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Abstract
In plants, mitogen-activated protein kinase (MAPK) cascades are involved in regulating many biological processes including 
immunity. They relay signals from membrane-residing immune receptors to downstream components for defense activation. 
Arabidopsis MPK3/6 and MPK4 are activated in two parallel MAPK cascades during PAMP-triggered immunity. MPK3/6 
have been implicated in the activation of various immune responses and their inactivation leads to compromised defense 
against pathogens. On the other hand, the MEKK1-MKK1/2-MPK4 cascade plays critical roles in basal resistance. Disruption 
of this MAPK cascade results in constitutive defense responses mediated by the NB-LRR protein SUMM2. Interestingly, 
SUMM2 guards the MEKK1-MKK1/2-MPK4 cascade activity indirectly through monitoring the phosphorylation status of 
CRCK3, which is a substrate of MPK4. From the pathogens’ side, a number of effectors are shown to target various compo-
nents of MAPK cascades in plants. Inactivation of MPK4 by the Pseudomonas effector HopAI1 triggers SUMM2-mediated 
immunity. Together, these findings suggest intricate interplays between PAMP-triggered immunity and effector-triggered 
immunity via MAPK signaling.
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Abbreviations
FLS2  FLAGELLIN-SENSITIVE2
EFR  Elongation factor (EF)-TU receptor
BAK1  BRI1-associated receptor kinase1
RLCKs  Receptor-like cytoplasmic kinases
MEKK  MAPK/ERK kinase kinase
MKK  MAP kinase kinase
MPK  MAP kinase
CRCK3  Calmodulin-binding receptor-like cytoplasmic 

kinase 3
SUMM2  Suppressor of mkk1 mkk2 2
MKS1  MAP kinase substrate 1
WRKY33  WRKY DNA-binding protein 33
ACS  1-Amino-cyclopropane-1-carboxylate 

synthase

Introduction

Plants are constantly under threat from numerous pathogens 
and have evolved complex defense mechanisms to recognize 
and respond against such attacks [1]. Successful recognition 
of pathogens is one of the most important aspects of plant 
immunity as it paves the way for defense initiation. Pattern 
recognition receptors (PRRs) recognize pathogen-associated 
molecular patterns (PAMPs) to activate PAMP-triggered 
immunity (PTI) [2, 3]. Pathogen attacks can also be sensed 
through recognition of effector proteins secreted by the 
pathogens. Such recognition is facilitated by intracellular 
or extracellular receptors, which activate effector-triggered 
immunity (ETI) [4, 5]. During PTI and ETI, defense signals 
are transmitted from these receptors through various sig-
nalling cascades, which ultimately induce the expression of 
genes that are responsible for resistance to pathogens.
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MAPK cascades and PTI signaling

Unlike in animals where PAMPs are recognized by nucleo-
tide binding and leucine-rich repeat containing receptors 
(NLRs), recognition of PAMPs in plants is facilitated by 
PRRs localized on the plasma membrane [2]. Most plant 
PRRs belong to the receptor-like kinase or receptor-like 
protein family. The most commonly studied plant PAMP 
and PRR pairs are flg22 and the flagellin receptor FLS2 
[6, 7], elf18 and its receptor EFR [8, 9], and the fungal 
cell wall component chitin and its receptor CERK1 [10, 
11]. Recognition of PAMPs by their receptors triggers a 
series of downstream defense responses such as reactive 
oxygen species (ROS) burst, ion influx, increased synthe-
sis of the defense hormone salicylic acid (SA), activation 
of Mitogen-Activated Protein Kinases (MAPKs or MPKs) 
and up-regulation of defense genes [12].

MAPK cascades in PTI

MAPK cascades play diverse roles in plant immunity 
[13, 14]. They are three tiered consisting of MAPK 
Kinase Kinases (MAPKKKs/MEKKs), MAPK Kinases 
(MAPKKs/MKKs) and MAPKs/MPKs [15]. The signal 
is relayed and amplified through the cascades via phos-
phorylation of the next protein by the upstream protein 
kinase. MEKKs phosphorylate the MKKs, which in turn 
phosphorylate and activate MPKs. Active MPKs subse-
quently phosphorylate downstream components such as 
transcription factors and metabolic enzymes to regulate 
their activity [3, 16].

MAPK cascades have been shown to contribute to plant 
immune signaling. Early studies identified several stress-
induced MPKs in plants such as WIPK (Wound-Induced 
Protein Kinase) and SIPK (Salicylic acid-Induced Protein 
Kinase) in tobacco and SIMK (Salt-stress Inducible MAP 
Kinase) and SAMK (Stress-Activated MAP Kinase) in 
alfalfa (Medicago sativa) [17–20]. SIMK and SAMK are 
also activated in response to different elicitors, suggest-
ing that they may play a role in defense signaling [21]. 
The Arabidopsis orthologs of WIPK and SIPK, MPK3 and 
MPK6, were later shown to be activated upon the percep-
tion of PAMPs [22, 23]. In parsley (Petroselinum crispum), 
a MAPK cascade consisting of the MPKs PcMPK3a/b 
and PcMPK6 and the upstream PcMKK5 is involved in 
defensive responses in response to the Pep-13 elicitor [24]. 
Arabidopsis MPK3/6 and MKK4/5 form a MAPK cas-
cade together with MAPKKK3/5 downstream of FLS2 [23, 
25]. Another Arabidopsis MAPK cascade consisting of 
MEKK1, MKK1/2 and MPK4 is also activated during PTI 

[26, 27]. In this review, we focus our discussion on the last 
two well characterized MAPK cascades in Arabidopsis.

Roles of the MAPKKK3/5‑MKK4/5 ‑MPK3/6 
cascade in plant immunity

The Arabidopsis MAPKKK3/5-MKK4/5 -MPK3/6 cascade 
plays diverse roles in plant defense against pathogens [13, 
25]. They are involved in the activation of ethylene, cama-
lexin and indole glucosinolate biosynthetic pathways and are 
also required for stomatal immunity (Fig. 1).

Ethylene Biosynthesis

Ethylene is a phytohormone playing important roles in 
defense against necrotrophs [28]. It also contributes to resist-
ance against Pseudomonas bacteria [29]. Ethylene biosyn-
thesis involves two key steps: the conversion of S-adenosyl-
L-Met to 1-aminocyclopropane-1-carboxylic acid (ACC) 
and the oxidative cleavage of ACC to form ethylene. ACC 
SYNTHASE (ACS) catalyzes the conversion of S-adenosyl-
L-Met to ACC, which is the rate limiting step in ethylene 
biosynthesis [30]. Upon activation by the upstream MKKs, 
Arabidopsis MPK3/6 phosphorylates ACS2 and ACS6 at 
three conserved phosphorylation sites, leading to their sta-
bilization and increased ethylene biosynthesis [31]. In mpk3 
mpk6 double mutant plants, ethylene production in response 
to Botrytis cinerea infection is greatly reduced [32]. In addi-
tion to affecting the stability of ACS2 and ACS6, MPK3 
and MPK6 also promote the expression of ACS2 and ACS6 
through phosphorylation of the WRKY33 transcription fac-
tor, which positively regulates the transcription of these two 
genes [33].

Camalexin biosynthesis

Arabidopsis MPK3/6 also regulate the biosynthesis of cama-
lexin, a low molecular weight antimicrobial compound pro-
duced by plants in response to pathogen attacks [34, 35]. 
Activation of MPK3/6 by the upstream MKKs leads to 
camalexin biosynthesis, whereas camalexin biosynthesis in 
response to B. cinerea infection is almost completely abol-
ished in mpk3 mpk6 double mutant plants, demonstrating 
the essential role of MPK3/6 in the induction of camalexin 
accumulation. The downstream regulator in this process is 
WRKY33, which is phosphorylated by MPK3/6. The Phos-
phorylation of WRKY33 is required for its activity in pro-
moting the transcription of camalexin biosynthetic genes 
[35]. MPK3 and MPK6 are also involved in the up-regu-
lation of WRKY33 transcript levels in response to patho-
gen infection, as WRKY33 self-regulates its transcription 
through binding to its own promoter [35].
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Indole glucosinolate biosynthesis

Glucosinolates are nitrogen and sulphur containing second-
ary metabolites that are commonly found in plants belong-
ing to the Brassicaceae family [36]. Indole glucosinolates 
(IGS) have been shown to be critical in plant defense against 
pathogens [37, 38]. MPK3/6 regulate the expression of two 
MYB transcription factors involved in the activation of IGS 
biosynthesis, promoting the biosynthesis of indole-3-yl-
methylglucosinolate (I3G) and its conversion to 4-methox-
yindole-3-yl-methylglucosinolate (4MI3G) in responses to 
B. cinerea infection [39]. MPK3/6 also regulate the expres-
sion of genes encoding enzymes involved in the conversion 
of I3G to 4MI3G through their target transcription factor 
ETHYLENE RESPONSE FACTOR6 (ERF6) [39, 40].

Stomatal immunity

Restriction of pathogen entry through stomatal apertures is 
important in plant defense against bacterial pathogens. Early 
studies using Arabidopsis transgenic plants expressing an 
antisense construct of MPK3 driven by a guard cell specific 
promoter showed that MPK3 is required for stomatal closure 
in response to bacteria [41]. Recently it was showed that the 
MKK4/5 and MPK3/6 cascade plays essential roles in stomatal 
closure induced by PAMPs [42]. Loss of function of MKK4/5 
or MPK3/6 abolishes PAMP and pathogen-induced stomatal 
closure, whereas constitutive activation of MPK3/6 induces 
stomatal closure. Interestingly, regulation of stomatal closure 
by MPK3/6 is independent of the phytohormone abscisic 
acid, but likely involves malate metabolism, as exogenously 

Fig. 1  MAP kinase pathways downstream of pattern recognition 
receptors in Arabidopsis. Perception of PAMPs (e.g. flg22 and elf18) 
by their cognate receptors triggers activation of downstream MAPK 
cascades, which play diverse roles in promoting plant defense against 
pathogens. To suppress immune responses activated by MAPKs, 
pathogens secret effectors such as HopF2 and HopAI1 to inhibit 

MAPK signaling. Inhibition of MPK4 kinase activity by HopAI1 
leads to reduced phosphorylation of CRCK3, resulting in the activa-
tion of SUMM2-mediated immunity. Dashed lines indicate unknown 
signalling events while solid lines illustrate demonstrated protein–
protein interactions
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application of malate can reverse the stomatal closure induced 
by MPK3/6 activation and MKK4/5 and MPK3/6 are required 
for pathogen-induced malate metabolism [42].

The MEKK1‑MKK1/2 ‑MPK4 Cascade

The Arabidopsis MEKK1-MKK1/2-MPK4 cascade is one 
of the best studied MAPK cascades in plant immunity 
(Fig. 1). Initial observations of MKK1/2 interacting with 
both MEKK1 and MPK4 in yeast two-hybrid assays sug-
gest that MEKK1, MKK1/2 and MPK4 may form a MAPK 
cascade [43, 44]. Both MKK1 and MKK2 were shown to 
activate MPK4 in vitro and in vivo [45–47]. In addition, 
MEKK1 and MKK1/2 have been shown to be essential for 
flg22-mediated activation of MPK4 [26, 27, 48, 49]. Bimo-
lecular fluorescence complementation assays revealed that 
MEKK1 interacts with MKK1/2 on the plasma membrane 
whereas MKK1/2 interact with MPK4 on the plasma mem-
brane as well as in the nucleus [26], suggesting the MEKK1-
MKK1/2-MPK4 cascade transduces external signals per-
ceived at the cell membrane to the nucleus.

Disruption of the MEKK1-MKK1/2-MPK4 cascade 
causes autoimmunity. Arabidopsis mpk4 mutant plants 
exhibit a dwarf morphology, accumulate high levels of 
salicylic acid, constitutively express defense marker genes 
and exhibit enhanced resistance to the virulent bacte-
rial pathogen Pseudomonas syringae pv. tomato DC3000 
(P.s.t. DC3000) and oomycete pathogen Hyaloperonospora 
arabidopsidis (H.a.) Noco2 [50]. The mkk1 and mkk2 single 
mutants do not show any autoimmune phenotypes, but the 
mkk1 mkk2 double mutants are extremely dwarfed and dis-
play constitutive defense responses [26, 27]. Similar to mpk4 
and mkk1 mkk2 mutants, knockout mutants of mekk1 have 
extensive cell death and accumulate high levels of  H2O2 
[48, 49, 51]. However, mekk1 plants show a more severe 
phenotype than mpk4 and mkk1/2 mutants, suggesting that 
other MKKs and MPKs may partially compensate the loss 
of MKK1/2 or MPK4 [14].

One unexpected finding is that kinase dead MEKK1 
(MEKK K361 M) is able to rescue the autoimmune phe-
notypes of mekk1 and restore flg22-induced activation of 
MPK4, suggesting that the kinase activity of MEKK1 is dis-
pensable in the MEKK1-MKK1/2-MPK4 pathway [49]. It 
is possible that MEKK1 acts as a scaffold for MKK1/2 and 
MPK4 interaction and has a structural rather than a func-
tional role in the MAPK cascade.

MAPK signaling and ETI

To overcome PTI, pathogens secrete effector proteins to evade 
recognition by PRRs, disrupt plant immune signalling or pro-
mote access to nutrients. For example, AvrPto and AvrPtoB 

target early signaling components of PTI such as the PRRs 
FLS2 and EFR and their co-receptor BAK1 to block PTI [52, 
53]. Unlike PAMPs that are common for a variety of microbes 
that can be both pathogenic and non-pathogenic, effector 
proteins are often not conserved and only present in specific 
pathogens. To combat effectors, plants have evolved a large 
number of NLRs to sense these proteins and initiate ETI [4]. 
Activation of ETI often leads to ROS production, increased 
SA accumulation and defense gene expression as well as pro-
grammed cell death [12].

Plant immune receptors can recognize pathogen effectors 
either through direct protein–protein interactions or by sensing 
changes to host proteins that are targeted by the effectors [1]. 
There are multiple examples of direct interactions between 
NLRs and their cognate effectors from bacterial or fungal 
pathogens. For example, direct interaction was observed 
between NLR Pi-ta and Avr-Pita in rice, which activates ETI 
in response to infection by the blast fungus [54]. Direct inter-
actions between NLRs and rust effectors were also observed 
in NLR-mediated resistance against flax rust [55]. PopP2, an 
effector protein from the bacterial wilt pathogen Ralstonia 
solanacearum, also directly interacts with RRS1-R, the cor-
responding NLR receptor in Arabidopsis [56].

Although recognition of pathogen effectors via direct inter-
action is straightforward, such mechanism requires a large 
number of R proteins to recognize effectors from different 
pathogens. It also makes it easy for the pathogen to evolve 
a new effector to overcome recognition. Indirect recognition 
of pathogen effectors, however, allows the detection of dif-
ferent effectors by a single immune receptor, enabling plants 
to defend against a variety of pathogens without having to 
maintain a large repertoire of R proteins [1]. This is facilitated 
by host proteins directly targeted or indirectly affected by the 
activities of pathogen effectors. The host protein monitored by 
the immune receptor is designated as a “guardee” or “decoy”. 
A “guardee”, but not “decoy”, usually has another role in 
immunity in addition to facilitating the recognition of patho-
gen effectors [57, 58]. One of the best studied examples of 
“guardee” is RIN4, which is guarded by two NLRs, RPM1 and 
RPS2 [59–61]. Three Pseudomonas effectors, AvrB, AvrRpm1 
and AvrRpt2, interact with RIN4. Alteration of RIN4 phos-
phorylation induced by AvrB and AvrRPM1 triggers RPM1-
mediated immune responses [62, 63]. Cleavage of RIN4 by 
AvrRpt2 activates RPS2-mediated immunity [59, 60]. In the 
RIN4 example, RIN4 is the point of convergence of all three 
effectors, allowing different effectors to be recognized by a 
single NLR.
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Disruption of the MEKK1‑MKK1/2‑MPK4 
cascade activates SUMM2‑mediated defense 
responses

To understand the molecular basis of autoimmunity 
in mekk1, mkk1 mkk2 and mpk4 mutants, a suppressor 
screen was carried out in the mkk1 mkk2 mutant back-
ground. Suppressor of mkk1 mkk2 2 (summ2) mutants 
were found to fully suppress the dwarf morphology and 
constitutive immune responses of mkk1 mkk2 and mekk1 
[64]. The dwarfism and elevated PR gene expression in 
mpk4 are largely suppressed by mutations in SUMM2, 
but the expression levels of PR genes in the mpk4 summ2 
double mutant are still higher than in wild type, suggest-
ing that MPK4 also regulates SUMM2-independent plant 
immunity [64]. SUMM2 encodes a coiled coil (CC) type 
of NLR. Substituting Val with Asp in the MHD motif of 
SUMM2 causes cell death when transiently expressed 
in N. benthamiana, suggesting that SUMM2 is a typical 
NLR receptor with ATPase activity. The identification of 
SUMM2 suggests that the MEKK1-MKK1/2-MPK4 cas-
cade is under the surveillance of SUMM2. Disruption or 
interference of the MAPK cascade can result in activation 
of SUMM2-mediated immune responses.

Unexpectedly, although SUMM2 guards the MEKK1-
MKK1/2-MPK4 cascade, it does not interact with MPK4. 
Instead, it directly interacts with Calmodulin-Binding 
Receptor-like Kinase 3 (CRCK3/SUMM3), another pro-
tein identified from the same suppressor screen of mkk1 
mkk2 [65]. CRCK3 is required for the autoimmune phe-
notypes of mekk1, mpk4 and mkk1 mkk2. MPK4 interacts 
with and phosphorylates CRCK3. In mpk4 mutant plants, 
there is reduced phosphorylation of CRCK3. It is, there-
fore, hypothesized that CRCK3 is mainly present in its 
phosphorylated form in wild type plants, which binds 
to SUMM2, but is unable to activate SUMM2-mediate 
immunity. When MPK4 activity is blocked, reduced 
CRCK3 phosphorylation causes a conformational change 
of SUMM2, leading to SUMM2 activation. Such intricate 
mechanism of guarding a key immune regulating MAPK 
cascade through a MPK substrate provides more versa-
tility compared with guarding individual proteins in the 
pathway.

Another SUMM gene identified from the mkk1 mkk2 
suppressor screen encodes MEKK2/SUMM1, an MAP-
KKK closely related to MEKK1 [66]. Mutations in 
MEKK2 fully suppress the dwarf morphology and consti-
tutive defense responses of mekk1 and mkk1 mkk2 mutants. 
The autoimmune phenotype of mpk4 is also largely 
dependent on MEKK2 [66, 67]. MEKK2 interacts with 
MPK4 via its N-terminal domain and it can be phosphoryl-
ated by MPK4 [66]. Additionally, the expression level of 

MEKK2 is elevated in mpk4 plants and overexpression of 
MEKK2 triggers SUMM2-dependent defense responses, 
suggesting that up-regulation of MEKK2 contributes to 
the defense activation in mpk4 mutants [67]. However, 
unlike CRCK3, MEKK2 does not interact with SUMM2. 
It remains to be determined how MEKK2 contributes to 
immunity mediated by SUMM2.

The mRNA decay factor PAT1 is another substrate of 
MPK4 that is also involved in SUMM2-mediated immu-
nity [68]. pat1 knockout mutants show elevated defense 
gene expression and enhanced pathogen resistance, but do 
not exhibit severe dwarfism as seen in mekk1, mkk1 mkk2 
and mpk4 plants. Interestingly, SUMM2 is required for the 
elevated defense responses in pat1. How the loss of PAT1 
leads to SUMM2-mediated defense responses is an interest-
ing question to be addressed in the future.

The MEKK1‑MKK1/MKK2‑MPK4 cascade 
contributes to basal resistance

While MPK4 is activated upon PAMP-treatment, it has been 
difficult to determine whether MPK4 is required for resist-
ance against pathogens because of the constitutive defense 
phenotype in mpk4 mutants. The identification of SUMM2 
made it possible to analyze the contribution of the MEKK1-
MKK1/MKK2-MPK4 cascade to plant immunity without 
the interference of SUMM2-mediated autoimmunity. When 
challenged with virulent pathogens P.s.t. DC3000 and H.a. 
Noco2, summ2 mekk1 and summ2 mkk1 mkk2 plants exhibit 
increased susceptibility than summ2 and wild type plants, 
suggesting that MEKK1 and MKK1/2 are required for 
basal defense and the MEKK1-MKK1/2 -MPK4 cascade 
promotes plant defense against pathogens [64], which puts 
to rest the notion that this cascade was a negative regulator 
of immunity.

Currently it is unclear how the MEKK1-MKK1/2 -MPK4 
cascade contributes to basal defense. Analysis of crck3 
mutant plants showed that they do not exhibit enhanced 
disease susceptibility [65], suggesting that MPK4 likely 
regulates basal resistance through other target proteins such 
as MAP KINASE SUBSTRATE 1 (MKS1), which is phos-
phorylated by MPK4 both in vitro and in vivo [69]. Trans-
genic plants overexpressing MKS1 have increased SA levels 
and PR1 expression and exhibit enhanced resistance to P.s.t. 
DC3000 [69]. On the other hand, basal resistance against 
P.s.t. DC3000 and H.a. Noco2 is compromised in mks1 [70].

Consistent with the positive role in basal defense, 
MPK4 is required for the induction of about half of the 
flg22-responsive genes [71]. Interestingly, MPK4 was 
also found to be involved in the negative regulation of 
flg22-induced gene expression. ASR3 is a transcrip-
tional repressor that negatively regulates a large subset of 
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flg22-induced genes [72]. MPK4 phosphorylates ASR3 
and enhances its DNA binding activity. In addition, trans-
genic plants expressing a constitutively active MPK4 
mutant protein accumulate less SA following pathogen 
infection and exhibit enhanced susceptibility to a number 
of pathogens [73]. The opposing roles of MPK4 in regu-
lating immune output are likely dependent on its diverse 
substrates of different functions.

Plant immune MAPK cascades are targeted 
by pathogen effectors

Several Pseudomonas effectors have been shown to disrupt 
MAPK cascades downstream of PAMP receptors. HopF2 
targets MKKs to inhibit flg22-induced MPK activation and 
defense responses [74]. HopF2 has ADP-ribosyltransferase 
activity and has been shown to ADP-ribosylate MKK5 
in vitro. HopAI1 directly interacts with MPK3 and MPK6 
and suppresses PAMP-induced gene expression and cal-
lose deposition [75]. It inactivates MPK3/6 by removing 
the phosphate group from phosphothreonine via its phos-
phothreonine lyase activity. Another Pseudomonas effector 
AvrRpt2 does not affect activation of MPK3 and MPK6 in 
protoplast transient expression system, but it blocks flg22-
induced activation of MPK4 and MPK11, which is associ-
ated with reduced defense gene expression and enhanced 
pathogen infection in transgenic plants expressing AvrRpt2 
[76]. How AvrRpt2 affects the activation of MPK4 and 
MPK11 remains to be determined.

In addition to MPK3 and MPK6, HopAI1 also interacts 
with MPK4. Expression of HopAI1 in Arabidopsis blocks 
flg22-induced MPK4 activation [64]. Transgenic lines 
expressing HopAI1 in wild type, but not the summ2-8 back-
ground, exhibit dwarf morphology and constitutive defense 
responses, suggesting that HopAI1 activates SUMM2-
mediated immunity [64]. Activation of SUMM2-mediated 
defense responses by HopAI1 suggests that SUMM2 was 
evolved to sense the disturbance of MAPK signaling by 
pathogens. In the absence of pathogen attack, CRCK3 is 
phosphorylated by basal levels of MPK4 activity and phos-
phorylated CRCK3 does not activate SUMM2-mediated 
immunity [65]. Inhibition of the MPK4 kinase activity by 
pathogen effectors such as HopAI1 results in reduced phos-
phorylation of CRCK3 and accumulation of unphosphoryl-
ated CRCK3, which leads to activation of SUMM2-mediated 
defense responses (Fig. 1). In this case, the host protein rec-
ognized by SUMM2 is not a direct target of the effectors. 
Such indirect sensing allows a single immune receptor to 
guard the entire MEKK1-MKK1/2-MPK4 kinase cascade, 
enabling it to sense a variety of effectors targeting MAPK 
signaling at different levels.

MAPK signaling and programed cell death 
in ETI

MAPKs are activated not only in PTI, but also in ETI. For 
example, following activation of N gene-mediated immu-
nity, both WIPK and SIPK are activated in tobacco plants 
[77]. WIPK and SIPK are also activated in Cf9-expressing 
tobacco cells in response to Avr9 from Cladosporium ful-
vum [78]. In Arabidopsis plants, activation of RPS2-medi-
ated immunity by AvrRpt2 results in prolonged activation 
of MPK3 and MPK6 [79]. However, no obvious activation 
of MPK3 and MPK6 was observed in Arabidopsis proto-
plasts transiently expressing AvrRpt2 [76].

Activation of MAPKs is often associated with cell death 
in plants. Expression of a constitutively active form of the 
MAPKK NtMEK2 activates the downstream WIPK and 
SIPK and causes cell death in tobacco [80, 81]. Similarly, 
expression of constitutive forms of Arabidopsis MKK4 
and MKK5 also results in cell death in tobacco and Arabi-
dopsis [81]. In addition, overexpression of LeMAPKKKα 
leads to activation of cell death in Nicotiana (N.) bentha-
miana and tomato [82]. Recently it was shown that tran-
sient overexpression of Arabidopsis MAPKKK5 in N. 
benthamiana also results in cell death [83].

Several components of MAPK cascades have been 
shown to play important roles in NLR-mediated immu-
nity. Silencing Nicotiana Protein Kinase 1 (NPK1), which 
encodes a MAPKKK in tobacco, attenuates cell death 
triggered by NLRs such as N, Bs2 and Rx [84]. Silenc-
ing the tobacco MAPK NTF6 and MAPKK MEK1 also 
compromises N-mediated resistance to tobacco mosaic 
virus [85]. Cell death mediated by Pto is reduced when 
NbMAPKKKα or its downstream MAPKKs and MAPKs 
are silencing in N. benthamiana [82]. In tomato, silenc-
ing of MAPKKs LeMEK1/LeMEK2 and MAPKs LeNTF6 
and LeWIPK also attenuates Pto-mediated immunity [86]. 
These findings suggest that MAPK signaling contributes 
to the activation of programed cell death and defense 
responses during ETI.

Concluding remarks

Genetic and biochemical analyses of MAPK cascades 
revealed diverse functions of these pathways in regulating 
plant immunity. Arabidopsis MPK3/4/6 all play critical 
roles in positive regulation of PTI, whereas MPK4 also 
contributes to negative control of immune output. The 
MEKK1/MKK1/2-MPK4 cascade is critical to basal resist-
ance and is guarded by the NLR SUMM2, which monitors 
the phosphorylation status of the MPK4 substrate CRCK3. 
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Disruption of this MAPK cascade by the Pseudomonas 
effector HopAI1 results in activation of SUMM2-mediated 
immunity, suggesting intricate interplays between PTI and 
ETI via MAPK signalling. It remains to be determined 
whether there are additional NLRs involved in guarding 
plant immune signaling MAPK cascades.
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