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Protein phosphorylation is one of the major mechanisms
for controlling many cellular processes in all living
organisms. Mitogen-activated protein kinase (MAPK)
cascades are known to transducer extracellular stimuli
to several cellular processes, including cell division,
differentiation as well as responses to various stresses.
In plants, several studies have revealed that MAPK
cascade pathways play an important role in responses
against biotic and abiotic stresses, including wounding,
pathogen infection, temperature, drought, salinity and
plant hormones. It is also known that MAPK cascades-
mediated signaling is an essential process in the re-
sistance step to pathogens by regulating the activity of
transcription factors. Here, the insights into the func-
tions of MAPK cascade pathways in plant defense
response signaling from Arabidopsis, tobacco and rice
are described.
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Plants have developed complex signaling and defense

systems to protect themselves from the attack of pathogen

by hypersensitive response (HR)-cell death at the site of

pathogen invasion, the generation of several signaling

molecules, such as reactive oxygen species (ROS), salicylic

acid (SA), jasmonic acid (JA), ethylene, and NO (nitric

oxide), induction of pathogenesis-related (PR) gene expre-

ssion, and the accumulation of antimicrobial compounds

(Dangl and Jones, 2001).

MAPK cascades are well known as highly conserved

signaling molecules found in all eukaryotes, including

animals, fungi and plants. These MAPK cascade pathways

consists of three interacting proteins including MAPKs,

MAPK kinases (MAPKK/MKKs) and MAPKK kinases

(MAPKKK/MEKKs) by linking upstream receptors to

downstream targets (Hamel et al., 2006). In a typical MAPK

cascade pathways, MAPKs are activated by MAPKKs via

dual phosphorylation of conserved threonine and tyrosine

residues in the TxY motif, which is located in the activation

loop (T-loop) between kinase subdomains VII and VIII.

MAPKKs are themselves activated by MAPKKKs through

phosphorylation of conserved serine/threonine residues in

the S/T-X3-5-S/T motif, also located in the T-loop (Jonak et

al., 2002). In general, MAPKKKs are activated by physi-

cally interacting with a receptor and becoming phosphor-

ylated either by the receptor itself or an interlinking up-

stream protein kinase (Chang and Karin, 2001). Among the

modules of MAPK cascades, mitogen-activated protein

kinases (MAPKs) are well known as serine/threonine-

specific kinases that play important roles in many signal

transduction pathways involved in cell growth, differenti-

ation, and stress response (Chang and Karin, 2001).

In plants, MAPK cascade pathways are also known to be

associated with various cellular processes including the

regulation of development, growth, programmed cell death

and responses to a variety of environmental stimuli, such as

pathogen infection, wounding, low temperature, drought,

high salinity, touch and reactive oxygen species (Colcombet

and Hirt, 2008; Pitzschke et al., 2009). MAPK cascade

pathways have been found in large number throughout a

variety of plant species, including Arabidopsis, tobacco,

tomato, alfalfa and rice (Agrawal et al., 2003; Colcombet

and Hirt, 2008; Hamel et al., 2006; MAPK group, 2002). In

the Arabidopsis genome, 20 MAPKs, 10 MAPKKs and 80

MAPKKKs have been identified (MAPK group, 2002).

Although a large of genes associated in MAPK cascades

have been identified based on the sequence analysis of

genome, a few MAPK cascades have been determined in

plant defense signaling (Pitzschke et al., 2009). Recent

several studies have been reported to identity the direct

MAPK transcriptional targets and the insights into the

mechanism by which MAPK signaling networks regulate

gene expression in plant by activation of transcriptional

factors (Fiil et al., 2009). In this review, the roles of MAPK

cascades pathways involved in plant defense signaling

against infections from Arabidopsis, tobacco and rice are

described. 

MAPK families involved in plant defense pathways 

Although the serine/threonine kinase domain are highly

conserved in all plant MAPKs (Hanks et al., 1988), it has
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been identified that some plant MAPKs have additional N-

terminal or C-terminal domains, which show greater se-

quence divergence than the kinase catalytic domain. Based

on the phylogenic analysis with their overall deduced

amino acid sequences, plant MAPKs can be divided into

four sub-family groups (I-IV) (Agrawal et al., 2003; Hamel

et al., 2006; MAPK group, 2002). Group I-III MAPKs

possess a TEY motif in their activation loop cluster,

whereas group IV MAPKs all display a distinctive TDY

motif rather than TEY motif (Hamel et al., 2006).

Group I MAPKs are well known to be involved in a

variety of environmental and hormonal responses (Colcombet

and Hirt, 2008; Hamel et al., 2006). These groups include

Arabidopsis AtMPK3 and AtMPK6 which activated by

pathogen infection, osmotic stress and oxidative stress

(Asai et al., 2002; Colcombet and Hirt, 2008; Ichimura et

al., 2000), tobacco SIPK and WIPK which activated by

salicylic acid (SA) or wounding (Zhang and Klessig, 2001),

alfalfa SIMK and SAMK which involved in both biotic and

abiotic stress responses (Zwerger and Hirt, 2001). Especi-

ally in wounding signal transduction, tobacco WIPK

activated a transcription factor NtWIF, which involved in

activation expression of a number of wound and pathogen

response genes (Seo et al., 1995; Yap et al., 2005). Group II

MAPKs are also well known to be involved in environ-

mental stress responses, although these are less well-studied

than the group I MAPKs. These groups include the Arabi-

dopsis MPK4, which involved in plant defense signaling.

The Arabidopsis mpk4 mutant displays a constitutive

systemic acquired resistance (SAR) phenotype against

pathogen infection (Petersen et al., 2000). The level of

MPK4 protein is also activated with both biotic- and

abiotic-stress treatments, such as low temperature, high salt

and wounding (Ichimura et al., 2000). Group III MAPKs is

very little known in plant stress signal pathways, although

these groups also contain a TEY motif in their T-loop like

groups I and II MAPKs. So far, only MPK7 which known

as group III have shown to be regulated in a circadian-

rhythm-dependent manner (Schaffer et al., 2001). Group IV

MAPKs possess a TDY motif instead of TEY motif in their

T-loop, as well as an extended C-terminal domain. These

group IV MAPKs include Arabidopsis AtMPK8, AtMPK9

and AtMPK15, BWMK1 from rice and TDY1 from alfalfa.

Several studies suggested that OsBWMK1 and TDY1 are

induced by blast fungus and wounding, respectively (Cheong

et al., 2003; He et al., 1999; Schoenbeck et al., 1999). It

have been well studied that OsBWMK1 plays an important

role in rice defense signaling by activation of transcription

factors, such as OsEREBP and OsWRKY33 (Cheong et al.,

2003; Koo et al., 2009). Interestingly, the rice genome

contains many more MAPKs with the TDY motif (11 genes)

than with TEY motif (6 genes). However, Arabidopsis

genome contain more MAPKs with TEY motif (12 genes)

than with the TDY motif (8 genes) (Reyna and Yang,

2006).

MAPKK (MKK) families involved in plant defense

pathways

So far, twenty-one MAPKK (MKK) genes have been

identified in plants including Arabidopsis MKK1-5, alfalfa

SIMKK and PRKK, tobacco NtMEK1-2 and SIPKK,

tomato LeMEK1, and maize ZmMEK1 (Hamel et al.,

2006; MAPK group, 2002). Plant MAPKKs have the motif

S/T-X5-S/T as a phosphorylation site which differs from

their mammalian counterparts. Plant MAPKKs also con-

tains a putative N-terminal MAPK-docking domain that is

characterized by a cluster of basic and hydrophobic

residues (K/R-K/R-K/R-X1-6-LX-L/V/I). In the Arabidopsis

genome, 10 MAPKK genes are identified and can be

classified into four different groups (A-D) (MAPK group,

2002). So far, group A-C MAPKK genes are indentified in

plant stress response pathways. 

The group A MAPKKs include Arabidopsis MKK1 and

MKK2, which well known to be upstream regulators for

MPK4 and activated by wounding and abiotic stress

(Meszaros et al., 2006). Arabidopsis MKK2 also acts as an

upstream activator of MPK6 in addition to MPK4, and is

known to mediate cold and salt stress signaling in plants

(Teige et al., 2004). MKK2 is activated by MEKK1 which

is known as the stress-inducible MAPKKK. MKK2 over-

expressing plants exhibited constitutive MPK4 and MPK6

kinase activity, constitutively induction stress-induced marker

gene expression, and increased freezing and salt tolerance.

In contrast, mkk2 null mutant plants showed hypersensitive

to salt and cold stress (Teige et al., 2004). The group B

MAPKKs have an unusual structural feature having a

nuclear transport factor 2 (NTF2) domain in their extended

C-terminus region and include Arabidopsis MKK3 and

tobacco NPK2 (Quimby et al., 2000). The group C MAPKKs

contain the alfalfa SIMKK which activate SIMK and

mediate both salt and elicitor-induced signal pathways

(Kiegerl et al., 2000). These groups also contain another

tobacco NtMEK2, which is involved in not only activation

of the SIPK and WIPK but also hypersensitive cell death in

leaves (Yang et al., 2001). 

MAPKKK (MEKK) gene families involved in plant

defense pathways

The MAPKKK (MEKK) family forms the largest group

components of MAPK cascade pathway found in plants.

Among 80 putative MAPKKK genes identified in Arabi-

dopsis genome, plant MAPKKKs can be divided into two
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subfamilies, including the MEKK-like protein kinases that

are most similar to animal MEKKKs and Raf-like protein

kinases (MAPK group, 2002). MEKK-like protein kinases

include alfalfa OMTK1 (oxidative stress-activated MAP

triplekinase 1), Arabidopsis AtMEKK1, and tobacco NPK1

(Mizoguchi et al., 1996; Nakagami et al., 2004; Nishihama

et al., 2001). Members of the plant Raf-like protein kinases

include EDR1 (enhanced disease resistance 1) and CTR1

(constitutive triple response 1) from Arabidopsis (Frye et

al., 2001; Kieber et al., 1993). It have also been reported

that AtMEKK1 acts as an upstream activator of MKK1-2,

and MKK4-5 in plant defense response against pathogen as

well as in abiotic stress conditions (Asai et al., 2002;

Ichimura et al., 2006; Tiege et al., 2004). 

It is also known that EDR1, a Raf-like MAPKKK, plays

functions as a negative regulator in plant defense resistance

into pathogen. Mutant edr1 lines confer resistance to

Erysiphe cichoracearum, a fungus that causes powdery

mildew disease. Furthermore, kinase-deficient EDR1 over-

expressing plants showed the enhanced resistance to

powdery mildew (Frye et al., 2001; Tang and Innes, 2002).

The CTR1, another Raf-like MAPKKK, acts as a negative

regulator in ethylene signaling (Kieber et al., 1993). Mutant

ctr1 plants display a constitutive triple response in the

absence of ethylene, suggesting that the ethylene receptors

ETR1 and ETR2 constitutively activate CTR1 in the ab-

sence of ethylene (Kieber et al., 1993).

Arabidopsis MAPK cascade pathways in plant defense

signaling 

A number of plant MAPK-related genes have been

identified to be involved in the defense response against

pathogens (Asai et al., 2002; Colcombet and Hirt, 2008;

Pitzschke et al., 2009). Of the 20 identified MAPKs in

Arabidopsis, only three MAPKs such as MPK3, MPK4 and

MPK6 are known as key regulators in plant defense

signaling and are activated by bacterial and fungal PAMPs

(pathogen-associated molecular patterns). On the basis of

amino acid sequence, MPK3 and MPK6 are closely related

proteins and show a high level of functional redundancy.

Both MAPKs are key regulators of a several cellular pro-

cesses including defense response to bacterial and fungal

pathogens (Colcombet and Hirt, 2008; Pitzschke et al.,

2009). Several studies suggested that the MAPK cascade

module MEKK1-MKK4/MKK5-MPK3/MPK6 is a critical

signaling pathway linking the flagellin (flg22) receptor

FLS2/BAK1 to the activation of the downstream transcrip-

tion factor WRKY22 and WRKY29 genes. This MAPK

cascade allows the early flg22-induced expression of

WRKY29 and FRK1 gene. Transient overexpression of

constitutively active form of MEKK1 showed the resistance

to bacterial and fungal pathogens in leaves by activating

several downstream events. Expression of constitutively

active forms of MKK4, MKK5, and WRKY29 also show-

ed the similar results in Arabidopsis (Asai et al., 2002). The

MPK6 is also known to be involved specifically in fungal

defense. MPK6-silenced Arabidopsis plants displayed re-

sistance to fungal pathogen, Peronospora parasitica and to

bacterial pathogen, Pseudomonas syringae strain (Menke et

al., 2004). 

Several studies have been demonstrated on downstream

target protein of flg22-mediated MPK3/MPK6 pathways

(Colcombet and Hirt, 2008; Pitzschke et al., 2009). Upon

flg22 treatment, MPK6 specially phosphorylates the ACS6

(ACC synthase 6) which known as an enzyme involved in

ethylene biosynthesis (Liu and Zhang, 2004). Recently,

VIP1, a bZIP transcription factor, have been shown to be

phosphorylated by MPK3 and in turn re-localized from the

cytoplasm to the nucleus for activating PR-genes (Djamei

et al., 2007). 

It have been also reported that MPK3/MPK6 are import-

ant regulators in camalexin and ethylene biosynthesis. In

plants, several fungal pathogens trigger the camalexin bio-

synthesis which known as a major phytoalexin compound.

Ren et al. (2008) demonstrated that mpk3 and mpk6 mutant

plants showed the reduction of camelexin production and

more susceptible to fungal pathogen. In contrast, the activa-

tion of MPK3/MPK6 in MKK4/MKK5- or MEKK1-over-

expressing plants is sufficient to induce the camalexin

accumulation, showing that MPK3/MPK6 play a key role

in camalexin-mediated pathogen resistance. Furthermore,

the MKK9-MPK3/MPK6 module is also involved in ethyl-

ene biosynthesis during defense signaling responses (Xu et

al., 2008).

Another MAPK cascades MEKK1-MKK1/2-MPK4 path-

way have been also identified in plant defense signaling.

Several papers reported that AtMPK4 acts as a regulator of

pathogen defense responses, by demonstrating that MPK4

negatively regulate the accumulation of salicylic acid (SA),

but positively regulate the JA-dependent signaling pathway

(Petersen et al., 2000). mpk4 mutant plants exhibited enhan-

ced resistance pathogens with activation of downstream

effects, including elevation of SA levels, the activation of

systemic acquired resistance, and constitutive expression of

PR- genes. However, mpk4 mutant plants didn’t show much

changed in the induction of JA-responsive genes, PDF1.2

and THI2.1, upon methyl jasmonate treatment, suggesting

that MPK4 are also required for JA-mediated gene ex-

pression during defense signaling (Petersen et al., 2000).

It was also recently reported that MPK4 regulates SA-

dependent and JA/ethylene (ET)-dependent responses via

regulating the EDS1 and PAD4 (Brodersen et al., 2006).

mpk4 mutant plants were shown to be defective in induc-
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tion of ethylene-responsive defense genes as well as being

more susceptible to pathogen Alternaria brassicicola.

Mutations of EDS1 and PAD4 abolished the de-repression

of the SA pathway and suppressed the inhibition of the JA/

ET pathway in mpk4 mutants, indicating that MPK4

negatively regulates both EDS1 and PAD4 (Brodersen et

al., 2006). Several studies have been reported to unveil the

downstream target of MEKK1-MKK1-MPK4 pathway in

plant defense signaling. The WRKY53 transcription factor

may be partially responsible in mekk1mutant, demonstrat-

ing that MEKK1 directly interacts with WRKY53 and

alters the activity of transcription factor (Miao et al., 2007).

So far, three proteins have been identified as downstream

target protein of MPK4 including WRKY33, WRKY25

and MKS1 (Andreasson et al., 2005). MKS1 (MAP kinase

substrate 1) was shown to couple MPK4 to the WRKY

transcription factors WRKY25 and WRKY33. MKS1 over-

expressing plants showed enhancement of the activation of

SA-dependent resistance such as PR1 gene expression, SA

accumulation, dwarfism and resistance to pathogen, but did

not seem to affect the induction of JA-related defense genes

(Andreasson et al., 2005). A recent report demonstrated that

the transcription factors WRKY25 and WRKY33 interact

with MKS1 in yeast, suggesting that these two WRKYs

regulate the gene expression downstream of MPK4-mediat-

ed signaling (Qiu et al., 2008). Analysis of T-DNA mutants

indicated that MEKK1 is required for flg22-induced activa-

tion of MPK4 but not MPK3 or MPK6 (Colcombet and

Hirt, 2008; Meszaros et al., 2006; Pitzschke et al., 2009).

MPK4 activity was increased within a few minutes with

flg22 treatments and this activation is abolished in mekk1

mutant plant.

Interestingly, mekk1 mutant lines showed that the kinase

activity of MEKK1 may not be required for flg-22-induced

MPK4 activation or for other macroscopic FLS2-mediated

responses and displayed a severe dwarf phenotype, con-

stitutive callose deposition and constitutive expression of

pathogen response genes, indicating MEKK1 acts upstream

of MPK4 as a negative regulator in plant defense signaling

(Ichimura et al., 2006; Suarez-Rodriguez et al., 2007).

Tobacco MAPK cascade pathways in plant defense

signaling

It was well known that the first key MAPK to be identified

in plant defense signaling was the tobacco salicylic acid

(SA)-induced protein kinase, SIPK (Zhang and Klessig,

1997). SIPK and another wound-induced protein kinase,

WIPK have been demonstrated to be activated in response

to many biotic and abiotic stresses (Zhang and Klessig,

1998; Zhang and Liu, 2001; Zhang et al., 2000). In defense

signaling, tobacco SIPK and WIPK, which are homologue

of Arabidopsis MPK6 and MPK3, respectively, are activat-

ed both by general elicitors and by the interaction of race-

specific Avr protein and their cognate resistance proteins.

R-gene, Cf-9-overexpressing transgenic tobacco plants ex-

hibited the induction of WIPK and SIPK activity upon

Avr9, fungal avirulence protein treatment (Zhang and

Klessig, 1998). SIPK and WIPK are also activated in an N

resistance gene-mediated manner upon infection with TMV

(tobacco mosaic virus), in turn resulting in HR-like cell

death in tobacco (Zhang and Klessig, 1998; Zhang and Liu,

2001; Zhang et al., 2000). Transient expression of SIPK by

activation with NtMEK2 upstream kinase has been shown

to be sufficient to activate defense-related gene expression

and HR-like cell death (Yang et al., 2001). It have been

reported that the tobacco NtMEK2-SIPK/WIPK pathway

also plays an important role in N gene-mediated resistance

(Jin et al., 2003). The induction of SIPK and WIPK activity

enhanced the gene expression of HMGR which known as a

key enzyme in the phytoalexin biosynthesis pathway (Zhang

and Liu, 2001). 

Several papers have been reported to identify the down-

stream target protein of NtMEK2-SIPK/WIPK pathway in

tobacco. NtWIF, a transcription factor which involved in

wound and pathogen responsive gene expression, might be

activated by WIPK (Yap et al., 2005). Kim and Zhang

(2004) also reported that the NtMEK2-SIPK/WIPK cascade

can activate members of the WRKY family transcription

factors which involved in transcription of disease resistance

genes. Moreover, Menke et al. (2005) reported that SIPK

can phosphorylate and activate WRKY1 and co-expression

of WRKY1 and SIPK showed enhanced cell death than

overexpression of either alone. Constitutively active

NtMEKDD overexpressing transgenic tobacco upregulated

the Spm-induced HR related marker genes including HIN1,

HMGR and HSR2003J (Takahashi et al., 2004) and elicited

the HR-like cell death which is transduced by the activation

of SIPK and WIPK (Yang et al., 2001). These results

suggest that the NtMEK2-SIPK/WIPK module is one of

key regulators in tobacco defense signaling and controls

multiple defense responses to pathogen invasion. Further-

more, loss-of-function of virus-induced gene silencing

(VIGS) demonstrated that NtMEK2, SIPK and WIPK are

required for resistance to TMV by regulating the activity of

certain downstream transcription factors, such as WRKYs

and MYBs (Jin et al., 2003).

Rice MAPK cascade pathways in plant defense sig-

naling

In Arabidopsis and tobacco, MAPK cascade pathways in

defense signaling have been well established as mentioned

earlier. However, little is known about the function of rice
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MAPK gene family in defense signaling so far. In rice

genome, 17 MAPK gene family was identified through an

in silico search (Reyna and Yang, 2006). Among them,

only six MAPKs, including OsWJUMK1, OsMAPK4,

OsBWMK1, OsMAPK6, OsMAPK5 and OsBIMK2, have

been characterized in rice (Agrawal et al., 2003; Cheong et

al., 2003; Fu et al., 2002; He et al., 1999; Lieberherr et al.,

2005; Song et al., 2006; Xiong and Yang, 2003). Of these

six, OsBWMK1, OsMAPK5, OsMAPK6 and OsBIMK2

genes have been identified as a MAPK regulator in defense

responses. Rice OsMAPK5 (also known as OsMSRMK2,

OsMAPK2, OsMAP1 or OsBIMK1), an ortholog of Arabi-

dopsis MPK3, was shown to be activated by various biotic

and abiotic stresses as well as by abscisic acid (Xiong and

Yang, 2003). RNAi-suppression lines of OsMAPK5 dis-

played constitutive PR gene expression and enhanced

resistance to fungal and bacterial infection. In addition,

overexpression of OsMAPK5 also showed tolerance to

drought, salt and cold stress, suggesting that OsMAPK5

acts as a positive regulator of abiotic stress tolerance but

acts as a negative regulator of rice disease resistance (Xiong

and Yang, 2003). 

OsMAPK6 is also known as an important regulator in

rice disease resistance. Suppressing OsMAPK6 or knock-

ing out of OsMAPK6 showed the enhanced rice resistance

against bacterial pathogen Xanthomonas oryzae which

causes the bacterial blight disease in worldwide. The re-

sistant rice plants showed increased expression of several

defense-responsive genes which involved in the NH1 (an

Arabidopsis NPR1 orthologue)-mediated defense signal

transduction pathway (Yuan et al., 2007). It have been also

reported that a novel rice MAPK gene, OsBIMK2 (Oryzae

sativa L. BTH-Induced MAP Kinase 2) plays a role

in disease resistance responses. Overexpression of Rice

OsBIMK2-overexpressing transgenic tobacco plants showed

the enhanced disease resistance against both tomato mosaic

virus and a fungal pathogen (Song et al., 2006). 

Of these rice MAPKs involved in defense signaling,

OsBWMK1 is most well identified so far. OsBWMK1

(Oryzae sativa L. Blast- and Wound - Induced MAP Kinase),

which is activated by pathogen signals and localizes in the

nucleus, carries a TDY phosphorylation motif instead of the

more common TEY motif in its kinase domain and has an

unusually extended C-terminal domain that is essential to

its kinase activity and translocation to the nucleus (Cheong

et al., 2003; He et al., 1999). The constitutive expression of

OsBWMK1 in tobacco plants also enhances resistance

against fungal and bacterial pathogen infections (Cheong et

al., 2003). In addition, it was reported that OsBWMK1

phosphorylates both OsWRKY33 which binds to the W-

box element (TTGACCA) and OsEREBP1 that binds to the

GCC box element (AGCCGCC) in several PR gene

promoters, thereby enhancing DNA-binding activity of the

factor to its in vitro cognate binding site. Transient co-

expression of OsBWMK1 and OsWRKY33 or OsEREBP1

in Arabidopsis protoplast elevates SA-dependent expression

of the GUS-reporter gene driven by the W-box element and

the PR1 promoter for OsWRKY33 or by the GCC box

element for OsEREBP1. Furthermore, the levels of SA and

H2O2 are elevated in 35S-OsBWMK1 transgenic plants that

show HR-like cell death. Altogether, OsBWMK1 may

mediate plant defense responses by activating one or more

transcription factors, such as OsWRKY33 or OsEREBP1

in plants (Cheong et al., 2003; Koo et al., 2009).

Recently, Reyna and Yang (2006) reported that nine of 17

OsMAPK genes were found to be induced at the mRNA

level during either early, late, or both stages of infection

upon inoculation with the blast fungus (Magnaporthe

grisea), suggesting that about half of the rice MAPK genes

are associated with pathogen infection and host defense

response. Furthermore, it have been suggested that rice

OsSIPK (rice ortholog of NtSIPK and AtMPK3) and its

orthologs could acts as a central master switch for mediat-

ing plant responses against ozone, wounding and JA signals

which known as defense-related signals in plant (Cho et al.,

2009). However, there are no evidence on rice upstream

kinase MAPKKK and MAPKK family involved in defense

signal pathways so far.  

Functions of MAPK cascade pathways in plant ROS

signaling 

Pathogen attacks trigger the production of reactive oxygen

species (ROS) in plant and MAPK cascade pathways have

been identified in oxidative stress mediated signaling (Apel

and Hirt, 2004; Colcombet and Hirt, 2008). Tobacco SIPK

and WIPK have been demonstrated to be activated by a

variety of reactive oxygen species (Kumar and Klessig,

2000; Samuel et al., 2000). Interestingly, SIPK overexpre-

ssing transgenic tobacco showed the hypersensitive response

to ozone which known to cause ROS accumulation in

plants, suggesting tobacco SIPK acts as a MAPK regulator

in ROS signaling (Samuel and Ellis, 2002). It have been

reported that ozone also activates MPK3 and MPK6 in

Arabidopsis (Ahlfors et al., 2004). 

Yoshioka et al. (2003) reported that the MEK2 pathway

in tobacco plants has been linked to ROS generation

through the activation of RBOH (respiratory burst oxidase

orthologue), which is known to produces ROS upon fungal

infection. Furthermore, expression of constitutively active

form of Arabidopsis MKK4 and MKK5 (orthologs of

tobacco NtMEK2) enhanced generation of hydrogen per-

oxide and cell death (Ren et al., 2002). Arabidopsis

MAPKKK MEKK1 has been also shown to mediate redox



106 Yong Hwa Cheong and Min Chul Kim

homeostasis (Nakagami et al., 2006). MEKK1-deficient

mutant plants (mekk1) showed the accumulation of ROSs

and displayed aberrant regulation ROS-mediated genes.

Interestingly, mpk4 mutant plants showed similar pheno-

types as mekk1 mutant plants, and mekk1 mutant lines were

compromised in ROS-induced MPK4 activation, suggest-

ing that MEKK1 may act as an upstream regulator of

MPK4 in ROS signaling (Nakagami et al., 2006).

Conclusions and Perspectives

Plant MAPK cascades have been identified as a highly

conserved signal molecules consisting of MAPKKK-

MAPKK-MAPK, which mediate plant cellular responses to

biotic and abiotic stresses. It have also known that plant

MAPK cascade modules play a important role in the

regulation of defense responses by amplifying and trans-

ducing pathogen-related signals into altered gene ex-

pression (Fiil et al., 2009; Pitzschke et al., 2009). However,

only a few effector-mediated components of MAPK cas-

cades have been reported in plants (Fig. 1). Thus, further

studies on identification of additional MAPK cascades

modules and of downstream target molecules or pathways

will help to determine the multiple networks of plant

MAPK cascades pathways in defense signaling and may

help in generating plant resistances into biotic and abiotic

stresses in future. 
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