPK BIK1 Phosphorylates BIK1 to promote its ubiquitination and degradation; forming negative feedback on

ROS
[139]

CIPK14 CIPK - Negatively regulates PTI signaling, suppressing ROS production [140]
PBL13 RLCK RBOHD (S862, T912) Negatively phosphorylates RBOHD; limiting ROS levels [141]
PBL1 RLCK - Contribute PAMP-induced Ca2+ influx, regulating early calcium signaling [119]
PDK1 AGC-PDK1 OXI1 Phosphorylates and activates OXI1 in response to phosphatidic acid [42]
OXI1 AGC PTI1-2/4; MPK3/6 Phosphorylates PTI1 kinases and contributes to the activation of MPK3/6 in response to H2O2 or PA,

thereby forming positive feedback loop that amplifies ROS production and cell death
[37,39,42,43]

PTI1-2/ PTI1-4 RLCK VII - Substrate of OXI1; involved in ROS burst and cell death regulation [42,43]
PBL19 RLCK VII MAPKKK5 Phosphorylates and activates MAPKKK5; initiating MAPK cascade [179,180]
MEKK1 MAPKKK MKK1/2; SUMM2 Phosphorylates MKK1/2 to activate MPK4; induces backup immunity via SUMM2 upon cascade

disruption
[16,49,58]

MAPKKK3/5 MAPKKK MKK4/5 Phosphorylates MKK4/5 to activate MPK3/6 in response to multiple PAMPs [51,52]
MAPKKK5 MAPKKK MAPKK4/5; 14-3-3 proteins Forms complex with PBL19 and 14-3-3 proteins to relieve autoinhibition and activate MAPKK4/5 [51,180]
MKK1/2 MAPKK MPK4; SUMM2 Phosphorylates and activates MPK4; cascade monitored by SUMM2 for stability [49,58]
MAPKK4/5 MAPKK MPK3/6 Phosphorylates MPK3/6 to regulate defense gene expression via multiple transcription factors and

chromatin modifiers
[51,52]

MPK3/6 MAPK WRKY33; VIP1; ERF104;
ERF6; HD2B; BES1; PUB22;
RNA Pol II CTD; LIP5

Phosphorylates multiple TFs and nuclear proteins to drive defense gene expression, chromatin re-
modeling, stabilize PUB22 and enhance Pol II activity, stabilize LIP5 to activate the MVB pathway,
enhancing immunity

[61–70,73–75,90,91,98–100]

MPK4 MAPK MKS1; ASR3; RPS6/SMN1 Phosphorylates MKS1 to release WRKY33; phosphorylates ASR3 to negatively regulate defense;
monitored by RPS6/SMN1

[57,59,60,71]

ANP1/2/3 MAPKKK - It required for PAMP-induced ROS burst, functioning in a pathway partially independent of MPK3/6 [146]
AGC, AGC kinase family; ANP1, Arabidopsis NPK1-related protein kinase 1; ASR3, altered seed germination 3; BAK1, BRI1-associated receptor kinase 1; BES1, BRI1-EMS-suppressor 1; BIK1, botrytis-induced
kinase 1; PBL1, PBS1-like protein 1; CDPK, calcium-dependent protein kinase; CIPK, calcineurin B-like interacting protein kinase; CIPK14, CBL-interacting protein kinase 14; CNGC2, cyclic nucleotide-gated
channel 2; CPK28, calcium-dependent protein kinase 28; CRK-RLK, cysteine-rich receptor-like kinase; CTD, C-terminal domain; ERF104, ethylene response factor 104; ERF6, ethylene response factor 6; flg22,
flagellin 22 peptide; FLS2, Flagellin-Sensing 2; HD2B, histone deacetylase 2B; LIP5, LYST-interacting protein 5; LRR-RLK, leucine-rich repeat receptor-like kinase; MAP4K, mitogen-activated protein kinase
kinase kinase kinase; MAPK, mitogen-activated protein kinase; MAPKK, mitogen-activated protein kinase kinase; MAPKKK, mitogen-activated protein kinase kinase kinase; MEKK1, MAPK/ERK kinase kinase 1;
MKK1, MAPK kinase 1; MKS1, MAPK substrate 1; MPK3, mitogen-activated protein kinase 3; MVB, multivesicular body; OXI1, oxidative signal-inducible 1; PA, phosphatidic acid; PAMP, pathogen-associated
molecular pattern; PBL13, PBS1-like protein 13; PDK1, 3-phosphoinositide-dependent protein kinase 1; PRR, pattern recognition receptor; PTI, pattern-triggered immunity; PTI1-2, PTO-interacting 1-like kinase 2;
PUB22, Plant U-Box 22; RBOHD, respiratory burst oxidase homolog D; RGS1, regulator of G-protein signaling 1; RLCK, receptor-like cytoplasmic kinase; RNA Pol II, RNA polymerase II; ROS, reactive oxygen
species; RPS6, ribosomal protein S6; SMN1, suppressor of MPK4 nuclear immunity 1; SERK-RLK, somatic embryogenesis receptor kinase–receptor-like kinase; SIK1, stress-induced kinase 1; SUMM2, suppressor
of MKK1 MKK2 2; TF, transcription factor; VIP1, VirE2-interacting protein 1; WRKY33, WRKY transcription factor 33.
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Fig. 2. PTI–ETI interplay in plant immunity. (1) Recognition and activation. Receptor-like kinases (RLKs) and receptor-like proteins
(RLPs) detect pathogen-/microbe-associated molecular patterns (PAMPs/MAMPs) to activate pattern-triggered immunity (PTI). Upon
recognition of flg22 (flagellin 22 peptide), Flagellin-Sensing 2 (FLS2) and BRI1-Associated Receptor Kinase 1 (BAK1) transphospho-
rylate each other, releasing the cytoplasmic kinase botrytis-induced kinase 1 (BIK1). BIK1 phosphorylates Respiratory Burst Oxidase
Homolog D (RBOHD) to trigger a reactive oxygen species (ROS) burst, promotes Ca2+ influx through cyclic nucleotide-gated channels
(CNGCs), and phosphorylates Mitogen-Activated Protein Kinase Kinase Kinase 3/5 (MAPKKK3/5) to activate the mitogen-activated
protein kinase (MAPK) cascade, which regulates defense-related transcription factors (TFs). Upon recognition of nlp20 (necrosis-
and ethylene-inducing peptide 20), the RLP23–Suppressor of BIR1-1 (SOBIR1) complex recruits BAK1 and receptor-like cytoplas-
mic kinases (RLCKs), such as PBS1-like protein 31 and 13 (PBL31/PBL13), and signals through the enhanced disease susceptibility
1–phytoalexin deficient 4–activated disease resistance 1 (EDS1-PAD4-ADR1) module to activate defense genes. (2) TNL resistosomes.
Toll/interleukin-1 receptor–nucleotide-binding–leucine-rich repeat (TIR-NBD-LRR, TNL) proteins detect pathogen effectors and form
resistosomes that activate the EDS1-PAD4-ADR1 module, triggering effector-triggered immunity (ETI). ADR1 oligomerizes to form
plasma membrane Ca2+ channels, increasing cytoplasmic Ca2+ levels and inducing the hypersensitive response (HR). (3) Shared hub.
The EDS1-PAD4-ADR1 module functions in both PTI and ETI, acting as a key convergence point to coordinate immune responses.
(4) Mutual reinforcement of PTI and ETI. ETI enhances PTI by upregulating key PTI signaling components, such as BIK1, BAK1,
Mitogen-Activated Protein Kinase 3 (MPK3), and RBOHD. Conversely, PTI and its associated Ca2+ influx promote the expression of
TNL genes, thereby strengthening ETI. (5) PTI-mediated suppression of ETI. Avirulence protein Rpt2 (AvrRpt2) can trigger HR through
the MPK3/MPK6 pathway; however, PAMPs such as flg22 activate Mitogen-Activated Protein Kinase 3/6–WRKY transcription fac-
tor 18 (MPK3/6–WRKY18) signaling, which increases Arabidopsis Protein Phosphatase 2C 1 (AP2C1) and Protein Phosphatase 2C 5
(PP2C5) (PP2C family proteins), thereby suppressing ETI-induced HR. The figure was created with figdraw.com.
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Table 2. Comparison of pattern-triggered immunity (PTI) and effector-triggered immunity (ETI).
Category PTI ETI Reference

Activation mechanism Triggered by membrane-localized PRRs upon perception of conserved
PAMPs (e.g., flg22, elf18, chitin)

Initiated by intracellular NLRs recognizing specific pathogen effectors,
often targeting host defense components

[1,201]

Receptor type and location PRRs such as FLS2, EFR, CERK1, which are plasma membrane-
localized receptor kinases forming complexes with BAK1

NLRs (TIR-NLRs, CC-NLRs) localized in the cytosol and nucleus, con-
taining NB-ARC and LRR domains

[1]

Downstream signaling Activates RLCKs (e.g., BIK1), MAPKs (e.g., MPK3/6), CDPKs, ROS
burst, Ca2+ influx, and transcriptional reprogramming via transcription
factors

Shares the same signaling modules as PTI but with greater intensity and
prolonged duration; MPK3/6 shows extended activation in ETI

[35,68,73,109,115,154,200]

ROS and Ca2+ signaling Transient ROS burst via BIK1/CRK2/CPK5 phosphorylation of
RBOHD; Ca2+ influx via CNGC2/4 is rapid but short-lived

ROS burst is stronger and more sustained; ETI enhances RBOHD phos-
phorylation stability and Ca2+ elevation is amplified during hypersen-
sitive response (HR)

[108,114–118,197,198]

MAPK Dynamics Transient activation of MPK3/6 typically peaks within 15–30 minutes Sustained MPK3/6 activation in ETI, leading to prolonged TFs phos-
phorylation and robust transcriptional defense response

[51,73,195–197]

Transcriptional Output Induces early immune genes, involves CTD phosphorylation of RNA
Pol II

Activates a broader range of resistance genes, with stronger magnitude
and longer duration

[2,18,70,82,89,201]

Programmed cell death (PCD) Rarely induces HR; ROS and Ca2+ responses are usually non-lethal and
localized

Frequently triggers hypersensitive response (HR), especially via TIR-
NLR signaling amplified by EDS1-PAD4-ADR1

[1,198,199,201]

Response strength & duration Moderate and short-lived, often subsiding within 2–3 hours Stronger, broader, and longer-lasting (6–12+ hours), with reinforced
PRR stability and downstream signaling

[2,158,202]

Functional relationship ETI often follows PTI and depends on early PTI signals such as BIK1,
MAPKs, RBOHD, and transcriptional priming

ETI enhances PTI by stabilizing PRRs (e.g., FLS2/BAK1), prolonging
MAPK activation, boosting BIK1 activation and reinforcing ROS sig-
naling

[158,195–199,202]

PRR, pattern recognition receptor; PAMP, pathogen-associated molecular pattern; flg22, flagellin 22 peptide; elf18, elongation factor Tu epitope 18; NLR, nucleotide-binding leucine-rich repeat receptor; TIR-NLR,
Toll/Interleukin-1 receptor–NLR; CC-NLR, coiled-coil–NLR; NB-ARC, nucleotide-binding APAF1–R proteins–CED4 domain; LRR, leucine-rich repeat; FLS2, Flagellin-Sensing 2; EFR, elongation factor Tu
receptor; CERK1, chitin elicitor receptor kinase 1; BAK1, BRI1-associated kinase 1; RLCK, receptor-like cytoplasmic kinase; BIK1, botrytis-induced kinase 1; MAPK, mitogen-activated protein kinase; CDPK,
calcium-dependent protein kinase; ROS, reactive oxygen species; CRK2, cysteine-rich receptor-like kinase 2; HR, hypersensitive response; TF, transcription factor; CTD, C-terminal domain; RNA Pol II, RNA
polymerase II; PCD, programmed cell death; EDS1-PAD4-ADR1, enhanced disease susceptibility 1–phytoalexin deficient 4– activated disease resistance 1.
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[1]. However, recent emerging evidence reveals a more
complex interplay, where PTI and ETI engage in bidirec-
tional crosstalk, either enhancing or suppressing each other
to fine-tune immune responses (Fig. 2).

PTI and ETI exhibit synergetic effect and mutually
reinforce each other. Ngou et al. [195] found that PTI-
impaired Arabidopsis mutants are more susceptible to Avr-
Rps4 infection, indicating that ETI alone is insufficient
to combat pathogens without PTI. They also showed that
PTI enhances ETI-mediated hypersensitive cell death (HR),
which is aligned with the findings of Yuan et al. [196],
which demonstrated that PRRmutants impair ROS produc-
tion during ETI, highlighting the essential role of PRRs in
ETI. Moreover, ETI signals can also enhance PTI outputs
[195–197].

In nlp20-induced PTI, RLP23, EDS1, PAD4, and
ADR1 play key roles. The co-receptor SOBIR1 bridges
RLP23 to the EDS1-PAD4-ADR1 module, enabling sig-
nal transduction [198,199]. EDS1, PAD4, and ADR1 are
also crucial for TNL-mediated ETI. Thus, the EDS1-PAD4-
ADR1 module acts as a convergence point for PTI and ETI
signaling, coordinating transcriptional reprogramming and
systemic immunity, and illustratingmechanistic overlap be-
tween PTI and ETI.

However, PTI can also suppress ETI. In Ara-
bidopsis, flg22-induced PTI activates the MPK3/MPK6-
WRKY18 pathway, which upregulates the phosphatases
AP2C1/PP2C5. These phosphatases suppress Pst DC3000
AvrRpt2-induced MAPK activation, dampen AvrRpt2-
triggered ETI and reduce ETI-mediated HR [200].
Flg22 also triggers a separate pathway, PIPs-RLK7-
MPK3/MPK6-WRKY18/40/60-prePIPs, which is required
for PTI-mediated ETI suppression. PIP2 treatment induces
pre-PIP2 production, which suppresses AvrRpt2-induced
MAPK activation through the MPK3/6-WRKY18/40/60-
AP2C1/PP2C5module, ultimately inhibiting ETI-mediated
HR.

PTI-ETI interplay involves complex signaling net-
works. While PAMPs/DAMPs trigger PRR-mediated im-
munity, feedback loops suppress excessive ETI, balancing
immune responses. This balance maintains robust immu-
nity without overactivation, tailoring immune responses to
pathogen threats. To provide a structured overview of their
distinct yet interconnected features, a comparison of PTI
and ETI is summarized in Table 2 (Ref. [1,2,18,35,51,68,
70,73,82,89,108,109,114–118,154,158,195–202]). Future
work should explore spatiotemporal PTI-ETI dynamics and
their evolutionary origins.

11. Conclusions
Pattern-triggered immunity (PTI) forms a fundamen-

tal layer of plant innate immunity, regulated by a complex
network of receptor-like kinases (RLKs), receptor-like cy-
toplasmic kinases (RLCKs), MAPKs, and CDPKs. These
kinase pathways convert extracellular signals into intracel-

lular responses, triggering rapid immune outputs such as
reactive oxygen species (ROS) production, calcium influx,
transcriptional reprogramming, and stomatal closure.

Although many components of PTI signaling are in-
creasingly well understood, conventional bulk-tissue anal-
yses often overlook the spatial and cellular complexity of
immune responses. Recent advances in single-cell and spa-
tially resolved transcriptomic studies have begun to reshape
this understanding. For instance, Delannoy et al. [203]
showed that different leaf cell types in Arabidopsis leaves
exhibit distinct immune transcriptional programs and non-
uniform activation patterns upon bacterial infection, reveal-
ing coordinated but variable responses across tissues. Sim-
ilarly, Han and Tsuda [204] applied temporally resolved
single-cell profiling to trace changes in immune activity
over time, revealing dynamic response patterns and cell-
type–specific defense states. These studies provide valu-
able insight into the spatial and temporal regulation of plant
immunity.

Such findings highlight the necessity of moving be-
yond static, bulk-based models toward high-resolution ap-
proaches that reflect the dynamic and context-dependent
nature of immune signaling. Integration of single-cell and
spatial transcriptomics with complementary technologies—
such as real-time biosensors, phosphoproteomics, optoge-
netics, and inducible perturbation systems—will be essen-
tial to dissect transient kinase activity and cell-to-cell sig-
naling at high resolution. Moreover, systems-level mod-
eling approaches can help explain how immune responses
maintain specificity, stability, and adaptability in complex
biological networks.

Together, embracing these emerging tools will deepen
our mechanistic understanding of PTI and its interface with
ETI, ultimately supporting the rational engineering of crops
with durable and cell-type–specific resistance to evolving
pathogens.

Abbreviations
PTI, pattern-triggered immunity; PRRs, pattern recog-

nition receptors; PAMPs, pathogen-associated molecular
patterns; DAMPs, damage-associated molecular patterns;
MAPKs, mitogen-activated protein kinases; CDPKs, Ca2+-
dependent protein kinases; ACS, 1-aminocyclopropane-
1-carboxylate synthase; ROS, reactive oxygen species;
ETI, effector-triggered immunity; NB, nucleotide-binding;
LRR, leucine-rich repeat; RBOHD, respiratory burst ox-
idase homolog D; PA, phosphatidic acid; NO, nitric ox-
ide; PLC, phospholipase C; PLD, phospholipase D; DGK,
diacylglycerol kinase; PDK1, phosphoinositide-dependent
protein kinase 1; BIK1, botrytis-induced kinase 1; CDKC,
cyclin-dependent kinase complex; PBLs, PBS1-like pro-
teins; ET, ethylene; JA, jasmonic acid; SA, salicylic acid;
ABA, abscisic acid; FLS2, Flagellin-Sensing 2; RLKs,
receptor-like kinases; RLPs, receptor-like proteins; CPK,
calcium-dependent protein kinase; AGC, protein kinase A,

14

https://www.imrpress.com


G, and C families; AtRBOHD, Arabidopsis thaliana Res-
piratory Burst Oxidase Homologue D; MAPKKs, MAPK
kinases; MAPKKKs, MAPKK kinases; WRKY33, WRKY
DNA-binding protein 33; VIP1, virus-interacting protein
1; PR1, pathogenesis-related 1; ASR3, altered seed ger-
mination 3; ERF, ethylene response factor; BES1, BRI1-
EMS-suppressor 1; VQPs, VQ motif-containing proteins;
MVQ1, MPK3/6-targeted VQ Motif-containing protein 1;
ERF6, ethylene response factor; CTD, C-terminal do-
main; HDACs, histone deacetylases; PUB, plant U-box;
MVB, multivesicular body; LIP5, lyst-interacting pro-
tein 5; RLCK, receptor-like cytoplasmic kinase; NADPH,
nicotinamide adenine dinucleotide phosphate; CIPK14, cal-
cineurin B-Like-Interacting Protein Kinase 14; GPA1, G
protein alpha subunit; XLGs, extra-large G proteins; GAP,
GTPase-accelerating protein; NPR, Natriuretic Peptide Re-
ceptor; EDS, Enhanced Disease Susceptibility; PAD, phy-
toalexin deficient; ADR, activated disease resistance.

Author Contributions
Conceptualization was carried out by CH and FY; re-

view framework design and thematic organization by CH,
FY and JD; literature collection, analysis and interpretation
by FY, JD, BL, ZZ and MZ; writing—original draft prepa-
ration by FY; writing—review and editing by JD, BL, ZZ,
MZ and CH; supervision by CH; project administration by
CH; and funding acquisition by CH. All authors contributed
to editorial changes in the manuscript. All authors read and
approved the final manuscript. All authors have partici-
pated sufficiently in the work and agreed to be accountable
for all aspects of the work.

Ethics Approval and Consent to Participate
Not applicable.

Acknowledgment
The authors thank the researchers whose work has

been cited in this review for their valuable contributions to
the field. We also appreciate the reviewers for their con-
structive comments and insightful suggestions, which have
greatly improved the quality and clarity of this manuscript.

Funding
This research was funded by The Key Technology

R&D Program of Shandong Province of China, grant num-
ber 2022CXPT007 and The Postdoctoral Science Founda-
tion of China, grant number 2022M721980.

Conflict of Interest
The authors declare no conflict of interest.

References
[1] Jones JDG, Dangl JL. The plant immune system. Nature. 2006;

444: 323–329. https://doi.org/10.1038/nature05286.

[2] Chang M, Chen H, Liu F, Fu ZQ. PTI and ETI: convergent path-
ways with diverse elicitors. Trends in Plant Science. 2022; 27:
113–115. https://doi.org/10.1016/j.tplants.2021.11.013.

[3] Białas A, Zess EK, De la Concepcion JC, Franceschetti M, Pen-
ningtonHG, Yoshida K, et al. Lessons in Effector andNLRBiol-
ogy of Plant-Microbe Systems. Molecular Plant-microbe Inter-
actions: MPMI. 2018; 31: 34–45. https://doi.org/10.1094/MP
MI-08-17-0196-FI.

[4] Sawinski K, Mersmann S, Robatzek S, Böhmer M. Guarding
the green: pathways to stomatal immunity. Molecular Plant-
microbe Interactions: MPMI. 2013; 26: 626–632. https://doi.
org/10.1094/MPMI-12-12-0288-CR.

[5] McLachlan DH, Kopischke M, Robatzek S. Gate control: guard
cell regulation by microbial stress. The New Phytologist. 2014;
203: 1049–1063. https://doi.org/10.1111/nph.12916.

[6] Ou X, Li T, Zhao Y, Chang Y, Wu L, Chen G, et al. Calcium-
dependent ABA signaling functions in stomatal immunity by
regulating rapid SA responses in guard cells. Journal of Plant
Physiology. 2022; 268: 153585. https://doi.org/10.1016/j.jplph.
2021.153585.

[7] Ahuja I, Kissen R, Bones AM. Phytoalexins in defense against
pathogens. Trends in Plant Science. 2012; 17: 73–90. https://do
i.org/10.1016/j.tplants.2011.11.002.

[8] Peng Y, van Wersch R, Zhang Y. Convergent and Divergent
Signaling in PAMP-Triggered Immunity and Effector-Triggered
Immunity. Molecular Plant-microbe Interactions: MPMI. 2018;
31: 403–409. https://doi.org/10.1094/MPMI-06-17-0145-CR.

[9] Navarro L, Zipfel C, Rowland O, Keller I, Robatzek S, Boller T,
et al. The transcriptional innate immune response to flg22. In-
terplay and overlap with Avr gene-dependent defense responses
and bacterial pathogenesis. Plant Physiology. 2004; 135: 1113–
1128. https://doi.org/10.1104/pp.103.036749.

[10] Felix G, Duran JD, Volko S, Boller T. Plants have a sensitive
perception system for the most conserved domain of bacterial
flagellin. The Plant Journal: for Cell and Molecular Biology.
1999; 18: 265–276. https://doi.org/10.1046/j.1365-313x.1999.
00265.x.

[11] Ngou BPM, Jones JDG, Ding P. Plant immune networks. Trends
in Plant Science. 2022; 27: 255–273. https://doi.org/10.1016/j.
tplants.2021.08.012.

[12] Chinchilla D, Bauer Z, Regenass M, Boller T, Felix G. The
Arabidopsis receptor kinase FLS2 binds flg22 and determines
the specificity of flagellin perception. The Plant Cell. 2006; 18:
465–476. https://doi.org/10.1105/tpc.105.036574.

[13] Miya A, Albert P, Shinya T, Desaki Y, Ichimura K, Shirasu K, et
al. CERK1, a LysM receptor kinase, is essential for chitin elicitor
signaling in Arabidopsis. Proceedings of the National Academy
of Sciences of the United States of America. 2007; 104: 19613–
19618. https://doi.org/10.1073/pnas.0705147104.

[14] Kaku H, Nishizawa Y, Ishii-Minami N, Akimoto-Tomiyama C,
Dohmae N, Takio K, et al. Plant cells recognize chitin frag-
ments for defense signaling through a plasma membrane re-
ceptor. Proceedings of the National Academy of Sciences of
the United States of America. 2006; 103: 11086–11091. https:
//doi.org/10.1073/pnas.0508882103.

[15] Guo J, Cheng Y. Advances in Fungal Elicitor-Triggered Plant
Immunity. International Journal of Molecular Sciences. 2022;
23: 12003. https://doi.org/10.3390/ijms231912003.

[16] Bigeard J, Colcombet J, Hirt H. Signaling mechanisms in
pattern-triggered immunity (PTI). Molecular Plant. 2015; 8:
521–539. https://doi.org/10.1016/j.molp.2014.12.022.

[17] Böhm H, Albert I, Fan L, Reinhard A, Nürnberger T. Immune
receptor complexes at the plant cell surface. Current Opinion in
Plant Biology. 2014; 20: 47–54. https://doi.org/10.1016/j.pbi.
2014.04.007.

[18] Zipfel C. Plant pattern-recognition receptors. Trends in Im-

15

https://doi.org/10.1038/nature05286
https://doi.org/10.1016/j.tplants.2021.11.013
https://doi.org/10.1094/MPMI-08-17-0196-FI
https://doi.org/10.1094/MPMI-08-17-0196-FI
https://doi.org/10.1094/MPMI-12-12-0288-CR
https://doi.org/10.1094/MPMI-12-12-0288-CR
https://doi.org/10.1111/nph.12916
https://doi.org/10.1016/j.jplph.2021.153585
https://doi.org/10.1016/j.jplph.2021.153585
https://doi.org/10.1016/j.tplants.2011.11.002
https://doi.org/10.1016/j.tplants.2011.11.002
https://doi.org/10.1094/MPMI-06-17-0145-CR
https://doi.org/10.1104/pp.103.036749
https://doi.org/10.1046/j.1365-313x.1999.00265.x
https://doi.org/10.1046/j.1365-313x.1999.00265.x
https://doi.org/10.1016/j.tplants.2021.08.012
https://doi.org/10.1016/j.tplants.2021.08.012
https://doi.org/10.1105/tpc.105.036574
https://doi.org/10.1073/pnas.0705147104
https://doi.org/10.1073/pnas.0508882103
https://doi.org/10.1073/pnas.0508882103
https://doi.org/10.3390/ijms231912003
https://doi.org/10.1016/j.molp.2014.12.022
https://doi.org/10.1016/j.pbi.2014.04.007
https://doi.org/10.1016/j.pbi.2014.04.007
https://www.imrpress.com


munology. 2014; 35: 345–351. https://doi.org/10.1016/j.it
.2014.05.004.

[19] Song WY, Wang GL, Chen LL, Kim HS, Pi LY, Holsten T, et
al. A receptor kinase-like protein encoded by the rice disease
resistance gene, Xa21. Science (New York, N.Y.). 1995; 270:
1804–1806. https://doi.org/10.1126/science.270.5243.1804.

[20] Boller T, Felix G. A renaissance of elicitors: perception of
microbe-associated molecular patterns and danger signals by
pattern-recognition receptors. Annual Review of Plant Biology.
2009; 60: 379–406. https://doi.org/10.1146/annurev.arplant.57.
032905.105346.

[21] Gómez-Gómez L, Boller T. FLS2: an LRR receptor-like kinase
involved in the perception of the bacterial elicitor flagellin in
Arabidopsis. Molecular Cell. 2000; 5: 1003–1011. https://doi.or
g/10.1016/s1097-2765(00)80265-8.

[22] Zipfel C, Kunze G, Chinchilla D, Caniard A, Jones JDG, Boller
T, et al. Perception of the bacterial PAMP EF-Tu by the recep-
tor EFR restricts Agrobacterium-mediated transformation. Cell.
2006; 125: 749–760. https://doi.org/10.1016/j.cell.2006.03.037.

[23] Monaghan J, Zipfel C. Plant pattern recognition receptor com-
plexes at the plasma membrane. Current Opinion in Plant Biol-
ogy. 2012; 15: 349–357. https://doi.org/10.1016/j.pbi.2012.05.
006.

[24] Lu D, Wu S, Gao X, Zhang Y, Shan L, He P. A receptor-like
cytoplasmic kinase, BIK1, associates with a flagellin receptor
complex to initiate plant innate immunity. Proceedings of the
National Academy of Sciences of the United States of America.
2010; 107: 496–501. https://doi.org/10.1073/pnas.0909705107.

[25] DeFalco TA, Zipfel C. Molecular mechanisms of early plant
pattern-triggered immune signaling. Molecular Cell. 2021; 81:
4346. https://doi.org/10.1016/j.molcel.2021.09.028.

[26] Li P, Liu J. Protein Phosphorylation in Plant Cell Signaling.
Methods in Molecular Biology (Clifton, N.J.). 2021; 2358: 45–
71. https://doi.org/10.1007/978-1-0716-1625-3_3.

[27] Xue Y, Gao X, Cao J, Liu Z, Jin C, Wen L, et al. A summary
of computational resources for protein phosphorylation. Current
Protein & Peptide Science. 2010; 11: 485–496. https://doi.org/
10.2174/138920310791824138.

[28] Tan S, Luschnig C, Friml J. Pho-view of Auxin: Reversible Pro-
tein Phosphorylation in Auxin Biosynthesis, Transport and Sig-
naling. Molecular Plant. 2021; 14: 151–165. https://doi.org/10.
1016/j.molp.2020.11.004.

[29] Zhang WJ, Zhou Y, Zhang Y, Su YH, Xu T. Protein phos-
phorylation: A molecular switch in plant signaling. Cell Re-
ports. 2023; 42: 112729. https://doi.org/10.1016/j.celrep.2023.
112729.

[30] Rayapuram N, Bonhomme L, Bigeard J, Haddadou K, Przy-
bylski C, Hirt H, et al. Identification of novel PAMP-triggered
phosphorylation and dephosphorylation events in Arabidopsis
thaliana by quantitative phosphoproteomic analysis. Journal of
Proteome Research. 2014; 13: 2137–2151. https://doi.org/10.
1021/pr401268v.

[31] Garcia AV, Al-Yousif M, Hirt H. Role of AGC kinases in plant
growth and stress responses. Cellular and Molecular Life Sci-
ences: CMLS. 2012; 69: 3259–3267. https://doi.org/10.1007/
s00018-012-1093-3.

[32] Galván-Ampudia CS, Offringa R. Plant evolution: AGC kinases
tell the auxin tale. Trends in Plant Science. 2007; 12: 541–547.
https://doi.org/10.1016/j.tplants.2007.10.004.

[33] Zhang Y, McCormick S. AGCVIII kinases: at the crossroads of
cellular signaling. Trends in Plant Science. 2009; 14: 689–695.
https://doi.org/10.1016/j.tplants.2009.09.006.

[34] Rademacher EH, Offringa R. Evolutionary Adaptations of Plant
AGC Kinases: From Light Signaling to Cell Polarity Regula-
tion. Frontiers in Plant Science. 2012; 3: 250. https://doi.org/10.
3389/fpls.2012.00250.

[35] Asai T, Tena G, Plotnikova J, Willmann MR, Chiu WL, Gomez-
Gomez L, et al. MAP kinase signalling cascade in Arabidopsis
innate immunity. Nature. 2002; 415: 977–983. https://doi.org/
10.1038/415977a.

[36] Kovtun Y, Chiu WL, Tena G, Sheen J. Functional analysis of
oxidative stress-activated mitogen-activated protein kinase cas-
cade in plants. Proceedings of the National Academy of Sci-
ences of the United States of America. 2000; 97: 2940–2945.
https://doi.org/10.1073/pnas.97.6.2940.

[37] Rentel MC, Lecourieux D, Ouaked F, Usher SL, Petersen L,
Okamoto H, et al. OXI1 kinase is necessary for oxidative burst-
mediated signalling in Arabidopsis. Nature. 2004; 427: 858–
861. https://doi.org/10.1038/nature02353.

[38] Jacobs S, Zechmann B, Molitor A, Trujillo M, Petutschnig E,
Lipka V, et al. Broad-spectrum suppression of innate immunity
is required for colonization of Arabidopsis roots by the fungus
Piriformospora indica. Plant Physiology. 2011; 156: 726–740.
https://doi.org/10.1104/pp.111.176446.

[39] Petersen LN, Ingle RA, Knight MR, Denby KJ. OXI1 protein
kinase is required for plant immunity against Pseudomonas sy-
ringae in Arabidopsis. Journal of Experimental Botany. 2009;
60: 3727–3735. https://doi.org/10.1093/jxb/erp219.

[40] Qi F, Li J, Ai Y, Shangguan K, Li P, Lin F, et al. DGK5β-derived
phosphatidic acid regulates ROS production in plant immunity
by stabilizing NADPH oxidase. Cell Host &Microbe. 2024; 32:
425–440.e7. https://doi.org/10.1016/j.chom.2024.01.011.

[41] Zhang J, Shao F, Li Y, Cui H, Chen L, Li H, et al. A Pseudomonas
syringae effector inactivatesMAPKs to suppress PAMP-induced
immunity in plants. Cell Host & Microbe. 2007; 1: 175–185.
https://doi.org/10.1016/j.chom.2007.03.006.

[42] Anthony RG, Khan S, Costa J, PaisMS, Bögre L. The Arabidop-
sis protein kinase PTI1-2 is activated by convergent phospha-
tidic acid and oxidative stress signaling pathways downstream
of PDK1 and OXI1. The Journal of Biological Chemistry. 2006;
281: 37536–37546. https://doi.org/10.1074/jbc.M607341200.

[43] Forzani C, Carreri A, de la Fuente van Bentem S, Lecourieux
D, Lecourieux F, Hirt H. The Arabidopsis protein kinase
Pto-interacting 1-4 is a common target of the oxidative
signal-inducible 1 and mitogen-activated protein kinases. The
FEBS Journal. 2011; 278: 1126–1136. https://doi.org/10.1111/
j.1742-4658.2011.08033.x.

[44] Han J, Liu CX, Liu J,WangCR,Wang SC,MiaoG.AGCkinases
OXI1 and AGC2-2 regulate camalexin secretion and disease re-
sistance by phosphorylating transporter PDR6. Plant Physiol-
ogy. 2024; 195: 1835–1850. https://doi.org/10.1093/plphys/kia
e186.

[45] MAPK Group. Mitogen-activated protein kinase cascades in
plants: a new nomenclature. Trends in Plant Science. 2002; 7:
301–308. https://doi.org/10.1016/s1360-1385(02)02302-6.

[46] Rodriguez MCS, Petersen M, Mundy J. Mitogen-activated pro-
tein kinase signaling in plants. Annual Review of Plant Biol-
ogy. 2010; 61: 621–649. https://doi.org/10.1146/annurev-arpla
nt-042809-112252.

[47] Hettenhausen C, Schuman MC, Wu J. MAPK signaling: a key
element in plant defense response to insects. Insect Science.
2015; 22: 157–164. https://doi.org/10.1111/1744-7917.12128.

[48] Yu XQ, Niu HQ, Liu C, Wang HL, Yin W, Xia X. PTI-ETI syn-
ergistic signal mechanisms in plant immunity. Plant Biotechnol-
ogy Journal. 2024; 22: 2113–2128. https://doi.org/10.1111/pbi.
14332.

[49] Gao M, Liu J, Bi D, Zhang Z, Cheng F, Chen S, et al. MEKK1,
MKK1/MKK2 and MPK4 function together in a mitogen-
activated protein kinase cascade to regulate innate immunity in
plants. Cell Research. 2008; 18: 1190–1198. https://doi.org/10.
1038/cr.2008.300.

[50] Qiu JL, Zhou L, Yun BW, Nielsen HB, Fiil BK, Petersen K, et

16

https://doi.org/10.1016/j.it.2014.05.004
https://doi.org/10.1016/j.it.2014.05.004
https://doi.org/10.1126/science.270.5243.1804
https://doi.org/10.1146/annurev.arplant.57.032905.105346
https://doi.org/10.1146/annurev.arplant.57.032905.105346
https://doi.org/10.1016/s1097-2765(00)80265-8
https://doi.org/10.1016/s1097-2765(00)80265-8
https://doi.org/10.1016/j.cell.2006.03.037
https://doi.org/10.1016/j.pbi.2012.05.006
https://doi.org/10.1016/j.pbi.2012.05.006
https://doi.org/10.1073/pnas.0909705107
https://doi.org/10.1016/j.molcel.2021.09.028
https://doi.org/10.1007/978-1-0716-1625-3_3
https://doi.org/10.2174/138920310791824138
https://doi.org/10.2174/138920310791824138
https://doi.org/10.1016/j.molp.2020.11.004
https://doi.org/10.1016/j.molp.2020.11.004
https://doi.org/10.1016/j.celrep.2023.112729
https://doi.org/10.1016/j.celrep.2023.112729
https://doi.org/10.1021/pr401268v
https://doi.org/10.1021/pr401268v
https://doi.org/10.1007/s00018-012-1093-3
https://doi.org/10.1007/s00018-012-1093-3
https://doi.org/10.1016/j.tplants.2007.10.004
https://doi.org/10.1016/j.tplants.2009.09.006
https://doi.org/10.3389/fpls.2012.00250
https://doi.org/10.3389/fpls.2012.00250
https://doi.org/10.1038/415977a
https://doi.org/10.1038/415977a
https://doi.org/10.1073/pnas.97.6.2940
https://doi.org/10.1038/nature02353
https://doi.org/10.1104/pp.111.176446
https://doi.org/10.1093/jxb/erp219
https://doi.org/10.1016/j.chom.2024.01.011
https://doi.org/10.1016/j.chom.2007.03.006
https://doi.org/10.1074/jbc.M607341200
https://doi.org/10.1111/j.1742-4658.2011.08033.x
https://doi.org/10.1111/j.1742-4658.2011.08033.x
https://doi.org/10.1093/plphys/kiae186
https://doi.org/10.1093/plphys/kiae186
https://doi.org/10.1016/s1360-1385(02)02302-6
https://doi.org/10.1146/annurev-arplant-042809-112252
https://doi.org/10.1146/annurev-arplant-042809-112252
https://doi.org/10.1111/1744-7917.12128
https://doi.org/10.1111/pbi.14332
https://doi.org/10.1111/pbi.14332
https://doi.org/10.1038/cr.2008.300
https://doi.org/10.1038/cr.2008.300
https://www.imrpress.com


al. Arabidopsis mitogen-activated protein kinase kinasesMKK1
and MKK2 have overlapping functions in defense signaling me-
diated by MEKK1, MPK4, and MKS1. Plant Physiology. 2008;
148: 212–222. https://doi.org/10.1104/pp.108.120006.

[51] Cui F, Sun W, Kong X. RLCKs Bridge Plant Immune Receptors
and MAPK Cascades. Trends in Plant Science. 2018; 23: 1039–
1041. https://doi.org/10.1016/j.tplants.2018.10.002.

[52] Sun T, Nitta Y, Zhang Q, Wu D, Tian H, Lee JS, et al. Antag-
onistic interactions between two MAP kinase cascades in plant
development and immune signaling. EMBO Reports. 2018; 19:
e45324. https://doi.org/10.15252/embr.201745324.

[53] Yang J, Lyu D. Advances in signal transduction of
PAMP-triggered immunity in plants. Chinese Jour-
nal of Eco-Agriculture. 2018; 26: 1585–1592.
https://doi.org/10.13930/j.cnki.cjea.180533.

[54] Chisholm ST, Coaker G, Day B, Staskawicz BJ. Host-microbe
interactions: shaping the evolution of the plant immune re-
sponse. Cell. 2006; 124: 803–814. https://doi.org/10.1016/j.ce
ll.2006.02.008.

[55] Yamada K, Yamaguchi K, Shirakawa T, Nakagami H, Mine
A, Ishikawa K, et al. The Arabidopsis CERK1-associated ki-
nase PBL27 connects chitin perception toMAPK activation. The
EMBO Journal. 2016; 35: 2468–2483. https://doi.org/10.15252/
embj.201694248.

[56] Yan H, Zhao Y, Shi H, Li J, Wang Y, Tang D.
BRASSINOSTEROID-SIGNALING KINASE1 Phos-
phorylates MAPKKK5 to Regulate Immunity in Ara-
bidopsis. Plant Physiology. 2018; 176: 2991–3002.
https://doi.org/10.1104/pp.17.01757.

[57] Jagodzik P, Tajdel-Zielinska M, Ciesla A, Marczak M, Lud-
wikow A. Mitogen-Activated Protein Kinase Cascades in Plant
Hormone Signaling. Frontiers in Plant Science. 2018; 9: 1387.
https://doi.org/10.3389/fpls.2018.01387.

[58] Zhang Z, Wu Y, Gao M, Zhang J, Kong Q, Liu Y, et al. Disrup-
tion of PAMP-induced MAP kinase cascade by a Pseudomonas
syringae effector activates plant immunity mediated by the NB-
LRR protein SUMM2. Cell Host & Microbe. 2012; 11: 253–
263. https://doi.org/10.1016/j.chom.2012.01.015.

[59] Petersen M, Brodersen P, Naested H, Andreasson E, Lindhart U,
Johansen B, et al. Arabidopsis map kinase 4 negatively regulates
systemic acquired resistance. Cell. 2000; 103: 1111–1120. https:
//doi.org/10.1016/s0092-8674(00)00213-0.

[60] Takagi M, Hamano K, Takagi H, Morimoto T, Akimitsu K,
Terauchi R, et al. Disruption of the MAMP-Induced MEKK1-
MKK1/MKK2-MPK4 Pathway Activates the TNL Immune Re-
ceptor SMN1/RPS6. Plant & Cell Physiology. 2019; 60: 778–
787. https://doi.org/10.1093/pcp/pcy243.

[61] Andreasson E, Jenkins T, Brodersen P, Thorgrimsen S, Petersen
NHT, Zhu S, et al. The MAP kinase substrate MKS1 is a regu-
lator of plant defense responses. The EMBO Journal. 2005; 24:
2579–2589. https://doi.org/10.1038/sj.emboj.7600737.

[62] Mao G, Meng X, Liu Y, Zheng Z, Chen Z, Zhang S. Phos-
phorylation of a WRKY transcription factor by two pathogen-
responsive MAPKs drives phytoalexin biosynthesis in Ara-
bidopsis. The Plant Cell. 2011; 23: 1639–1653. https://doi.org/
10.1105/tpc.111.084996.

[63] Sun T, Zhang Y. MAP kinase cascades in plant development and
immune signaling. EMBOReports. 2022; 23: e53817. https://do
i.org/10.15252/embr.202153817.

[64] Zhou J, Wang X, He Y, Sang T, Wang P, Dai S, et al. Differ-
ential Phosphorylation of the Transcription Factor WRKY33 by
the Protein Kinases CPK5/CPK6 and MPK3/MPK6 Coopera-
tively Regulates Camalexin Biosynthesis in Arabidopsis. The
Plant Cell. 2020; 32: 2621–2638. https://doi.org/10.1105/tpc.
19.00971.

[65] Kumari M, Sharma P, Singh A. Pipecolic acid: A positive

regulator of systemic acquired resistance and plant immunity.
Biochimica et Biophysica Acta. General Subjects. 2025; 1869:
130808. https://doi.org/10.1016/j.bbagen.2025.130808.

[66] Hartmann M, Zeier J. l-lysine metabolism to N-
hydroxypipecolic acid: an integral immune-activating
pathway in plants. The Plant Journal: for Cell and Molecular
Biology. 2018; 96: 5–21. https://doi.org/10.1111/tpj.14037.

[67] Wang Y, Schuck S, Wu J, Yang P, Döring AC, Zeier J, et al.
A MPK3/6-WRKY33-ALD1-Pipecolic Acid Regulatory Loop
Contributes to Systemic Acquired Resistance. The Plant Cell.
2018; 30: 2480–2494. https://doi.org/10.1105/tpc.18.00547.

[68] Tsuda K, Somssich IE. Transcriptional networks in plant immu-
nity. The New Phytologist. 2015; 206: 932–947. https://doi.org/
10.1111/nph.13286.

[69] Qiu JL, Fiil BK, Petersen K, Nielsen HB, Botanga CJ, Thor-
grimsen S, et al. Arabidopsis MAP kinase 4 regulates gene ex-
pression through transcription factor release in the nucleus. The
EMBO Journal. 2008; 27: 2214–2221. https://doi.org/10.1038/
emboj.2008.147.

[70] Djamei A, Pitzschke A, Nakagami H, Rajh I, Hirt H. Tro-
jan horse strategy in Agrobacterium transformation: abusing
MAPK defense signaling. Science (NewYork, N.Y.). 2007; 318:
453–456. https://doi.org/10.1126/science.1148110.

[71] Li B, Jiang S, Yu X, Cheng C, Chen S, Cheng Y, et al.
Phosphorylation of trihelix transcriptional repressor ASR3 by
MAP KINASE4 negatively regulates Arabidopsis immunity.
The Plant Cell. 2015; 27: 839–856. https://doi.org/10.1105/tp
c.114.134809.

[72] Nakano T, Suzuki K, Fujimura T, Shinshi H. Genome-wide anal-
ysis of the ERF gene family in Arabidopsis and rice. Plant Phys-
iology. 2006; 140: 411–432. https://doi.org/10.1104/pp.105.
073783.

[73] Bethke G, Unthan T, Uhrig JF, Pöschl Y, Gust AA, Scheel D,
et al. Flg22 regulates the release of an ethylene response fac-
tor substrate from MAP kinase 6 in Arabidopsis thaliana via
ethylene signaling. Proceedings of the National Academy of Sci-
ences of the United States of America. 2009; 106: 8067–8072.
https://doi.org/10.1073/pnas.0810206106.

[74] Meng X, Xu J, He Y, Yang KY, Mordorski B, Liu Y, et al.
Phosphorylation of an ERF transcription factor by Arabidop-
sis MPK3/MPK6 regulates plant defense gene induction and
fungal resistance. The Plant Cell. 2013; 25: 1126–1142. https:
//doi.org/10.1105/tpc.112.109074.

[75] Kang S, Yang F, Li L, Chen H, Chen S, Zhang J. The Arabidop-
sis transcription factor BRASSINOSTEROID INSENSITIVE1-
ETHYL METHANESULFONATE-SUPPRESSOR1 is a direct
substrate of MITOGEN-ACTIVATED PROTEIN KINASE6
and regulates immunity. Plant Physiology. 2015; 167: 1076–
1086. https://doi.org/10.1104/pp.114.250985.

[76] Tian J, Zhang J, Francis F. The role and pathway of VQ family in
plant growth, immunity, and stress response. Planta. 2023; 259:
16. https://doi.org/10.1007/s00425-023-04292-z.

[77] Wang H, Hu Y, Pan J, Yu D. Arabidopsis VQ motif-containing
proteins VQ12 and VQ29 negatively modulate basal defense
against Botrytis cinerea. Scientific Reports. 2015; 5: 14185.
https://doi.org/10.1038/srep14185.

[78] Pecher P, Eschen-Lippold L, Herklotz S, Kuhle K, Naumann
K, Bethke G, et al. The Arabidopsis thaliana mitogen-activated
protein kinases MPK3 and MPK6 target a subclass of ‘VQ-
motif’-containing proteins to regulate immune responses. The
New Phytologist. 2014; 203: 592–606. https://doi.org/10.1111/
nph.12817.

[79] Wang KLC, Li H, Ecker JR. Ethylene biosynthesis and signaling
networks. The Plant Cell. 2002; 14 Suppl: S131–S151. https:
//doi.org/10.1105/tpc.001768.

[80] Arteca JM, Arteca RN. A multi-responsive gene encoding 1-

17

https://doi.org/10.1104/pp.108.120006
https://doi.org/10.1016/j.tplants.2018.10.002
https://doi.org/10.15252/embr.201745324
https://doi.org/10.13930/j.cnki.cjea.180533
https://doi.org/10.1016/j.cell.2006.02.008
https://doi.org/10.1016/j.cell.2006.02.008
https://doi.org/10.15252/embj.201694248
https://doi.org/10.15252/embj.201694248
https://doi.org/10.1104/pp.17.01757
https://doi.org/10.3389/fpls.2018.01387
https://doi.org/10.1016/j.chom.2012.01.015
https://doi.org/10.1016/s0092-8674(00)00213-0
https://doi.org/10.1016/s0092-8674(00)00213-0
https://doi.org/10.1093/pcp/pcy243
https://doi.org/10.1038/sj.emboj.7600737
https://doi.org/10.1105/tpc.111.084996
https://doi.org/10.1105/tpc.111.084996
https://doi.org/10.15252/embr.202153817
https://doi.org/10.15252/embr.202153817
https://doi.org/10.1105/tpc.19.00971
https://doi.org/10.1105/tpc.19.00971
https://doi.org/10.1016/j.bbagen.2025.130808
https://doi.org/10.1111/tpj.14037
https://doi.org/10.1105/tpc.18.00547
https://doi.org/10.1111/nph.13286
https://doi.org/10.1111/nph.13286
https://doi.org/10.1038/emboj.2008.147
https://doi.org/10.1038/emboj.2008.147
https://doi.org/10.1126/science.1148110
https://doi.org/10.1105/tpc.114.134809
https://doi.org/10.1105/tpc.114.134809
https://doi.org/10.1104/pp.105.073783
https://doi.org/10.1104/pp.105.073783
https://doi.org/10.1073/pnas.0810206106
https://doi.org/10.1105/tpc.112.109074
https://doi.org/10.1105/tpc.112.109074
https://doi.org/10.1104/pp.114.250985
https://doi.org/10.1007/s00425-023-04292-z
https://doi.org/10.1038/srep14185
https://doi.org/10.1111/nph.12817
https://doi.org/10.1111/nph.12817
https://doi.org/10.1105/tpc.001768
https://doi.org/10.1105/tpc.001768
https://www.imrpress.com


aminocyclopropane-1-carboxylate synthase (ACS6) in mature
Arabidopsis leaves. Plant Molecular Biology. 1999; 39: 209–
219. https://doi.org/10.1023/a:1006177902093.

[81] Liu Y, Zhang S. Phosphorylation of 1-aminocyclopropane-1-
carboxylic acid synthase byMPK6, a stress-responsivemitogen-
activated protein kinase, induces ethylene biosynthesis in Ara-
bidopsis. The Plant Cell. 2004; 16: 3386–3399. https://doi.org/
10.1105/tpc.104.026609.

[82] Han L, Li GJ, Yang KY, Mao G, Wang R, Liu Y, et al. Mitogen-
activated protein kinase 3 and 6 regulate Botrytis cinerea-
induced ethylene production in Arabidopsis. The Plant Jour-
nal: for Cell and Molecular Biology. 2010; 64: 114–127. https:
//doi.org/10.1111/j.1365-313X.2010.04318.x.

[83] Li G, Meng X, Wang R, Mao G, Han L, Liu Y, et al. Dual-level
regulation of ACC synthase activity by MPK3/MPK6 cascade
and its downstream WRKY transcription factor during ethylene
induction in Arabidopsis. PLoS Genetics. 2012; 8: e1002767.
https://doi.org/10.1371/journal.pgen.1002767.

[84] Street IH, Shah PK, Smith AM, Avery N, Neff MM. The AT-
hook-containing proteins SOB3/AHL29 and ESC/AHL27 are
negative modulators of hypocotyl growth in Arabidopsis. The
Plant Journal: for Cell and Molecular Biology. 2008; 54: 1–14.
https://doi.org/10.1111/j.1365-313X.2007.03393.x.

[85] Xiao C, Chen F, Yu X, Lin C, Fu YF. Over-expression of
an AT-hook gene, AHL22, delays flowering and inhibits the
elongation of the hypocotyl in Arabidopsis thaliana. Plant
Molecular Biology. 2009; 71: 39–50. https://doi.org/10.1007/
s11103-009-9507-9.

[86] Širl M, Šnajdrová T, Gutiérrez-Alanís D, Dubrovsky JG, Vielle-
Calzada JP, Kulich I, et al. At-Hook Motif Nuclear Localised
Protein 18 as a Novel Modulator of Root System Architecture.
International Journal of Molecular Sciences. 2020; 21: 1886.
https://doi.org/10.3390/ijms21051886.

[87] Rayapuram N, Jarad M, Alhoraibi HM, Bigeard J, Abulfaraj
AA, Völz R, et al. Chromatin phosphoproteomics unravels a
function for AT-hook motif nuclear localized protein AHL13
in PAMP-triggered immunity. Proceedings of the National
Academy of Sciences of the United States of America. 2021;
118: e2004670118. https://doi.org/10.1073/pnas.2004670118.

[88] Mergner J, Frejno M, List M, Papacek M, Chen X, Chaudhary
A, et al. Mass-spectrometry-based draft of the Arabidopsis pro-
teome. Nature. 2020; 579: 409–414. https://doi.org/10.1038/
s41586-020-2094-2.

[89] Buratowski S. Progression through the RNA polymerase II CTD
cycle. Molecular Cell. 2009; 36: 541–546. https://doi.org/10.
1016/j.molcel.2009.10.019.

[90] Li F, Cheng C, Cui F, de Oliveira MVV, Yu X, Meng X, et al.
Modulation of RNA polymerase II phosphorylation downstream
of pathogen perception orchestrates plant immunity. Cell Host
& Microbe. 2014; 16: 748–758. https://doi.org/10.1016/j.chom
.2014.10.018.

[91] Dangl M, Brosch G, Haas H, Loidl P, Lusser A. Compar-
ative analysis of HD2 type histone deacetylases in higher
plants. Planta. 2001; 213: 280–285. https://doi.org/10.1007/
s004250000506.

[92] Wu K, Tian L, Zhou C, Brown D, Miki B. Repression of gene
expression by Arabidopsis HD2 histone deacetylases. The Plant
Journal: for Cell and Molecular Biology. 2003; 34: 241–247.
https://doi.org/10.1046/j.1365-313x.2003.01714.x.

[93] Latrasse D, Jégu T, Li H, de Zelicourt A, Raynaud C, Legras
S, et al. MAPK-triggered chromatin reprogramming by histone
deacetylase in plant innate immunity. Genome Biology. 2017;
18: 131. https://doi.org/10.1186/s13059-017-1261-8.

[94] Zeng LR, Qu S, Bordeos A, Yang C, Baraoidan M, Yan H, et al.
Spotted leaf11, a negative regulator of plant cell death and de-
fense, encodes a U-box/armadillo repeat protein endowed with

E3 ubiquitin ligase activity. The Plant Cell. 2004; 16: 2795–
2808. https://doi.org/10.1105/tpc.104.025171.

[95] Lu D, Lin W, Gao X, Wu S, Cheng C, Avila J, et al. Direct ubiq-
uitination of pattern recognition receptor FLS2 attenuates plant
innate immunity. Science (New York, N.Y.). 2011; 332: 1439–
1442. https://doi.org/10.1126/science.1204903.

[96] TrujilloM, IchimuraK, Casais C, ShirasuK.Negative regulation
of PAMP-triggered immunity by an E3 ubiquitin ligase triplet
in Arabidopsis. Current Biology: CB. 2008; 18: 1396–1401.
https://doi.org/10.1016/j.cub.2008.07.085.

[97] Stegmann M, Anderson RG, Ichimura K, Pecenkova T, Reuter
P, Žársky V, et al. The ubiquitin ligase PUB22 targets a subunit
of the exocyst complex required for PAMP-triggered responses
in Arabidopsis. The Plant Cell. 2012; 24: 4703–4716. https://do
i.org/10.1105/tpc.112.104463.

[98] Furlan G, Nakagami H, Eschen-Lippold L, Jiang X,Majovsky P,
Kowarschik K, et al. Changes in PUB22 Ubiquitination Modes
Triggered by MITOGEN-ACTIVATED PROTEIN KINASE3
Dampen the Immune Response. The Plant Cell. 2017; 29: 726–
745. https://doi.org/10.1105/tpc.16.00654.

[99] Arabidopsis Interactome Mapping Consortium. Evidence for
network evolution in an Arabidopsis interactome map. Science
(New York, N.Y.). 2011; 333: 601–607. https://doi.org/10.1126/
science.1203877.

[100] Wang F, Shang Y, Fan B, Yu JQ, Chen Z. Arabidopsis LIP5, a
positive regulator of multivesicular body biogenesis, is a critical
target of pathogen-responsive MAPK cascade in plant basal de-
fense. PLoS Pathogens. 2014; 10: e1004243. https://doi.org/10.
1371/journal.ppat.1004243.

[101] Nürnberger T, Scheel D. Signal transmission in the plant im-
mune response. Trends in Plant Science. 2001; 6: 372–379.
https://doi.org/10.1016/s1360-1385(01)02019-2.

[102] Ma W, Berkowitz GA. The grateful dead: calcium and cell
death in plant innate immunity. Cellular Microbiology. 2007; 9:
2571–2585. https://doi.org/10.1111/j.1462-5822.2007.01031.x.

[103] Ranf S, Eschen-Lippold L, Pecher P, Lee J, Scheel D. Interplay
between calcium signalling and early signalling elements dur-
ing defence responses to microbe- or damage-associated molec-
ular patterns. The Plant Journal: for Cell andMolecular Biology.
2011; 68: 100–113. https://doi.org/10.1111/j.1365-313X.2011.
04671.x.

[104] Bender KW, Blackburn RK, Monaghan J, Derbyshire P,
Menke FLH, Zipfel C, et al. Autophosphorylation-based Cal-
cium (Ca2+) Sensitivity Priming and Ca2+/Calmodulin Inhi-
bition of Arabidopsis thaliana Ca2+-dependent Protein Kinase
28 (CPK28). The Journal of Biological Chemistry. 2017; 292:
3988–4002. https://doi.org/10.1074/jbc.M116.763243.

[105] Tian W, Hou C, Ren Z, Wang C, Zhao F, Dahlbeck D, et al.
A calmodulin-gated calcium channel links pathogen patterns to
plant immunity. Nature. 2019; 572: 131–135. https://doi.org/10.
1038/s41586-019-1413-y.

[106] Jeworutzki E, Roelfsema MRG, Anschütz U, Krol E, Elzenga
JTM, Felix G, et al. Early signaling through the Arabidopsis pat-
tern recognition receptors FLS2 and EFR involves Ca-associated
opening of plasma membrane anion channels. The Plant Jour-
nal: for Cell and Molecular Biology. 2010; 62: 367–378. https:
//doi.org/10.1111/j.1365-313X.2010.04155.x.

[107] Romeis T, Herde M. From local to global: CDPKs in systemic
defense signaling upon microbial and herbivore attack. Current
Opinion in Plant Biology. 2014; 20: 1–10. https://doi.org/10.
1016/j.pbi.2014.03.002.

[108] Li L, Li M, Yu L, Zhou Z, Liang X, Liu Z, et al. The FLS2-
associated kinase BIK1 directly phosphorylates the NADPH
oxidase RbohD to control plant immunity. Cell Host & Mi-
crobe. 2014; 15: 329–338. https://doi.org/10.1016/j.chom.2014.
02.009.

18

https://doi.org/10.1023/a:1006177902093
https://doi.org/10.1105/tpc.104.026609
https://doi.org/10.1105/tpc.104.026609
https://doi.org/10.1111/j.1365-313X.2010.04318.x
https://doi.org/10.1111/j.1365-313X.2010.04318.x
https://doi.org/10.1371/journal.pgen.1002767
https://doi.org/10.1111/j.1365-313X.2007.03393.x
https://doi.org/10.1007/s11103-009-9507-9
https://doi.org/10.1007/s11103-009-9507-9
https://doi.org/10.3390/ijms21051886
https://doi.org/10.1073/pnas.2004670118
https://doi.org/10.1038/s41586-020-2094-2
https://doi.org/10.1038/s41586-020-2094-2
https://doi.org/10.1016/j.molcel.2009.10.019
https://doi.org/10.1016/j.molcel.2009.10.019
https://doi.org/10.1016/j.chom.2014.10.018
https://doi.org/10.1016/j.chom.2014.10.018
https://doi.org/10.1007/s004250000506
https://doi.org/10.1007/s004250000506
https://doi.org/10.1046/j.1365-313x.2003.01714.x
https://doi.org/10.1186/s13059-017-1261-8
https://doi.org/10.1105/tpc.104.025171
https://doi.org/10.1126/science.1204903
https://doi.org/10.1016/j.cub.2008.07.085
https://doi.org/10.1105/tpc.112.104463
https://doi.org/10.1105/tpc.112.104463
https://doi.org/10.1105/tpc.16.00654
https://doi.org/10.1126/science.1203877
https://doi.org/10.1126/science.1203877
https://doi.org/10.1371/journal.ppat.1004243
https://doi.org/10.1371/journal.ppat.1004243
https://doi.org/10.1016/s1360-1385(01)02019-2
https://doi.org/10.1111/j.1462-5822.2007.01031.x
https://doi.org/10.1111/j.1365-313X.2011.04671.x
https://doi.org/10.1111/j.1365-313X.2011.04671.x
https://doi.org/10.1074/jbc.M116.763243
https://doi.org/10.1038/s41586-019-1413-y
https://doi.org/10.1038/s41586-019-1413-y
https://doi.org/10.1111/j.1365-313X.2010.04155.x
https://doi.org/10.1111/j.1365-313X.2010.04155.x
https://doi.org/10.1016/j.pbi.2014.03.002
https://doi.org/10.1016/j.pbi.2014.03.002
https://doi.org/10.1016/j.chom.2014.02.009
https://doi.org/10.1016/j.chom.2014.02.009
https://www.imrpress.com


[109] Valmonte GR, Arthur K, Higgins CM, MacDiarmid RM.
Calcium-dependent protein kinases in plants: evolution, expres-
sion and function. Plant & Cell Physiology. 2014; 55: 551–569.
https://doi.org/10.1093/pcp/pct200.

[110] Bredow M, Monaghan J. Regulation of Plant Immune Signal-
ing by Calcium-Dependent Protein Kinases. Molecular Plant-
microbe Interactions: MPMI. 2019; 32: 6–19. https://doi.org/
10.1094/MPMI-09-18-0267-FI.

[111] Oh MH, Wu X, Kim HS, Harper JF, Zielinski RE, Clouse SD,
et al. CDPKs are dual-specificity protein kinases and tyrosine
autophosphorylation attenuates kinase activity. FEBS Letters.
2012; 586: 4070–4075. https://doi.org/10.1016/j.febslet.2012.
09.040.

[112] Boudsocq M, Sheen J. CDPKs in immune and stress signal-
ing. Trends in Plant Science. 2013; 18: 30–40. https://doi.org/
10.1016/j.tplants.2012.08.008.

[113] Coca M, San Segundo B. AtCPK1 calcium-dependent protein
kinase mediates pathogen resistance in Arabidopsis. The Plant
Journal: for Cell and Molecular Biology. 2010; 63: 526–540.
https://doi.org/10.1111/j.1365-313X.2010.04255.x.

[114] Boudsocq M, Willmann MR, McCormack M, Lee H, Shan L,
He P, et al. Differential innate immune signalling via Ca(2+)
sensor protein kinases. Nature. 2010; 464: 418–422. https://doi.
org/10.1038/nature08794.

[115] Romeis T, Ludwig AA, Martin R, Jones JD. Calcium-
dependent protein kinases play an essential role in a plant de-
fence response. The EMBO Journal. 2001; 20: 5556–5567.
https://doi.org/10.1093/emboj/20.20.5556.

[116] Romeis T, Piedras P, Jones JD. Resistance gene-dependent
activation of a calcium-dependent protein kinase in the plant
defense response. The Plant Cell. 2000; 12: 803–816. https:
//doi.org/10.1105/tpc.12.5.803.

[117] Xing T, Wang XJ, Malik K, Miki BL. Ectopic expression of an
Arabidopsis calmodulin-like domain protein kinase-enhanced
NADPH oxidase activity and oxidative burst in tomato proto-
plasts. Molecular Plant-microbe Interactions: MPMI. 2001; 14:
1261–1264. https://doi.org/10.1094/MPMI.2001.14.10.1261.

[118] Ludwig AA, Saitoh H, Felix G, Freymark G, Miersch O,
Wasternack C, et al. Ethylene-mediated cross-talk between
calcium-dependent protein kinase andMAPK signaling controls
stress responses in plants. Proceedings of the National Academy
of Sciences of the United States of America. 2005; 102: 10736–
10741. https://doi.org/10.1073/pnas.0502954102.

[119] Ranf S, Eschen-Lippold L, Fröhlich K, Westphal L, Scheel D,
Lee J. Microbe-associated molecular pattern-induced calcium
signaling requires the receptor-like cytoplasmic kinases, PBL1
and BIK1. BMC Plant Biology. 2014; 14: 374. https://doi.org/
10.1186/s12870-014-0374-4.

[120] Spalding EP, Harper JF. The ins and outs of cellular Ca(2+)
transport. Current Opinion in Plant Biology. 2011; 14: 715–720.
https://doi.org/10.1016/j.pbi.2011.08.001.

[121] Bjornson M, Pimprikar P, Nürnberger T, Zipfel C. The tran-
scriptional landscape of Arabidopsis thaliana pattern-triggered
immunity. Nature Plants. 2021; 7: 579–586. https://doi.org/10.
1038/s41477-021-00874-5.

[122] Ma Y, Walker RK, Zhao Y, Berkowitz GA. Linking ligand per-
ception by PEPR pattern recognition receptors to cytosolic Ca2+
elevation and downstream immune signaling in plants. Proceed-
ings of the National Academy of Sciences of the United States
of America. 2012; 109: 19852–19857. https://doi.org/10.1073/
pnas.1205448109.

[123] Frei dit FreyN,MbengueM,KwaaitaalM, Nitsch L, Altenbach
D, Häweker H, et al. Plasmamembrane calciumATPases are im-
portant components of receptor-mediated signaling in plant im-
mune responses and development. Plant Physiology. 2012; 159:
798–809. https://doi.org/10.1104/pp.111.192575.

[124] Hilleary R, Paez-Valencia J, Vens CS, Toyota M, Palmgren M,
Gilroy S. Tonoplast-localized Ca2+ pumps regulate Ca2+ sig-
nals during pattern-triggered immunity in Arabidopsis thaliana.
Proceedings of the National Academy of Sciences of the United
States of America. 2020; 117: 18849–18857. https://doi.org/10.
1073/pnas.2004183117.

[125] Nomura H, Komori T, Uemura S, Kanda Y, Shimotani K,
Nakai K, et al. Chloroplast-mediated activation of plant im-
mune signalling in Arabidopsis. Nature Communications. 2012;
3: 926. https://doi.org/10.1038/ncomms1926.

[126] Jiang X, Hoehenwarter W, Scheel D, Lee J. Phosphorylation of
the CAMTA3 Transcription Factor Triggers Its Destabilization
and Nuclear Export. Plant Physiology. 2020; 184: 1056–1071.
https://doi.org/10.1104/pp.20.00795.

[127] Adhikari TS, Banerjee S, Sarkar K, Sil PC. Chapter 19 -
Crosstalk of hormones, second messengers, and MAPK in
plant defense. In Husen A, Zhang W (eds.) Hormonal Cross-
Talk, Plant Defense and Development (pp. 335–351). Academic
Press: San Diego, USA. 2023.

[128] Camejo D, Guzmán-Cedeño Á, Moreno A. Reactive oxygen
species, essential molecules, during plant-pathogen interactions.
Plant Physiology and Biochemistry: PPB. 2016; 103: 10–23.
https://doi.org/10.1016/j.plaphy.2016.02.035.

[129] Chinchilla D, Zipfel C, Robatzek S, Kemmerling B, Nürn-
berger T, Jones JDG, et al. A flagellin-induced complex of the
receptor FLS2 and BAK1 initiates plant defence. Nature. 2007;
448: 497–500. https://doi.org/10.1038/nature05999.

[130] Kadota Y, Shirasu K, Zipfel C. Regulation of the NADPH Oxi-
dase RBOHD During Plant Immunity. Plant & Cell Physiology.
2015; 56: 1472–1480. https://doi.org/10.1093/pcp/pcv063.

[131] Wu B, Qi F, Liang Y. Fuels for ROS signaling in plant im-
munity. Trends in Plant Science. 2023; 28: 1124–1131. https:
//doi.org/10.1016/j.tplants.2023.04.007.

[132] Nühse TS, Bottrill AR, Jones AME, Peck SC. Quantitative
phosphoproteomic analysis of plasma membrane proteins re-
veals regulatory mechanisms of plant innate immune responses.
The Plant Journal: for Cell and Molecular Biology. 2007; 51:
931–940. https://doi.org/10.1111/j.1365-313X.2007.03192.x.

[133] Kadota Y, Sklenar J, Derbyshire P, Stransfeld L, Asai S,
Ntoukakis V, et al. Direct regulation of the NADPH oxidase
RBOHD by the PRR-associated kinase BIK1 during plant im-
munity. Molecular Cell. 2014; 54: 43–55. https://doi.org/10.
1016/j.molcel.2014.02.021.

[134] Ogasawara Y, Kaya H, Hiraoka G, Yumoto F, Kimura S,
Kadota Y, et al. Synergistic activation of the Arabidopsis
NADPH oxidase AtrbohD by Ca2+ and phosphorylation. The
Journal of Biological Chemistry. 2008; 283: 8885–8892. https:
//doi.org/10.1074/jbc.M708106200.

[135] Dubiella U, Seybold H, Durian G, Komander E, Lassig R,
Witte CP, et al. Calcium-dependent protein kinase/NADPH ox-
idase activation circuit is required for rapid defense signal prop-
agation. Proceedings of the National Academy of Sciences of
the United States of America. 2013; 110: 8744–8749. https:
//doi.org/10.1073/pnas.1221294110.

[136] Zhang M, Chiang YH, Toruño TY, Lee D, Ma M, Liang X,
et al. The MAP4 Kinase SIK1 Ensures Robust Extracellular
ROS Burst and Antibacterial Immunity in Plants. Cell Host &
Microbe. 2018; 24: 379–391.e5. https://doi.org/10.1016/j.chom
.2018.08.007.

[137] Kimura S, Hunter K, Vaahtera L, Tran HC, Citterico M, Vaat-
tovaara A, et al. CRK2 and C-terminal Phosphorylation of
NADPH Oxidase RBOHD Regulate Reactive Oxygen Species
Production in Arabidopsis. The Plant Cell. 2020; 32: 1063–
1080. https://doi.org/10.1105/tpc.19.00525.

[138] Pei ZM, Murata Y, Benning G, Thomine S, Klüsener B, Allen
GJ, et al. Calcium channels activated by hydrogen peroxide me-

19

https://doi.org/10.1093/pcp/pct200
https://doi.org/10.1094/MPMI-09-18-0267-FI
https://doi.org/10.1094/MPMI-09-18-0267-FI
https://doi.org/10.1016/j.febslet.2012.09.040
https://doi.org/10.1016/j.febslet.2012.09.040
https://doi.org/10.1016/j.tplants.2012.08.008
https://doi.org/10.1016/j.tplants.2012.08.008
https://doi.org/10.1111/j.1365-313X.2010.04255.x
https://doi.org/10.1038/nature08794
https://doi.org/10.1038/nature08794
https://doi.org/10.1093/emboj/20.20.5556
https://doi.org/10.1105/tpc.12.5.803
https://doi.org/10.1105/tpc.12.5.803
https://doi.org/10.1094/MPMI.2001.14.10.1261
https://doi.org/10.1073/pnas.0502954102
https://doi.org/10.1186/s12870-014-0374-4
https://doi.org/10.1186/s12870-014-0374-4
https://doi.org/10.1016/j.pbi.2011.08.001
https://doi.org/10.1038/s41477-021-00874-5
https://doi.org/10.1038/s41477-021-00874-5
https://doi.org/10.1073/pnas.1205448109
https://doi.org/10.1073/pnas.1205448109
https://doi.org/10.1104/pp.111.192575
https://doi.org/10.1073/pnas.2004183117
https://doi.org/10.1073/pnas.2004183117
https://doi.org/10.1038/ncomms1926
https://doi.org/10.1104/pp.20.00795
https://doi.org/10.1016/j.plaphy.2016.02.035
https://doi.org/10.1038/nature05999
https://doi.org/10.1093/pcp/pcv063
https://doi.org/10.1016/j.tplants.2023.04.007
https://doi.org/10.1016/j.tplants.2023.04.007
https://doi.org/10.1111/j.1365-313X.2007.03192.x
https://doi.org/10.1016/j.molcel.2014.02.021
https://doi.org/10.1016/j.molcel.2014.02.021
https://doi.org/10.1074/jbc.M708106200
https://doi.org/10.1074/jbc.M708106200
https://doi.org/10.1073/pnas.1221294110
https://doi.org/10.1073/pnas.1221294110
https://doi.org/10.1016/j.chom.2018.08.007
https://doi.org/10.1016/j.chom.2018.08.007
https://doi.org/10.1105/tpc.19.00525
https://www.imrpress.com


diate abscisic acid signalling in guard cells. Nature. 2000; 406:
731–734. https://doi.org/10.1038/35021067.

[139] Monaghan J, Matschi S, Shorinola O, Rovenich H, Matei A,
Segonzac C, et al. The calcium-dependent protein kinase CPK28
buffers plant immunity and regulates BIK1 turnover. Cell Host
& Microbe. 2014; 16: 605–615. https://doi.org/10.1016/j.chom
.2014.10.007.

[140] Ma Y, Chen Q, He J, Cao J, Liu Z, Wang J, et al. The kinase
CIPK14 functions as a negative regulator of plant immune re-
sponses to Pseudomonas syringae in Arabidopsis. Plant Science:
an International Journal of Experimental Plant Biology. 2021;
312: 111017. https://doi.org/10.1016/j.plantsci.2021.111017.

[141] Lee D, Lal NK, Lin ZD, Ma S, Liu J, Castro B, et al.
Regulation of reactive oxygen species during plant immunity
through phosphorylation and ubiquitination of RBOHD. Na-
ture Communications. 2020; 11: 1838. https://doi.org/10.1038/
s41467-020-15601-5.

[142] George J, StegmannM, Monaghan J, Bailey-Serres J, Zipfel C.
Arabidopsis translation initiation factor binding protein CBE1
negatively regulates accumulation of the NADPH oxidase res-
piratory burst oxidase homolog D. The Journal of Biological
Chemistry. 2023; 299: 105018. https://doi.org/10.1016/j.jbc.
2023.105018.

[143] Macho AP, Boutrot F, Rathjen JP, Zipfel C. Aspartate oxidase
plays an important role in Arabidopsis stomatal immunity. Plant
Physiology. 2012; 159: 1845–1856. https://doi.org/10.1104/pp
.112.199810.

[144] Xu J, Xie J, Yan C, Zou X, Ren D, Zhang S. A chemical ge-
netic approach demonstrates that MPK3/MPK6 activation and
NADPH oxidase-mediated oxidative burst are two independent
signaling events in plant immunity. The Plant Journal: for Cell
and Molecular Biology. 2014; 77: 222–234. https://doi.org/10.
1111/tpj.12382.

[145] Galletti R, Ferrari S, De Lorenzo G. Arabidopsis MPK3 and
MPK6 play different roles in basal and oligogalacturonide- or
flagellin-induced resistance against Botrytis cinerea. Plant Phys-
iology. 2011; 157: 804–814. https://doi.org/10.1104/pp.111.
174003.

[146] Savatin DV, Bisceglia NG, Marti L, Fabbri C, Cervone
F, De Lorenzo G. The Arabidopsis NUCLEUS- AND
PHRAGMOPLAST-LOCALIZED KINASE1-Related Protein
Kinases Are Required for Elicitor-Induced Oxidative Burst
and Immunity. Plant Physiology. 2014; 165: 1188–1202.
https://doi.org/10.1104/pp.114.236901.

[147] Farooq MA, Niazi AK, Akhtar J, Saifullah, Farooq M, Souri
Z, et al. Acquiring control: The evolution of ROS-Induced ox-
idative stress and redox signaling pathways in plant stress re-
sponses. Plant Physiology and Biochemistry: PPB. 2019; 141:
353–369. https://doi.org/10.1016/j.plaphy.2019.04.039.

[148] Liu Y, He C. A review of redox signaling and the control of
MAP kinase pathway in plants. Redox Biology. 2017; 11: 192–
204. https://doi.org/10.1016/j.redox.2016.12.009.

[149] Shah S, Chen C, Sun Y, Wang D, Nawaz T, El-Kahtany K, et
al. Mechanisms of nitric oxide involvement in plant-microbe in-
teraction and its enhancement of stress resistance. Plant Stress.
2023; 10: 100191. https://doi.org/https://doi.org/10.1016/j.stre
ss.2023.100191.

[150] Ma Y, Zhao Y, Walker RK, Berkowitz GA. Molecular steps in
the immune signaling pathway evoked by plant elicitor peptides:
Ca2+-dependent protein kinases, nitric oxide, and reactive oxy-
gen species are downstream from the early Ca2+ signal. Plant
Physiology. 2013; 163: 1459–1471. https://doi.org/10.1104/pp
.113.226068.

[151] Scheler C, Durner J, Astier J. Nitric oxide and reactive oxy-
gen species in plant biotic interactions. Current Opinion in Plant
Biology. 2013; 16: 534–539. https://doi.org/10.1016/j.pbi.2013.

06.020.
[152] Groß F, Durner J, Gaupels F. Nitric oxide, antioxidants and

prooxidants in plant defence responses. Frontiers in Plant Sci-
ence. 2013; 4: 419. https://doi.org/10.3389/fpls.2013.00419.

[153] Pieterse CMJ, Van Loon LC. NPR1: the spider in the web of
induced resistance signaling pathways. Current Opinion in Plant
Biology. 2004; 7: 456–464. https://doi.org/10.1016/j.pbi.2004.
05.006.

[154] Lindermayr C, Sell S, Müller B, Leister D, Durner J. Redox
regulation of the NPR1-TGA1 system of Arabidopsis thaliana
by nitric oxide. The Plant Cell. 2010; 22: 2894–2907. https://do
i.org/10.1105/tpc.109.066464.

[155] Khan EA, Aftab S, Hasanuzzaman M. Unraveling the impor-
tance of nitric oxide in plant-microbe interaction. Plant Stress.
2023; 10: 100258. https://doi.org/https://doi.org/10.1016/j.stre
ss.2023.100258.

[156] Ali R, Ma W, Lemtiri-Chlieh F, Tsaltas D, Leng Q, von Bod-
man S, et al. Death don’t have no mercy and neither does cal-
cium: Arabidopsis CYCLIC NUCLEOTIDE GATED CHAN-
NEL2 and innate immunity. The Plant Cell. 2007; 19: 1081–
1095. https://doi.org/10.1105/tpc.106.045096.

[157] Courtois C, Besson A, Dahan J, Bourque S, Dobrowolska G,
Pugin A, et al. Nitric oxide signalling in plants: interplays
with Ca2+ and protein kinases. Journal of Experimental Botany.
2008; 59: 155–163. https://doi.org/10.1093/jxb/erm197.

[158] Yu X, Feng B, He P, Shan L. From Chaos to Harmony: Re-
sponses and Signaling upon Microbial Pattern Recognition. An-
nual Review of Phytopathology. 2017; 55: 109–137. https://do
i.org/10.1146/annurev-phyto-080516-035649.

[159] Seth T, Asija S, Umar S, Gupta R. The intricate role of lipids
in orchestrating plant defense responses. Plant Science: an In-
ternational Journal of Experimental Plant Biology. 2024; 338:
111904. https://doi.org/10.1016/j.plantsci.2023.111904.

[160] Testerink C, Munnik T. Molecular, cellular, and physiological
responses to phosphatidic acid formation in plants. Journal of
Experimental Botany. 2011; 62: 2349–2361. https://doi.org/10.
1093/jxb/err079.

[161] Canonne J, Froidure-Nicolas S, Rivas S. Phospholipases in ac-
tion during plant defense signaling. Plant Signaling & Behavior.
2011; 6: 13–18. https://doi.org/10.4161/psb.6.1.14037.

[162] Gonorazky G, Ramirez L, Abd-El-Haliem A, Vossen JH,
Lamattina L, ten HaveA, et al. The tomato phosphatidylinositol-
phospholipase C2 (SlPLC2) is required for defense gene induc-
tion by the fungal elicitor xylanase. Journal of Plant Physiol-
ogy. 2014; 171: 959–965. https://doi.org/10.1016/j.jplph.2014.
02.008.

[163] Kalachova T, Škrabálková E, Pateyron S, Soubigou-Taconnat
L, Djafi N, Collin S, et al. DIACYLGLYCEROL KINASE 5
participates in flagellin-induced signaling in Arabidopsis. Plant
Physiology. 2022; 190: 1978–1996. https://doi.org/10.1093/pl
phys/kiac354.

[164] Raho N, Ramirez L, Lanteri ML, Gonorazky G, Lamattina L,
ten Have A, et al. Phosphatidic acid production in chitosan-
elicited tomato cells, via both phospholipase D and phospho-
lipase C/diacylglycerol kinase, requires nitric oxide. Journal of
Plant Physiology. 2011; 168: 534–539. https://doi.org/10.1016/
j.jplph.2010.09.004.

[165] Urano D, Jones AM. Heterotrimeric G protein-coupled signal-
ing in plants. Annual Review of Plant Biology. 2014; 65: 365–
384. https://doi.org/10.1146/annurev-arplant-050213-040133.

[166] Trusov Y, Chakravorty D, Botella JR. Diversity of het-
erotrimeric G-protein γ subunits in plants. BMC Research
Notes. 2012; 5: 608. https://doi.org/10.1186/1756-0500-5-608.

[167] Liu J, Ding P, Sun T, Nitta Y, Dong O, Huang X, et al. Het-
erotrimeric G proteins serve as a converging point in plant de-
fense signaling activated by multiple receptor-like kinases. Plant

20

https://doi.org/10.1038/35021067
https://doi.org/10.1016/j.chom.2014.10.007
https://doi.org/10.1016/j.chom.2014.10.007
https://doi.org/10.1016/j.plantsci.2021.111017
https://doi.org/10.1038/s41467-020-15601-5
https://doi.org/10.1038/s41467-020-15601-5
https://doi.org/10.1016/j.jbc.2023.105018
https://doi.org/10.1016/j.jbc.2023.105018
https://doi.org/10.1104/pp.112.199810
https://doi.org/10.1104/pp.112.199810
https://doi.org/10.1111/tpj.12382
https://doi.org/10.1111/tpj.12382
https://doi.org/10.1104/pp.111.174003
https://doi.org/10.1104/pp.111.174003
https://doi.org/10.1104/pp.114.236901
https://doi.org/10.1016/j.plaphy.2019.04.039
https://doi.org/10.1016/j.redox.2016.12.009
https://doi.org/https://doi.org/10.1016/j.stress.2023.100191
https://doi.org/https://doi.org/10.1016/j.stress.2023.100191
https://doi.org/10.1104/pp.113.226068
https://doi.org/10.1104/pp.113.226068
https://doi.org/10.1016/j.pbi.2013.06.020
https://doi.org/10.1016/j.pbi.2013.06.020
https://doi.org/10.3389/fpls.2013.00419
https://doi.org/10.1016/j.pbi.2004.05.006
https://doi.org/10.1016/j.pbi.2004.05.006
https://doi.org/10.1105/tpc.109.066464
https://doi.org/10.1105/tpc.109.066464
https://doi.org/https://doi.org/10.1016/j.stress.2023.100258
https://doi.org/https://doi.org/10.1016/j.stress.2023.100258
https://doi.org/10.1105/tpc.106.045096
https://doi.org/10.1093/jxb/erm197
https://doi.org/10.1146/annurev-phyto-080516-035649
https://doi.org/10.1146/annurev-phyto-080516-035649
https://doi.org/10.1016/j.plantsci.2023.111904
https://doi.org/10.1093/jxb/err079
https://doi.org/10.1093/jxb/err079
https://doi.org/10.4161/psb.6.1.14037
https://doi.org/10.1016/j.jplph.2014.02.008
https://doi.org/10.1016/j.jplph.2014.02.008
https://doi.org/10.1093/plphys/kiac354
https://doi.org/10.1093/plphys/kiac354
https://doi.org/10.1016/j.jplph.2010.09.004
https://doi.org/10.1016/j.jplph.2010.09.004
https://doi.org/10.1146/annurev-arplant-050213-040133
https://doi.org/10.1186/1756-0500-5-608
https://www.imrpress.com


Physiology. 2013; 161: 2146–2158. https://doi.org/10.1104/pp
.112.212431.

[168] TorresMA,Morales J, Sánchez-Rodríguez C,Molina A, Dangl
JL. Functional interplay between Arabidopsis NADPH oxidases
and heterotrimeric G protein. Molecular Plant-microbe Interac-
tions: MPMI. 2013; 26: 686–694. https://doi.org/10.1094/MP
MI-10-12-0236-R.

[169] Maruta N, Trusov Y, Brenya E, Parekh U, Botella JR.
Membrane-localized extra-large G proteins and Gbg of the het-
erotrimeric G proteins form functional complexes engaged in
plant immunity in Arabidopsis. Plant Physiology. 2015; 167:
1004–1016. https://doi.org/10.1104/pp.114.255703.

[170] Pandey S. Heterotrimeric G-Protein Signaling in Plants: Con-
served and Novel Mechanisms. Annual Review of Plant Biol-
ogy. 2019; 70: 213–238. https://doi.org/10.1146/annurev-arpla
nt-050718-100231.

[171] Chen JG, Willard FS, Huang J, Liang J, Chasse SA, Jones AM,
et al. A seven-transmembrane RGS protein that modulates plant
cell proliferation. Science (New York, N.Y.). 2003; 301: 1728–
1731. https://doi.org/10.1126/science.1087790.

[172] Tunc-OzdemirM, Jones AM. Ligand-induced dynamics of het-
erotrimeric G protein-coupled receptor-like kinase complexes.
PloS One. 2017; 12: e0171854. https://doi.org/10.1371/journal.
pone.0171854.

[173] Tunc-Ozdemir M, Urano D, Jaiswal DK, Clouse SD, Jones
AM. Direct Modulation of Heterotrimeric G Protein-coupled
Signaling by a Receptor Kinase Complex. The Journal of Bio-
logical Chemistry. 2016; 291: 13918–13925. https://doi.org/10.
1074/jbc.C116.736702.

[174] Liang X, Ding P, Lian K, Wang J, Ma M, Li L, et al. Ara-
bidopsis heterotrimeric G proteins regulate immunity by di-
rectly coupling to the FLS2 receptor. eLife. 2016; 5: e13568.
https://doi.org/10.7554/eLife.13568.

[175] Kenneally R, Gu Y. A loyal “G”uard. Cell Host & Microbe.
2022; 30: 1505–1507. https://doi.org/10.1016/j.chom.2022.09.
016.

[176] Ma M, Wang W, Fei Y, Cheng HY, Song B, Zhou Z, et al.
A surface-receptor-coupled G protein regulates plant immunity
through nuclear protein kinases. Cell Host &Microbe. 2022; 30:
1602–1614.e5. https://doi.org/10.1016/j.chom.2022.09.012.

[177] Chevalier D, Morris ER, Walker JC. 14-3-3 and FHA domains
mediate phosphoprotein interactions. Annual Review of Plant
Biology. 2009; 60: 67–91. https://doi.org/10.1146/annurev.arpl
ant.59.032607.092844.

[178] Sehnke PC, Rosenquist M, AlsterfjordM, DeLille J, Sommarin
M, Larsson C, et al. Evolution and isoform specificity of plant
14-3-3 proteins. PlantMolecular Biology. 2002; 50: 1011–1018.
https://doi.org/10.1023/a:1021289127519.

[179] Sheikh AH, Zacharia I, Tabassum N, Hirt H, Ntoukakis V. 14-
3-3 proteins as a major hub for plant immunity. Trends in Plant
Science. 2024; 29: 1245–1253. https://doi.org/10.1016/j.tplant
s.2024.06.001.

[180] Dong X, Feng F, Li Y, Li L, Chen S, Zhou JM. 14-3-3 proteins
facilitate the activation of MAP kinase cascades by upstream
immunity-related kinases. The Plant Cell. 2023; 35: 2413–2428.
https://doi.org/10.1093/plcell/koad088.

[181] Glazebrook J. Contrasting mechanisms of defense against
biotrophic and necrotrophic pathogens. Annual Review of Phy-
topathology. 2005; 43: 205–227. https://doi.org/10.1146/annure
v.phyto.43.040204.135923.

[182] Ullah C, Chen YH, Ortega MA, Tsai CJ. The diversity of sali-
cylic acid biosynthesis and defense signaling in plants: Knowl-
edge gaps and future opportunities. Current Opinion in Plant
Biology. 2023; 72: 102349. https://doi.org/10.1016/j.pbi.2023.
102349.

[183] Shafqat A, Abbas S, Ambreen M, Siddiqa Bhatti A, kausar

H, Gull T. Exploring the vital role of phytohormones and plant
growth regulators in orchestrating plant immunity. Physiologi-
cal and Molecular Plant Pathology. 2024; 133: 102359. https:
//doi.org/https://doi.org/10.1016/j.pmpp.2024.102359.

[184] Wang D, Amornsiripanitch N, Dong X. A genomic approach to
identify regulatory nodes in the transcriptional network of sys-
temic acquired resistance in plants. PLoS Pathogens. 2006; 2:
e123. https://doi.org/10.1371/journal.ppat.0020123.

[185] Nomoto M, Skelly MJ, Itaya T, Mori T, Suzuki T, Matsushita
T, et al. Suppression of MYC transcription activators by the
immune cofactor NPR1 fine-tunes plant immune responses.
Cell Reports. 2021; 37: 110125. https://doi.org/10.1016/j.celrep
.2021.110125.

[186] Howe GA, Major IT, Koo AJ. Modularity in Jasmonate Sig-
naling for Multistress Resilience. Annual Review of Plant Biol-
ogy. 2018; 69: 387–415. https://doi.org/10.1146/annurev-arpla
nt-042817-040047.

[187] Ding Y, Sun T, Ao K, Peng Y, Zhang Y, Li X, et al. Oppo-
site Roles of Salicylic Acid Receptors NPR1 andNPR3/NPR4 in
Transcriptional Regulation of Plant Immunity. Cell. 2018; 173:
1454–1467.e15. https://doi.org/10.1016/j.cell.2018.03.044.

[188] Liu L, Sonbol FM, Huot B, Gu Y, Withers J, Mwimba M,
et al. Salicylic acid receptors activate jasmonic acid signalling
through a non-canonical pathway to promote effector-triggered
immunity. Nature Communications. 2016; 7: 13099. https://do
i.org/10.1038/ncomms13099.

[189] Couto D, Zipfel C. Regulation of pattern recognition receptor
signalling in plants. Nature Reviews. Immunology. 2016; 16:
537–552. https://doi.org/10.1038/nri.2016.77.

[190] Parwez R, Aftab T, Gill SS, Naeem M. Abscisic acid signaling
and crosstalk with phytohormones in regulation of environmen-
tal stress responses. Environmental and Experimental Botany.
2022; 199: 104885. https://doi.org/https://doi.org/10.1016/j.en
vexpbot.2022.104885.

[191] Mohr PG, Cahill DM. Suppression by ABA of salicylic acid
and lignin accumulation and the expression of multiple genes,
in Arabidopsis infected with Pseudomonas syringae pv. tomato.
Functional & Integrative Genomics. 2007; 7: 181–191. https:
//doi.org/10.1007/s10142-006-0041-4.

[192] AlazemM, KimKH, Lin NS. Effects of Abscisic Acid and Sal-
icylic Acid on Gene Expression in the Antiviral RNA Silencing
Pathway in Arabidopsis. International Journal of Molecular Sci-
ences. 2019; 20: 2538. https://doi.org/10.3390/ijms20102538.

[193] Huang P, Dong Z, Guo P, Zhang X, Qiu Y, Li B, et al. Salicylic
Acid Suppresses Apical Hook Formation via NPR1-Mediated
Repression of EIN3 and EIL1 in Arabidopsis. The Plant Cell.
2020; 32: 612–629. https://doi.org/10.1105/tpc.19.00658.

[194] Chen H, Xue L, Chintamanani S, Germain H, Lin H,
Cui H, et al. ETHYLENE INSENSITIVE3 and ETHYLENE
INSENSITIVE3-LIKE1 repress SALICYLIC ACID INDUC-
TION DEFICIENT2 expression to negatively regulate plant in-
nate immunity in Arabidopsis. The Plant Cell. 2009; 21: 2527–
2540. https://doi.org/10.1105/tpc.108.065193.

[195] Ngou BPM, Ahn HK, Ding P, Jones JDG. Mutual potenti-
ation of plant immunity by cell-surface and intracellular re-
ceptors. Nature. 2021; 592: 110–115. https://doi.org/10.1038/
s41586-021-03315-7.

[196] Yuan M, Jiang Z, Bi G, Nomura K, Liu M, Wang Y, et al.
Pattern-recognition receptors are required for NLR-mediated
plant immunity. Nature. 2021; 592: 105–109. https://doi.org/10.
1038/s41586-021-03316-6.

[197] Pruitt RN, Locci F, Wanke F, Zhang L, Saile SC, Joe A, et
al. The EDS1-PAD4-ADR1 node mediates Arabidopsis pattern-
triggered immunity. Nature. 2021; 598: 495–499. https://doi.or
g/10.1038/s41586-021-03829-0.

[198] Pruitt RN, Zhang L, Saile SC, Karelina D, Fröhlich K, Wan

21

https://doi.org/10.1104/pp.112.212431
https://doi.org/10.1104/pp.112.212431
https://doi.org/10.1094/MPMI-10-12-0236-R
https://doi.org/10.1094/MPMI-10-12-0236-R
https://doi.org/10.1104/pp.114.255703
https://doi.org/10.1146/annurev-arplant-050718-100231
https://doi.org/10.1146/annurev-arplant-050718-100231
https://doi.org/10.1126/science.1087790
https://doi.org/10.1371/journal.pone.0171854
https://doi.org/10.1371/journal.pone.0171854
https://doi.org/10.1074/jbc.C116.736702
https://doi.org/10.1074/jbc.C116.736702
https://doi.org/10.7554/eLife.13568
https://doi.org/10.1016/j.chom.2022.09.016
https://doi.org/10.1016/j.chom.2022.09.016
https://doi.org/10.1016/j.chom.2022.09.012
https://doi.org/10.1146/annurev.arplant.59.032607.092844
https://doi.org/10.1146/annurev.arplant.59.032607.092844
https://doi.org/10.1023/a:1021289127519
https://doi.org/10.1016/j.tplants.2024.06.001
https://doi.org/10.1016/j.tplants.2024.06.001
https://doi.org/10.1093/plcell/koad088
https://doi.org/10.1146/annurev.phyto.43.040204.135923
https://doi.org/10.1146/annurev.phyto.43.040204.135923
https://doi.org/10.1016/j.pbi.2023.102349
https://doi.org/10.1016/j.pbi.2023.102349
https://doi.org/https://doi.org/10.1016/j.pmpp.2024.102359
https://doi.org/https://doi.org/10.1016/j.pmpp.2024.102359
https://doi.org/10.1371/journal.ppat.0020123
https://doi.org/10.1016/j.celrep.2021.110125
https://doi.org/10.1016/j.celrep.2021.110125
https://doi.org/10.1146/annurev-arplant-042817-040047
https://doi.org/10.1146/annurev-arplant-042817-040047
https://doi.org/10.1016/j.cell.2018.03.044
https://doi.org/10.1038/ncomms13099
https://doi.org/10.1038/ncomms13099
https://doi.org/10.1038/nri.2016.77
https://doi.org/https://doi.org/10.1016/j.envexpbot.2022.104885
https://doi.org/https://doi.org/10.1016/j.envexpbot.2022.104885
https://doi.org/10.1007/s10142-006-0041-4
https://doi.org/10.1007/s10142-006-0041-4
https://doi.org/10.3390/ijms20102538
https://doi.org/10.1105/tpc.19.00658
https://doi.org/10.1105/tpc.108.065193
https://doi.org/10.1038/s41586-021-03315-7
https://doi.org/10.1038/s41586-021-03315-7
https://doi.org/10.1038/s41586-021-03316-6
https://doi.org/10.1038/s41586-021-03316-6
https://doi.org/10.1038/s41586-021-03829-0
https://doi.org/10.1038/s41586-021-03829-0
https://www.imrpress.com


W-L, et al. Arabidopsis cell surface LRR immune receptor sig-
naling through the EDS1-PAD4-ADR1 node. BioRxiv. 2020.
https://doi.org/10.1101/2020.11.23.391516. (preprint)

[199] Tian H, Wu Z, Chen S, Ao K, Huang W, Yaghmaiean H, et
al. Activation of TIR signalling boosts pattern-triggered im-
munity. Nature. 2021; 598: 500–503. https://doi.org/10.1038/
s41586-021-03987-1.

[200] Wang D, Wei L, Liu T, Ma J, Huang K, Guo H, et al. Suppres-
sion of ETI by PTI priming to balance plant growth and defense
through an MPK3/MPK6-WRKYs-PP2Cs module. Molecular
Plant. 2023; 16: 903–918. https://doi.org/10.1016/j.molp.2023.
04.004.

[201] Tsuda K, Katagiri F. Comparing signaling mechanisms en-
gaged in pattern-triggered and effector-triggered immunity. Cur-
rent Opinion in Plant Biology. 2010; 13: 459–465. https://doi.or

g/10.1016/j.pbi.2010.04.006.
[202] Yuan M, Ngou BPM, Ding P, Xin XF. PTI-ETI crosstalk: an

integrative view of plant immunity. Current Opinion in Plant
Biology. 2021; 62: 102030. https://doi.org/10.1016/j.pbi.2021.
102030.

[203] Delannoy E, Batardiere B, Pateyron S, Soubigou-Taconnat L,
Chiquet J, Colcombet J, et al. Cell specialization and coordi-
nation in Arabidopsis leaves upon pathogenic attack revealed
by scRNA-seq. Plant Communications. 2023; 4: 100676. https:
//doi.org/10.1016/j.xplc.2023.100676.

[204] Han X, Tsuda K. Divide and conquer: Spatiotemporal plant
innate immunity at single-cell resolution. Cell Host & Microbe.
2023; 31: 1601–1603. https://doi.org/10.1016/j.chom.2023.09.
005.

22

https://doi.org/10.1101/2020.11.23.391516
https://doi.org/10.1038/s41586-021-03987-1
https://doi.org/10.1038/s41586-021-03987-1
https://doi.org/10.1016/j.molp.2023.04.004
https://doi.org/10.1016/j.molp.2023.04.004
https://doi.org/10.1016/j.pbi.2010.04.006
https://doi.org/10.1016/j.pbi.2010.04.006
https://doi.org/10.1016/j.pbi.2021.102030
https://doi.org/10.1016/j.pbi.2021.102030
https://doi.org/10.1016/j.xplc.2023.100676
https://doi.org/10.1016/j.xplc.2023.100676
https://doi.org/10.1016/j.chom.2023.09.005
https://doi.org/10.1016/j.chom.2023.09.005
https://www.imrpress.com

	1. Introduction 
	2. PAMP/DAMP Recognition in PTI: The First Line of Defense
	3. Protein Kinases: Messengers of Signal Transduction
	3.1 AGC and Related Kinases: Critical Role in Immunity
	3.2 MAPKs: Key Nodes of Defense Response
	3.3 Substrates of MAPKs: Transcriptional Regulation
	Non-Transcription Factor Substrates of MAPKs


	4. Ca2+ Influx: An Early Immune Signaling
	5. ROS Burst: Early PTI Signaling
	6. Nitric Oxide and Phosphatidic Acid: Lipid and Redox Signaling
	7. Heterotrimeric G Proteins: Bridging PRRs and Downstream Effectors
	8. 14-3-3 Proteins: Modular Scaffolds in PTI Signaling
	9. Plant Defense Hormones: Converging Pathways in Immune Regulation
	10. PTI-ETI Interplay: The Unification of Interaction
	11. Conclusions
	Abbreviations
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflict of Interest

