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Abstract

Plant stress tolerance depends on many factors gamgmch signaling by mitogen-
activated protein-kinase (MAPK) modules plays ac@brole. Reversible phosphorylation
of MAPKSs, their upstream activators and downstreargets such as transcription factors
can trigger a myriad of transcriptomic, cellulardaphysiological responses. Genetic
manipulation of abundance and/or activity of sorhé¢hese modular MAPK components
can lead to better stress tolerance in Arabidagsiscrop plant species such as tobacco and
cereals. The main focus of this review is devotedtie MAPK-related signaling
components which show the most promising bioteabgioal potential. Additionally,
recent studies identified MAPK components to beoimed both in plant development as

well as in stress responses, suggesting that gresesses are tightly linked in plants.

Keywords. Arabidopsis, Biotechnology, Crops, Mitogen-activhteprotein kinase,
Transgenic plants, Omics approaches, SignalingsStolerance.
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Abbreviations. ABA = abscisic acid, ACC = l-amino-cyclopropanedtboxylic acid,
ACS6 = ACC synthase 6, BAK1 = BRI1l-associated kinhAsCTR1 = constitutive triple
response 1, EF-Tu = elongation factor thermo-umetdhl | = effector-triggered immunity,
ETR1 = ethylene response 1, FLS2 = flagellin ¢amsR, FRK1 = Flg22-induced receptor
kinase 1, HR = hypersensitive response, IBR5 =le8ebutyric acid response 5, JA =
jasmonic acid, MAPK = mitogen-activated proteindse, MAPKK/MAP2K = mitogen-
activated protein-kinase kinase, MAPKKK/MAP3K = pgen-activated protein-kinase
kinase kinase, MKP2 = MAPK phosphatase 2, NLP =INigg protein, NO = nitric oxide,
PAD2/3 = phytoalexin deficient 2/3, PAMPs = pathegesociated molecular patterns,
PCD = programmed cell death, PR = pathogenesigetkldPRRs = transmembrane pattern
recognition receptors, PTI = PAMP-trigged immunROS = reactive oxygen species, SA
= salicylic acid, SIMK = stress-induced MAPK, TM¥ tobacco mosaic virus, VIP1 =
VirEl-interacting protein 1, Y2H = yeast two-hyhrid
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1. Introduction

Plants are sessile organisms which are constaxplgsed to a variety of biotic and
abiotic stresses in their external environment.ohder to survive, plants developed
mechanisms for rapid sensing of signals from a gimgnenvironment and for transmitting
these in specific adaptive/defensive responseall keukaryotes, mitogen activated protein
kinase (MAPK) pathways play an essential role ignal transduction involved in the
regulation of growth, differentiation, proliferatipdeath and stress responses.

MAPK signaling pathways are regularly assembled imiodules which are
composed of MAPK kinase kinase (MAPKKK, MAP3K or ME), MAPK kinase
(MAPKK, MAP2K or MEK) and MAPK. Individual memberef these modules are
activated by reversible phosphorylation (FigureThey are believed to be held together in
protein complexes with the help of scaffold proseiifthese scaffold proteins along with
specific subcellular localization/compartmentaliaat of scaffolded complexes (e.g. on
endomembranes and vesicular compartments) and thdividual constituents (e.g.
individual MAPKs released from the complex and caked to the nucleus) might bring
certain specificity to the various signaling patg@and perhaps also avoid cross-talk with
other signaling pathways. Quite often activated MARelocates to the nucleus and
regulates transcription factors and/or other prstenvolved in transcription with a main
consequence of gene expression modulation and gigpnming of plant developmental
program and/or stress response. Except for theeaugroteins, however, plant MAPKs
can also regulate proteins involved in cytoskeletatodeling as well as a large number of
cytoplasmic proteins (Figure 1). Taking into acdoanbroad spectrum of triggers and
physiological outcomes plant MAPK modules emergsdnaportant regulators of gene
expression, plant cytokinesis and development ali a® ethylene and camalexin
biosynthesis during the last decade. Some molesulastrates of MAPK modules such as
transcription factors as well as individual memberthese modules are considered as good
targets for biotechnological applications. Variow®ls for in silico database searches
including full genome transcriptomic analyses aedeyexpression correlation studies are
available today to disentangle the complex architecof organization of the MAPK

signaling modules. This review summarizes the rofeMIAPK signaling pathways with a



main focus on biotic and abiotic stress, and egfigoon MAPK components and their

molecular targets showing a biotechnological pagént

2. Short overview of abiotic stressfactorstriggering MAPK activity

MAPK pathways are known to be activated by diverstic stresses such as cold,
salt, heat, drought, wounding, UV irradiation, osimaoshock, ozone or heavy metal
intoxication. The main Arabidopsis MAPKs activatby salt, cold, drought, touch and
wounding are MPK4 and MPK®6 (Ichimura et al., 200@jge et al., 2004). For cold and
salt stresses, one complete MAPK signal transductioodule was identified in
Arabidopsis. This module consists of the MEKK1 astteam activator of MKK2 and the
downstream MAPKs MPK4 and MPK6 (Teige et al., 200¥dditionally, also MKK1 is
activated by salt, drought and wounding stresscamdphosphorylate MPK4, thus it might
be also involved in abiotic stress signaling (Teigeal., 2004, Xing et al., 2007).
Hypoosmolarity was shown to activate MPK3, MPK4 anEKeé in cell suspensions and
plantlets of Arabidopsis (Droillard et al., 2004).

Ozone, as a major pollutant and potent reactivegenyspecies (ROS) generator,
activated MAPK signaling pathways through trigggriROS production and accumulation
of ethylene, jasmonic acid (JA) and salicylic a¢®f) resulting in local programmed cell
death (PCD). Ozone activated MPK3 and MPK6 anduised the nuclear translocation of
these MAPKs in Arabidopsis (Ahlfors et al., 2008uch activation is independent of
ethylene and JA, but activity of MPK3 is dependentsalicylic acid. Later, it was shown
that MKP2 (MAPK phosphatase 2) is an important fpasiregulator of the cellular
response to ozone since it can affect the activatiate of MPK3 and MPKG6 (Lee and Ellis,
2007). Suppression of MKP2 creates hypersensitteityzone with prolonged activation of
MPK3 and MPKG6. Also in tobacco, NtMPK4 plays an onj@ant role in ozone sensitivity
and JA signaling. Using transgenic plants it wasashthat NtIMPK4 played a main role in
the response to wounding, and was also involveazane tolerance by regulating stomatal
closure (Gomi et al., 2005). Oxidative stress imaliby exogenous J@, can also activate
MPK1 and MPK2 (Ortiz-Masia et al., 2007), MPK3 ahPK6 (Kovtun et al., 2000),
MPK4 (Nakagami et al. 2006) and MPK7 (Doczi et2fl07) in Arabidopsis suggesting that
ROS act upstream of several MAPK cascades.
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In higher plants, MAPKs can be activated also b¥ictdevels of heavy metals.
Cadmium and copper treatment indu€sMAPK3 andOsMPKG6 in rice (Yeh et al., 2007).
This result implies that a MAPK cascade may functio cadmium and copper signaling
pathway in rice. Additionally, an activation of fodistinct MAPKs such as SIMK, MMK2,
MMK3 and SAMK was observed after exposureviddi cago sativa seedlings to the excess
of copper or cadmium ions (Jonak et al., 2004). éMineless, distinct MAPK pathways
seemed to be involved in the response to coppecaahthium stress.

Thus MAPK signaling pathways appear as universaislucers of diverse abiotic

stresses in plants (Table 1).

3. Short overview of biotic stressfactorsinducing MAPK activity

During evolution, higher plants developed an innatenune system (Jones and
Dangl, 2006) to detect pathogen attacks and teatetirapid multistep defense responses,
such as the production of ROS, the induction of hiypersensitive response (HR), a
localized cell death at the sites of infection loe synthesis of pathogenesis related (PR)
proteins and anti-microbial phytoalexins.

The plant innate immune system involves two lewélgefense responses against
pathogens. The first level is based on specifiea&in of conserved pathogen-associated
molecular patterns (PAMPs) with transmembrane pattecognition receptors (PRRS)
and triggers defense responses of plant cells. 8afdnse responses include changes of
enzymatic activity, gene expression reprogramming @roduction of antimicrobial
compounds. This leads to the activation of PAMBeed immunity (PTI) that can stop
further colonization of plant by pathogen. To sgssr PTI, pathogens produce effector
proteins that can overcome the activities of Pghaling components and effectively stop
PTI. At a second level of defense, plants can neieegpathogen effectors through
resistance (R) proteins. These proteins functioimasune receptors and trigger HR with
localized cell death restricting the spread of gathogen. This second level of plant
immunity is called effector-triggered immunity (BTdnd is an accelerated and amplified
PTI response leading to disease resistance (JoeBangl, 2006). In recent years, it has
been established that MAPKs play important rolesinnate immune response and
resistance to pathogens in Arabidopsis, rice, todaparsley, tomato and maize. In this
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respect, the best characterized Arabidospis MARiEsagain MPK3, MPK4 and MPKG6
which were found to be activated by bacterial amaghl PAMPs during plant-pathogen
interactions (Nuhse et al., 2000, Desikan et 81012. Hence, this orchestrated network of
MAPK cascades represents the basal level of ptaraté immunity involved in responses
to microbial pathogens and their effectors as a®lin plethora of abiotic stress responses.

Arabidopsis FLS2 (flagellin sensitive 2) is a welllaracterized plant PRR from the
leucine-rich repeat receptor kinase family which required for flagellin signaling
(Gomez-Gomez and Boller, 2000, Chinchilla et a0?). Application of the bacterial
elicitor flagellin (flg22 represents a 22-aminodtdng peptide derived from flagellin),
the first general elicitor produced by eubacteFalik et al., 1999), causes internalization
of plasma membrane receptor FLS2 via receptor rtestliendocytosis (Robatzek et al.,
2006). Flg22 also triggers rapid and strong adtwvabf Arabidopsis MPK3, MPK4 and
MPK6 (Asai et al., 2002, Droillard et al., 2004 ,a8ez-Rodriguez et al007). The signal
perception of flg22 occurs at the plasma membraraugh receptor-like kinase complex
of FLS2 and BAK1 (BRI1-associated kinasel) whighders at least two parallel MAPK
signaling cascades (Chinchilla et al., 2007, Ziptehl., 2004, see below). The first MAPK
module acting downstream of the FLS2-BAK1 receptomplex was identified using
transient expression in protoplasts together wiiclemical and genetic approaches (Asai
et al., 2002). It is composed of the MAP3K MEKKhettwo MAP2Ks MKK4/5 and the
two MAPKs MPK3/6. The activation of MPK3 and MPK&WKK4 and MKKS5 leads to
the phoshorylation-dependent activation of the dcaption factors WRKY22 and
WRKY29 (WRKY DNA-BINDING PROTEIN 29) and FRK1 (Fldginduced receptor
kinase 1) and early flg22-induced expression ofegesuch a¥VRKY29, FRK1 andGST1
(Asai et al., 2002). A MAPK cascade containing MP&3 MPK®6 is also involved in
camalexin biosynthesis functioning upstream of PApI®toalexin deficient 2) and PAD3
(Ren et al., 2008). The interplay of these MAPKnsighg modules confers resistance to
several bacterial and fungal pathogens.

It was shown that flg22 activated MPK6 phosphoedatnd stabilizes ACC (1-
amino-cyclopropane-1-carboxylic acid) synthase €&8) an enzyme that is involved in
the biosynthesis of the phytohormone ethylene @tial., 2004; Joo et al., 2008). However,
MPK®6 not only seems to be involved in PAMP triggeethylene biosynthesis but also
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gets activated by ethylene via MKK9 (Yoo et al.080 Flg22-induced activation of MPK3
leads to the activation of VirEl-interacting protel (VIP1), a transcription factor, that
after phosphorylation is relocated from the cyteplato the nucleus to induce the
expression of pathogenesis-related genes sueRBjamei et al., 2007).

The second MAPK cascade, comprised of MEKK1, MKKKK2 and MPK4,
negatively regulates defense responses. In thisndefresponse, MEKK1 is required for
specific activation of MPK4, but not for MPK3/MPK&gnaling pathway (Ichimura et al.,
2006). Elevated levels of SA mpk4 mutant led to the expression of pathogenesise@lat
genes and increased resistance to pathogen (Ret&trak, 2000). In addition, MPK4 is also
required for JA-driven expression of defensive @irg because activation of specific genes
was blocked in thenpk4 mutant (Petersen et al., 2000). However, inductibisystemic
acquired resistance mpk4, mekkl or mkklmkk2 double mutants, produces a characteristic
dwarf phenotype which is probably caused by a snaléll size (Ichimura et al., 2006,
Petersen et al., 2000, Qiu et al., 2008b, SuarelktiReez et al., 2007). This SA-dependent
mechanism of action is based on the activation & WRKY transcription factors
WRKY25 and WRKY33 by MKS1, which was confirmed tateract with MPK4
(Andreasson et al., 2005, Petersen et al., 2010).

Recently, the presence of a nuclear MPK4-WRKY33 glem in Arabidopsis was
proven in the absence of pathogen (Qiu et al., @0@mployment ofnksl mutant plants
showed dependency of this nuclear complex on MK®&Ekatment with flagellin or
Pseudomonas syringae caused activation of MPK4 and phosphorylation &K\, resulting
in release of MKS1 and WRKY33 from MPK4, and WRKY&8geted the promoter of
PAD3. PAD3 encodes for enzyme required for the legis of antimicrobial camalexin).
More recently, MPK3 and MPK6 were shown to be egakfor the induction of camalexin
biosynthesis in Arabidopsis infected with fungakhmayen Botrytis cinerea (Mao et al.,
2011). This occurs through phosphorylation of ahpgén-inducible transcription factor
WRKY33 by MPK3/MPK6 which enhances activity of WRRY in promoting the
expression of downstream camalexin biosyntheticegemhus, MPK4 is required for
induction of camalexin biosynthesis by bacteriaghpgen (Qiu et al., 2008a), but it is not

included in camalexin induction by fungal pathog®lao et al., 2011).



It seems that both MAPK cascades (MKK4/5-MPK3/6 adtKK1/2-MPK4)
activated by flg22 may act antagonistically. Howevé was shown that they are
interconnected because in gkl mutant, flg22—dependent activation of MPK4 and also
MPK3 and MPKG6 is impaired (Mészaros et al., 2006)us, the flg22-induced positive
regulation of defense responses by MKK4/MKK5-MPK®Kb pathway and the negative
one by the MKK1/MKK2-MPK4 pathway are both importgrayers in innate immune
response and resistance to pathogens.

In addition to flg22, there is a variety of fungadd bacterial PAMRsuch as chitin,
harpin, elongation factor thermo-unstable (EF-TNgpl-like protein (NLP), that can
induce activation of MPK3/MPK6 or MPK4, and alsag@jer regulation of pathogen-
related genes (Desikan et al., 1999 and 2001, Kahaé, 2004, Miya et al., 2007, Qutob
et al., 2006)

Involvement of MAPK cascades in pathogen signadddaiction is also well studied
in tomato, tobacco, rice, parsley and cotton. lbatzo, there are at least two MAPK
pathways activated by inoculation with tobacco nmsarus (TMV). The first one is
composed of MEK2-SIPK (salicylic acid-induced piot&kinase) and WIPK (wound-
induced protein kinase) (Zhang and Klessig, 1998ij leads to HR. The second one
comprises NPK1-MEK1-NTF6 and attenuates resistamd@MV (Liu et al., 2003). Further
orthologs of SIPK and WIPK, such as MPK1/2 and MRK8mato, SIMK and SAMK in
alfalfa, MAPKS in rice and MPK®6 in parsley also plan important role in defense-related
signal transduction (Ren et al., 2006).

A short summary of plant MAP3Ks, MAP2Ks and MAPKwaolved in biotic stress

responses is provided in Table 1.

4. Plant hor mones affecting MAPK activity

MAPK cascades play crucial roles not only in biognd abiotic-stress responses
and development but also in hormone signaling antsl (Jonak et al., 2002; Nakagami et
al., 2005). Recent evidence also suggests that ptamones are involved in the crosstalk
between abiotic and biotic stress signaling (Fugitaal., 2006). Among plant hormones,

stress hormones such as ethylene and JA are eddemtdetermining the proper plant



defense mechanism against diverse stress cond#iotipathogens. Both of these stress
hormones require activation of MAPKs cascade fduation of their biosynthesis.

The ethylene receptor ETR1 (ethylene responsehtyyiag endoplasmic-reticulum
localization, is associated with CTR1 (constitutiviple response 1), a Raf-like MAP3K
(Kieber et al., 1993; Clark et al., 1998; Huan@let2003; Gao et al., 2003). In the absence
of ethylene, ETR1 suppressed signal transductichwazey by activating the negative
regulator CTR1 (Hua and Meyerowitz, 1998). Theeaftlegradation of the transcription
factor EIN3 occurred by the 26S proteasome leatinthe blockage of the downstream
transcription cascade. However, the presence gfegtl inactivates the negative regulator
CTR1, dissociates CTR1 from the receptor complekiaitiates the downstream signaling
cascade by stabilizing transcription factor EIN3tle nucleus, thus activating primary
transcription (Chao et al., 1997; Yanagisawa e&l03; Binder et al., 2007). Activation of
47kDa protein (Novikova et al., 2000) later ideetf as MPK6 (Ouaked et al., 2003)
occurred after application of the ethylene preaura@C. Recently, a novel MKK9-
MPK3/6 cascade was identified that phosphorylates stabilizes EIN3 during ethylene
signaling (Yoo et al., 2008). It was shown thaatneent with ACC inactivated the CTR1
pathway but activated the MKK9-MPK3/6 pathway. Aftactivation, MKK9 relocated
from the cytoplasm to the nucleus and activatedeancMPK3 and MPK6. These two
MAPKs are able to phosphorylate and thus stabilZ®3 and the downstream
transcription machinery (Chao et al., 1997; Yoalet2008). MPK3 and MPK6 were not
activated in mkk9 loss-of-function mutant plants of Arabidopsis shgv ethylene
insensitivity (Yoo et al., 2008). This implies thpbsitive-acting and negative-acting
MAPK pathways operate simultaneously and are iategr into regulation of EIN3
(through phosphorylation and protein stabilizatiamd downstream transcription events
(Yoo et al., 2008). Additionally, MPK6 might regtga synthesis of ethylene via
phosphorylation and stabilization of ethylene brgkgtic enzymes such as ACS 2 and 6
(Liu and Zhang, 2004).

JA, as an important player in plant response toirenmental stresses and
developmental cues, activated the Arabidopsis MHKKBK6 cascade. Genetic analyses
using loss-of-function and gain-of-function mutantsthe MKK3-MPK6 cascade showed
that the JA-induced activation of this cascade tmeglg regulates theAtMYC2
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(transcription factor/a positive regulator of JAHTible gene expression), thus affecting
both JA-dependent gene expression and inhibitioraff growth (Takahashi et al., 2007).
In Arabidopsis, a MAPK phosphatase AP2C1 was faioncegulate MAPK activities and
the amount of JA. AP2C1 regulated early transmmssibwound-induced signals through
dephosphorylation (inactivation) of MPK4 and MPK&biweighofer et al., 2007).

Several studies revealed that signaling by awsnaraessential plant hormone, is
mediated by MAPK pathways including NPK1 (a MAP3K) tobacco (Kovtun et al.,
1998), and ANP1 (a NPK1 ortholog) in Arabidopsi®tpplasts (Kovtun et al., 2000).
Rapid activation of unidentified MAPKs in Arabidapsroot with different auxins was
observed by Mockaitis and Howell (2000). Genetiudsts revealed a role of Arabidopsis
MKK7 as a negative regulator of polar auxin tramsp@ai et al., 2006). Recently,
Arabidopsis MPK12 was identified as a hew negategulator of auxin signaling and as a
substrate of MAPK phosphatase called IBR5 (indekas8/ric acid response 5) (Lee et al.,
2008). It was shown that MPK12 specifically intésaevith IBR5 phosphatase while
activated MPK12 can be dephosphorylated and iratettvby this phosphatase (Lee et al.,
2008). Transgenic plants with reduced expressiotheMPK12 gene showed increased
auxin sensitivity, but normal ABA sensitivity. Hower, ibr5 mutant plants displayed
defective responses to both auxin and ABA. Suppress MPK12 in anbr5 background
partially rescued thidor5 auxin-insensitive phenotype.

5. MAPK modulesinvolved both in plant development and in stress response

Previous and recent studies revealed that sevieesissnduced MAPKs and their
upstream activators such as MAP2Ks and MAP3Ks @ iavolved in the regulation of
diverse plant developmental processes. In our pusvstudy we have found that SIMK
(stress-induced MAPK) frorMedicago sativa is not only activated by diverse abiotic and
biotic stresses (Jonak et al., 1996; Bogre et E97) but together with the actin
cytoskeleton it is also involved in the root hairrhation and development (Samaj et al.,
2002). This was the first study combining genetid aell biological approaches to reveal
the function of plant MAPK in the developmental gees. Other alfalfa and tobacco
MAPKs were differentially expressed during the agitle and proposed to be involved in
the regulation of cell division (Calderini et &998; Bogre et al., 1999; Nishihama et al.,
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2001; Soyano et al., 2003). In Arabidopsis, MAP3ialed ANP2/3 were reported to be
involved in the last stage of cell division, cyto&sis (Krysan et al.,, 2002). Recently,
MPK4, downstream of ANP2/3, was found to be esakfudr plant cytokinesis (Kosetsu et
al., 2010; Beck et al.,, 2011). Molecular interactioof plant MAPKs with proteins
belonging to the microtubular cytoskeleton suchnasrotubular motors kinesins and
microtubule bundling proteins of the MAPG65 familyere identified and characterized in
more detail (Nishihama et al.,, 2002; Sasabe et2806, 2011; Smertenko et al., 2006;
Takahashi et al., 2010). Moreover, cytokinedip2/anp3 mutants also showed aberrant
mitotic microtubules (Beck et al., 2011). Addititilga some MAPKs such as MPK18,
MPK6 and MPK4 were proposed to regulate and/orractewith cortical microtubules,
thus participating in the determination of planl sbapes (Walia et al., 2009; Beck et al.,
2010; Miller et al., 2010).

Stomata development represents a very good exashglevelopmentally regulated
process controlled by both stress-induced and dpuetntally-triggered MAPK modules.
In the case of stomata development, the whole neodulrelatively well characterized
especially by using genetic means. In Arabidopiss module is composed of YODA,
MKK4/MKK5 and MPK3/MPK6 (Bergmann et al., 2004; Waet al., 2007; Lampard et
al., 2009). Downstream target of this pathway isramscription factor SPEECHLESS
(Lampard et al., 2008) while the upstream activasomost probably a protein kinase
named SHORT SUSPENSOR (Bayer et al., 2009). Additlg, it was proposed in these
studies that the same MAPK modules can integrate@mmental and developmental cues
to achieve proper stomata development and funciipiiVang et al., 2007; Lampard et al.,
2008). In spite of the fact that this signaling miedis relatively well characterized, little is
known about the subcellular localization and medraa of MAPK signaling during
stomata development.

A very similar MAPK-dependent signaling cascadeutating asymmetric cell
division might operate during embryo developmenfrabidopsis (Lukowitz et al., 2004,
Bayer et al., 2009).

In addition to vital function during stomata and keyo development, the

Arabidopsis MPKG6 is also involved in the regulatioincell division polarity during post-
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embryogenic development of seedling roots (Milkeale 2010) as well as in anther and
inflorescence development (Bush et al., 2007).

Finally, transcriptomic studies revealed differahtregulation of stress-induced
genes in MAP3K mutantanp2/3 (Krysan et al., 2002)yoda (Bergmann et al., 2004) and
mekkl as well as inmkk1/2 and mpk4 mutants (Pitzschke et al., 2009). These examples
together with others summarized in Table 2 illustrahat several developmentally
regulated MAPKs and MAPK modules are also involireglant stress responses.

6. Omics approaches to study stressinduced MAPKs and related plant stress
tolerance

In principle, several 'omic’ strategies exist takke the function of plant MAPKs
and their respective roles in stress tolerancdudmg transcriptomics, proteomics and
phosphoproteomics (i.e. the post-translational fication (PTM) of proteins). Large scale
whole genome transcriptomic databases are publicalailable for Arabidopsis
(https://www.genevestigator.com/gv/index.jsp ormlitturgv.evry.inra.frfCATdb) but they
possess also information about other plant spestieb as rice, soybean, wheat, barley,
maize, tomato, tobacco or poplar. These databas#ain a large datasets of genes which
show altered expression under diverse stress amdadnal conditions and after chemical
treatments at different levels up to the certaiowgh zones or tissues of diverse organs.
Identified individual genes can be grouped to hiehigal categories by MapMan program
(http://gabi.rzpd.de/projects/MapMan) accordingcétlular processes and/or up- or down-
regulation of group of genes. Additionally, co-exgsions of genes in Arabidopsis and rice
can be analyzed and correlated by using ATTEDIIwabed tool (http://atted.jp/) in order
to estimate possible gene functions. Recently, akeeral signaling mutants, such as
mekkl, mkkl/2 and mpk4, were analyzed by using transcriptomic approachu & al.,
2008a; Pitzschke et al., 2009Resulting transcriptomic profiles of such signalmgtants
can be also correlated and hypotheses about patsiinaling cascades can be raised for
those mutants which show significant overlap inrttanscriptomic datasetslypotheses
about pathway organization should be validated theroexperimental approaches such as
phenotyping, genetic crossing, bimolecular fluoes®® complementation and
physiological experiments including measurementstodss-related hormones. This was
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nicely demonstrated for MEKK1-MKK1/2-MPK4 pathwayhigh plays a negative role in
plant innate immunity against fungal pathodeseudomonas syringae (Gao et al., 2008).
Corresponding mutants of this pathway are dwarbeditain elevated levels of salicylic
acid (SA) and show differential expression of SAd aedox-responsive genes.

Moreover, transcriptional regulatory regions in eogressed genes (e.g. those
regulated by common transcription factors) can 8entified by programs PLACE
(www.dna.affrc.go.jp/PLACE/) or PlantCARE (httpphinx.rug.ac.be:8080/PlantCARE/)
which detect known cis-elements within a set okedse promoters. Next, motif abundance
in a given promoter can be compared to the gendmaikground frequency and the
statistical significance of the enrichment of caladé motifs in promoters assessed using
POBO tool (http://ekhidna.biocenter.helsinki.fi/mdgobo/pobo). Identified DNA motifs
should be experimentally tested using overexprassid synthetic promoter-reporter
constructs (Rushton et al., 2002) and candidates¢rgption factors (Pitzsche et al., 2009b)
in transformed protoplasts or plants. In such casduction or repression of genes
containing candidate DNA target motifs recognizgdranscription factors is evaluated, as
it was recently demonstrated in the case of VIRhdeription factor (Pitzschke et al.,
2009b). Transcription factors can be consideretth@a®nd point of a signaling cascade and
a phylogenetic analysis may provide first indicai@bout their behavior or potential DNA
target motifs. Some transcription factors such aBKW show preference for certain
spacing between adjacent DNA motifs (W boxes) whish important for their
transcriptional activity (Ciolkowski et al., 2008).

Despite unquestionable usefulness of full genorarstiriptomic approaches they
have also disadvantages such as high cost of exgets, necessity to handle a large
datasets which needs bioinformatic analysis and la€ information about post-
transcriptional modifications of gene products, enproteins which are often crucial for
their function.

Signaling pathways and networks can be construeted with the help of
proteomic approaches. Set of interacting proteens loe identified by yeast two-hybrid
(Y2H) screens or by mass spectrometry analysisuafigd protein complexes. Further,
protein microchips can be used for screening ofgimanteractions. Publically available in
silico analysis (http://bar.utoronto.ca/interactfyi-
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bin/arabidopsis_interactions_viewer.cgi) providealuable information about protein-
protein interactions. More importantly in respead tkinase-mediated signaling,
phosphoprotein microarray chips were used for ifleation of putative MAPK candidate
substrates in Arabidopsis (Feilner et al., 2005d30u et al., 2009). Establishment of novel
protein microarray-based proteomic method usingsttwld-based quantification allowed
identification of 48 potential substrates for MPEBd 39 for MPK6. A large number of
these substrates (26) was common for both kindsei#nér et al., 2005). Furthermore,
several novel signaling modules comprising divefd®KK/MPK pairs and 570
phosphorylated substrates of these modules (ingudseveral WRKY and TGA
transcription factors) were identified using higbndity Arabidopsis microarrays
containing 2158 proteins (Popescu et al., 2009).

Because a Y2H or protein microarray predicted adgon does not necessarily
mean that two proteins truly interact in plantandidate interacting proteins must be
scrutinized by additional selection criteria, imdilug their spatio-temporal expression
pattern and their subcellular localization. Thesgration of transcriptomic and proteomic
data clearly facilitates the identification of topndidate genes and proteins involved in
transduction of diverse stress signals. Some detltandidates might be stress-responsive
genes encoding for proteins regulated by MAPK-ddpah phosphorylation.
Phosphopeptide motifs typical for MAPKs can be idesd by detailed analysis of
available phosphopeptide sequences. It is desitablerify candidate phosphorylation
motifs of individual proteins usingn vitro and/or in vivo phosphorylation assays.
Furthermore, a web-based TAIR patmach tool candasl wo screen for all Arabidopsis
proteins harboring the same peptide motif. In samynthe usefulness, robustness, and
limitations of applying various transcriptomics apdoteomics-based technologies for
deciphering signaling pathways is still in its in€y. Clearly, their literally unlimited
number of elaborate combinations harbors high pisteto significantly speed up the
progress in signaling research by allowing expenisi¢o be designed in a highly targeted

manner and replacing bench work to a large extent.
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7. Strategies for genetic manipulations of kinases and their targets with
biotechnological potential

Considering the fact that MAPK signaling cascades activated within minutes
and they may affect transcription through regulataf transcription factors, candidate
genes and target proteins of these pathways malehéfied by simultaneous searching in
transcriptomic, proteomic and phosphoproteomic degs of early stress responses in
diverse plant species. Functional characterizaiod genetic manipulation of identified
targets might be used not only for basic scienck@ant species such as Arabidopsis but
identified functional homologs will be of great ual also for improvement of desirable
traits such as multiple stress resistance in crBpsmoters inducible by chemicals and/or
active only in certain plant tissues (tissue-spe@fomoters) might be used to overcome
undesirable effects on plant growth and developmesgulting from constitutive
overexpression of genes. This is a very promisiriggrative approach. Such strategy was
used to genetically manipulate VIP1 transcriptiaatér regulating stress-related gene such
as PR1 (Djamei et al.,, 2007). Lethal constitutive overeegmion system of VIP1 was
replaced by expression from estradiol inducible npoter which allowed functional
localization studies of YFP-tagged VIP1 showingocealtion to the nucleus upon
Agrobacteria and flg22 treatments as well as indnadf PR1 gene.

An alternative approach to targeting transcripfiactors is the identification of the
upstream protein kinases themselves that are nmmeglitiie stress signals and ultimately
regulate the activity of key transcription factoksiowledge on the activation mechanism
of the protein kinases is, however, essential feuecess in this strategy. For example, the
MKK2 kinase is involved in cold and salt stress am#t2 plants are hypersensitive to these
stresses (Teige et al., 2004). Simple overexpnessidhe wild type MKK2 gene has no
beneficial effect on stress tolerance. However, répacement of the threonine and serine
residues of MKK2 that are normally phosphorylatgdie upstream regulator MEKK1 by
acidic amino acids yields an autoactive proteinaga Transgenic plants that express
constitutively active MKK2 are phenotypically norhfaut are now highly stress resistant
(Teige et al., 2004).

To translate the generated knowledge from modeitplauch as Arabidopsis to
crop plants is of course a major aim in agricultdiee first step in this process involves the
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identification of the homologous factor in the crplants. Although this problem sounds
like an easy task, genome evolution of large gamneilies can make this endeavor rather
complicated. A helpful tool for these approaches as bioinformatic tool at
http://bioinfoserver.rsbs.anu.edu.au/utils/affysfeavhich provides information about the
homologs of a protein of interest in other plare@ps. Upon successful identification of a
target gene, an overexpression strategy is the miiostt way to obtain the desired
phenotype. However, there also exist other metisodd as TILLING or oligonucleotide-
directed mutagenesis to obtain crops with a genatefest containing a modified amino
acid sequence.

Finally, hybrid/artificial kinases can be creatbdttmodify proteins other than their
true targets or that prevent phosphorylation of ratgin by outcompeting the true
modifying upstream kinase. Given that phosphorgtaBvents are a common feature in the
signaling of almost all responses and biologicakpsses, this approach has high potential

for synthetic biology but also crop improvement.

8. Stresstolerance in Arabidopsiswith genetically modified MAPKs

As described above, plants utilize two defensivelaaisms that enable them to
efficiently cope with various stress conditionsof stress mediated by pathogen-derived
compounds is perceived by transmembrane PRRs dsawdly other receptor proteins,
called resistance proteins, implicated in rapidedsé mechanisms. While both biotic and
abiotic stress responses often share similar signahodules, proper understanding of
abiotic stress-involved responses is hindered Inyptexity of these processes which are not
limited to MAPK signaling pathways. Nonethelesss gignaling pathway represented by
MEKK1-MKK1/2-MPK4 is the backbone of pathogen-in@gdcresponses, and also plays an
important role in mediating homeostasis of ROS whg vital for maintaining biotic and
abiotic stress tolerance.

MPK4 is a key regulator of plant defense mechasibased primarily on negative
regulation of SA signaling. The role of MPK4 in PiArough receptors such as FLS2 is
thoroughly discussed above. Apart from the key ml@lant innate immunity, MPK4 is
also involved in the regulation of other types wéss signaling. In addition to MPK3 and
MPK6, MPK4 was confirmed as a third MAPK suscemibio the activation by
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hypoosmotic stress (Droillard et al., 2004). Moregwossible involvement of MPK4 in
hyperosmotic stress tolerance was also hypothesidgderosmotic stress responses in
mpk4 suggested that MPK4 may play yet another negagigalatory function in addition to
its role in the negative regulation in FLS2-MEKK1IKM1/MKK2-MPK4 signaling
pathway (Droillard and Boudsocq, 2004). The santévpay also represents an important
regulatory mechanism in the homeostasis of ROSnsErgptomic analyses oifnekkl,
mkkl/2, andmpk4 have revealed a network of ROS-dependent genesaninimed the role
of this MAPK cascade as an integrating element@SRand SA-initiated stress pathways
(Pitzschke et al., 2009a).

Moreover, several members of MAPK modules are lwea in abiotic stress
responses and are indispensable for conferringatude to stress conditions such as salt,
drought or cold. Namely, overexpression of MKK2ttltargeted both MPK4 and MPKG6
resulted in constitutive upregulation of severalesst-induced genes, and the plants
exhibited increased freezing and salt tolerancagélet al., 2004). The same signaling
system also seems to control hormone levels irorespto pathogens suchReeudomonas
sp. and helps to maintain resistance against devacterial pathogens (Brader et al., 2007).
MPK3 and MPKG6 play a vital role in the control afaher important physiological process,
namely stomatal opening/closure. Additionally, thesvo kinases together with their
upstream activators MKK4 and MKK5 are key regulatof stomatal development and
patterning (Wang et al., 2007). They operate irse&loooperation with hydrogen peroxide
and abscisic acid (ABA) and together they conttohwtal movements (Gudesblat et al.,
2007a,2007b). Further, MPK3-linked regulation obnsatal movement represents an
important defense mechanism, which is able to ®¥ely prevent bacterial invasion
through stomata (Gudesblat et al., 2007a). All éhessults provide clear evidence that
defensive strategies in biotic and abiotic stresglitions often go hand in hand, and rely on
similar signaling mechanisms.

Other abiotic stress conditions include touch, meébng, salinity, drought or UV
light (Holley et al., 2003; Ichimura et al., 200Btizoguchi et al., 1996). MEKK1 is
activated by most of these abiotic stress conditiMizoguchi and Irie, 1996) and it
activates downstream signaling modules MKK1, MKKziaMPK4 (Ichimura et al., 1998).
Also, as mentioned above, the MEKK1-MPK4 pathwayaiskey regulator in ROS
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metabolism and signaling (Nakagami et al., 2006zsehke et al., 2009a). However,
similarly to flagellin-induced pathogen responsaisp homeostasis of ROS is a complex
process with several signaling modules working peatelently on each other. MPK3 and
MPK6 are another players in ROS-induced signalingessMPK3/MPK6 downregulations
by RNAI technology produced plants hypersensitiee ozone and activation of the
respective kinase in the single knockdowns wasifsigntly impaired (Miles et al., 2005).
Interestingly, the network of ROS-signaling pathwappears to be even more intriguing
with other controlling mechanisms adding to its pdewity. A study of Arabidopsis kinase
of the NDP family, AtNDPK2, pointed to J@,-mediated activation of this kinase while
overexpression studies revealed its involvementhm regulation of ROS metabolism
(Moon et al., 2003). Moreover, NDPK2 specificalhtaracts with MPK3 and MPKG6. This
opens up a possibility that NDPK2 may present atrapm element involved in fine-tuning
of MPK3/MPKG6 plant defense pathways conferringgtress tolerance.

In addition to the above signaling pathways inedlin the ROS homeostasis, plants
have evolved yet another defensive mechanism hglifieam to get rid of the dangerous
forms of molecular oxygen resulting primarily fromarious abiotic and also biotic stress
conditions. These so called scavenger enzymes asickuperoxide dismutase, catalase,
ascorbate peroxidase, or glutathione reductaseegrdated by ABA and they respond to
H,O, treatment (Zhang et al., 2007). In addition, ciiadiss between C& and ROS
signaling were suggested to induce antioxidantrdefeenzymes (Jiang and Zhang, 2003).
This is in agreement with another observation tBat® channel blocker inhibited
H,0O,/0zone activation of SIPK (orthologous to Arabidsp8IPK3 and MPKG6) suggesting
that this upstream event was required in the RO8ated signaling pathway (Samuel et
al., 2000). Interestingly, Arabidopsis catalase @A¥as shown to be linked to MKK1-
MPKG6 signaling pathway (Xing et al., 2008). Neitmaktkl nor mpk6é mutants were able to
produce CAT1 in response to ABA treatment. Convgrseverexpression of these two
signaling modules resulted in enhanced ABA-dependexpression of CAT1 and
production of HO,.
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9. Stresstolerance in crop specieswith genetically modified MAPK's

In addition to Arabidopsis, pathogen-induced immuresponses have been
extensively studied in several other plant specssdies on tobacco MAPKs WIPK and
SIPK (orthologs of MPK3 and MPK®6) brought eviderbese two kinases were implicated
in the regulation of systemic resistance againbdoo mosaic virus mediated by SA
(Zhang and Klessig, 1998a, 1998b). Both WIPK anBKShre also sensitive to various
mechanical and osmotic stresses. Another tobacc®WIANtf4, with close similarities to
WIPK/SIPK has been described (Ren et al., 2006)).tl#dse signaling modules share a
common upstream MAPKK, NtMEK2, and they are allsstwve to elicitor treatments. It
was shown that both elicitor treatment and overession of Ntf4 resulted in localized cell
death in rapid HR (Ren et al., 2006). HR was aksscdbed in disease-resistant plants using
tomato and tobacco as models. Using Pto-AvrPtostasie system the authors
demonstrated that tomato MAPKKK, MAPKKK was required in resistance and HR
response leading to pathogen-independent cell ddatiPozo et al., 2004).

Wheat homologs of MPK3/MPKG6, called TaMPK3 and TR, were also studied
during compatible interaction of wheat with necoptiic fungal pathogeMycosphaerella
graminicola (Rudd et al., 2008). Interestingly, this signalgygtem proves to be different in
several aspects from what we know from other sgedtieArabidopsis, tobacco and others
these two signaling modules are activated simuttasly in response to pathogen
elicitations. In contrast, only TaMPK3 was tranptionally activated before pathogen
induced programed cell death (PCD) response. Sumgly, protein levels of TaMPK6 were
reduced at this stage of infection, which can bglamed by specific or unspecific protein
degradation of this kinase (Rudd et al., 2008erkgtingly, wheat phosphatase TMKP1 has
been described recently, and its specific associatvith TaMPK3 and TaMPK6 was
confirmed (Zaidi et al., 2010). Expression profilirevealed the enzyme is induced under
salt and osmotic stress. Moreover, localizationeexpent with all signaling modules
suggested the TMPK1 can control subcellular loadlin of its interacting partners.

ROS signaling and its implication in various almatress signaling is a key factor in
biotechnological applications in economically img@mt plants. In crops, much attention has
been paid to mechanisms controlling tolerance tougint, oxidative and cold stress.

Tobacco NPK1, an ortholog of Arabidopsis MAPKKK, svshown to confer resistance to
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multiple environmental stress conditions when atuistely expressed in tobacco (Kovtun
et al., 2000). It has been long known that coldiaation leads to mild oxidative stress and
enhanced freezing tolerance (Prasad et al., 199#)estingly, constitutively active NPK1

can mimic ROS signaling with similar MAPK modulepepating in the process. In

agreement, low level constitutive expression of NFHK maize led to enhanced freezing
tolerance in the transgenic plants (Shou et aD4ap Additionally, these transgenic plants
also exhibited enhanced drought tolerance, whicly bealinked to a putative protecting

mechanism preserving the photosynthetic machinmem tdehydration damage (Shou et al.,
2004b).

In ROS homeostasis, new signaling mechanismgidreesng proposed and debated
that contribute to our understanding of many levetscontrol in this sophisticated
equilibrium. Recently, a member of the group C cARKs, the GhMPK2 from cotton, has
been characterized (Zhang et al., 2011). Overegjoef GhMPK2 in tobacco rendered
the plants resistant to fungal and viral pathogarsch was accompanied by upregulation
of several pathogen-related genes. Additionallyregplation of scavenger antioxidant
enzymes in the transgenic plants resulted in emthraxidative stress tolerance. The
antioxidant enzymes represent a major instrumeanthi® plant to rapidly metabolize ROS
and avoid oxidative damage. Interestingly, antiariddefensive MAPK cascade involving
scavenger enzymes is also sensitive to nitric ogilg) treatment (Zhang et al., 2007). It
has been proposed that NO works in response to ARArated HO, production, and
subsequently, NO signaling is involved in the uptation of expression of antioxidant
enzymes in ABA signaling.

In maize, ABA-induced production of,B, activates two other MAPKs, ZmMPK3
and ZmMPK5. ZmMPKa3 is sensitive to various signglmolecules such as jasmonic acid
or salicylic acid, and it is also responsive toadibi stress conditions including wounding,
cold, drought, salinity or UV light (Wang et al.070). ZmHKS5 is involved in a positive
feedback regulation mechanism comprising ABA-medigiroduction and ROS-producing
NADPH oxidase genedmRbohA-D (Lin et al., 2009). Production of NADPH oxidaseais
biphasic process that can be partially controlledh wWAPK inhibitors and HO;
scavengers. ZmHKS5 is involved in the activatiortted second phase of biphasic induction
of NAPH oxidase which in turn regulates®j production.
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MAPK pathways and stress tolerance in responsatious environmental stimuli
have also been extensively studied in rice. Pradngicubations at moderately low
temperatures (12°C) are potentially harmful foerfgants and may lead to male sterility
and various growth arrest phenotypes. Therefonegliement of several MAPKs in the
process has been examined including MAPKK OsMEKd MAPK OsMAP1 (Wen et al.,
2002). The two signaling modules physically int¢i@t the protein level and therefore, they
may be part of the same signaling pathway. SinyiladlsWJUMK1 is also inducible by
moderate cold-stress conditions (Agrawal et al.03}0and OsMAPK4 is specifically
responsive to the cold-stress (Fu et al., 2002¢ohtrast, multiple stress responsive kinases
OsMSRMK2 and OsMSRMKS3 have been described as ibthidy plethora of abiotic
stress conditions such as wounding, salinity, dnbulgeavy metals, fungal elicitors or UV
irradiation (Agrawal et al., 2003; Agrawal et 2002).

Another example of MAPK with multiple roles in Imobiotic and abiotic stress
responses is OsMAPKS5. The negative role of OsMARKShe set of defense responses
(Xiong and Yang, 2003) is similar to that of MPKgl @escribed above. Down-regulation of
this kinase resulted in constitutive expressionsekeral pathogen-related genes and
enhanced resistance to both fungal and bacteridlogans. However, these plans also
showed reductions in tolerance against cold, saltrought. Conversely, overexpression of
OsMAPKS in transgenic plants can lead to the ireedamultiple-stress tolerance.

Drought resistance in rice plants was addressdtia@rcase of MAKKK of the B3
subgroup, namely for DSM1 (Ning et al., 2010). Ts:l mutants were hypersensitive to
drought and lost water more rapidly as controlsilevbverexpression dbSVi1 conferred
increased dehydration stress tolerance. Possibketd two peroxidase genes based on
expression analysis and increased sensitivigsinl mutant to oxidative damage suggested
the kinase may be involved in ROS signaling. FinalDsMAPK33 is also induced by
drought stress (Lee et al., 2011). Surprisinglythee suppression nor overexpression of
OsMAPKS33 displayed any significant differences irought tolerance. Instead, role in
osmotic homeostasis was hypothesized based on athaensitivity to salt stress in the
overexpressing lines. This negative role in sdkremce may present another regulatory

mechanism in response to environmental stimuli.
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10. Concluding remarks and futur e per spectives

MAPK signal transduction pathways relay informatiai the extracellular
environment to the cellular interior, most oftesuking in changes in the gene expression
programs and in the plant development. In all eyitaxs, MAPK signaling pathways are
highly conserved modules that are most commonly pus®d of a number of protein
kinases that phosphorylate and thereby change t¢heitya of their respective target
proteins. Because the activation of a signalingnway generally changes expression of a
large number of genes, failure or modification loé tactivity of signaling pathways are
often related to pathologic conditions in man, asnand plants. However, careful
modification of MAPKs can also have beneficial effefor the organisms as evidenced by
the enhanced tolerance against environmental d¢onsditor pathogen attack. Therefore
MAPKs and also MAPK-related phosphatases are tdegéts of genetic modification. The
usefulness and biotechnological potential of tagelAPK approaches is discussed in this
review with respect to the potential to improvenplatress performance. Additionally,
simultaneous functions of some members of MAPK nhesliboth in the stress signaling
and in the plant development are also discussedieeper knowledge about regulation of
MAPK cascades, e.g. through integrated omics (tdot®mics, proteomics,
phosphoproteomics, metabolomics, cellomics) apprescusing publicly available
software tools for in silico database analyses,hinfgelp to develop novel strategies to

improve stress tolerance in plants.
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Figurelegend

Figure 1 Model depicting the subcellular organization of mitogen-activated protein

kinase (MAPK) modules and their targets.

MAPKs are phosphorylating enzymes representing reiginal transducers in plants. They
are organized in protein complexes, so called MAR&dules, which are held together by
scaffold protein. These scaffold proteins have inigdsites for MAP3K, MAP2K and
MAPK and usually possess specific PH and/or FYVEndms which can bind to
phospholipids in endomembranes. Eventually, alsnesMAP3Ks and MAP2Ks may also
function as scaffold proteins. MAPK signaling camthiggered by diverse stimuli such as
stress and developmental cues. During signal trentiseh, MAP3Ks and MAP2Ks are
stepwise phosphorylated and activated on serineo(S)hreonine (T) residues while
MAPKs must be double phosphorylated on both thme®i{il) and tyrosine (YY) residues.
Activated MAPKs are released from MAPK modules,ytlielocate within the cell and
regulate broad range of substrates (e.g. trangumipactors, protein kinases, enzymes and
cytoskeletal proteins) which are localized in/atedse subcellular compartments (nucleus,
cytosol, cytoskeleton). This subcellular comparttakration of MAPK modules (e.g.
association with endomembranes or with cytosol) &mndets of activated MAPKs (e.g.
nucleus, cytosol, cytoskeleton) is believed to drisome specificity to the MAPK

signaling.
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Table 1. Overview of MAP3Ks, MAP2Ks and MAPKs involved in plant stress

responses.

At =Arabidopsis thaliana, Le = Lycopersicum esculentum, Ms = Medicago sativa, Nt =
Nicotiana tabacum, Os = Oryza sativa, Pc = Petroselinum crispum, Nb = Nicotiana
benthamiana, Ta = Triticum aestivum, Zm = Zea mays

ame € Response Rererence
MAP3Ks
AtEDR1 Fungal pathogens resistance Tang and Innes, 2002
AtANP1 Oxidative stress Kovtun et al., 2000
AtMEKKK1 Touch, cold, salinity, oxidative stress, Mizoguchi et al., 1996; Teige et al., 2004;
bacterial pathogens resistance Ichimura et al., 2006; Gao et al., 2008
Pitzschke et al., 2009
LeMAPKKKa Bacterial pathogens resistance del Pozo et al., 2004
MsOMTK1 Oxidative stress Nakagami et al., 2004
NtNPK1 Cold, drought, hyperosmotic stress Kovtun et al., 2000; Shou et al., 2004a;
Shou et al., 2004b
OsEDR1 Fungal pathogens, drought, high saltand Kim et al., 2003
sugar, heavy metals
MAP2Ks
AtMKK1 Wounding, cold, drought, and high salt Matsuoka et al, 2002; Teige et al., 2004
AtMKK?2 Cold and high salt stress Teige et al., 2004
AtMKK4 Bacterial and fungal pathogens Asai et al., 2002
AtMKK5 resistance
LeMKK2 Bacterial elicitor stress signaling Pedley et al., 2004
LeMKK4
OsMEK1 Cold stress Wen et al., 2002
MsSIMKK Pathogen elicitor stress signaling, heavy  Kiegerl et al., 2000; Cardinale et al.,
metals and high salt stress 2002; Jonak et al., 2004
NtMEK2 Multiple defense responses against Yang et al., 2001; Ren et al., 2002; del
pathogens Pozo et al., 2004
PcMKK5 Fungal and bacterial elicitor stress Lee et al., 2004
signaling
MAPKs
AtMPK3 Oxidative and osmotic stress, bacterial Desikan et al., 1999; Kovtun et al., 2000;
elicitor stress signaling Asai et al., 2002; Droillard et al., 2002;
Ahlfors et al., 2004
AtMPKA4 Cold, drought, hyper-osmolarity, touch, Desikan et al., 1999; Ichimura et al.,
wounding and oxidative stress, pathogen  2000; Petersen et al., 2000; Droillard et
resistance al., 2004; Teige et al. 2004; Nakagami et
al., 2006
AtMPK6 Cold, drought, hyper-osmolarity, touch, Desikan et al., 1999; Ichimura et al.,
wounding and oxidative stress, pathogen  2000; Kovtun et al., 2000; Nuhse et al.,
resistance 2000; Asai et al., 2002; Droillard et al.,
2002; Ahlfors et al., 2004; Menke et al.,
2004
LeMPK1 Bacterial elicitors, UV-B radiation Holley et al., 2003
LeMPK2
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LeMPK3 Bacterial and fungal pathogens, Holley et al., 2003; Mayrose et al., 2004,
mechanical stress and wounding, UV-B Pedley and Martin, 2004
radiation
MsMMK?2 Heavy metal stress Jonak et al., 2004
MsMMK3
MsSAMK Mechanical stimulation, wounding, Jonak et al., 1996; Bogre et al., 1997;
MsSIMK drought, and cold, heavy metals, Cardinale et al., 2000; Jonak et al., 2004
pathogen resistance
NbSIPK Wounding, bacterial elicitor or avirulent Sharma etal., 2003
NbWIPK pathogen responses
NtSIPK Osmotic stress, wounding, fungal, Zhang and Klessig, 1998a; Zhang et al.,
NtWIPK bacterial and viral pathogen resistance 2000; del Pozo et al., 2004
OsMAP1 Cold temperature stress Wen et al., 2002
OsMAPK4 Sugar starvation, high salinity, cold Fu et al., 2002
OsMAPK5 Pathogen resistance, wounding, drought, - Xiong and Yang, 2003
salt, and cold stress
OsMAPK33  Drought, osmotic stress Lee etal., 2011
OsMSRMK2  Wounding, drought, heavy metals, fungal —~ Agrawal et al., 2002; Agrawal et al., 2003
OsMSRMK3 elicitors, UV irradiation, heavy metals,
high salt and sucrose
OsWJUMK1 Oxidative stress, cold, heavy metals Agrawal et al., 2003
TaMPK3 Fungal pathogens resistance Rudd et al., 2008
TaMPK6
ZmMPK3 Cold, drought, ultraviolet light, salinity, Wang et al., 2010
heavy metal and mechanical wounding
ZmMPK5 Oxidative stress Lin et al., 2009
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Table 2 Overview of MAP3Ks, MAP2Ks and MAPKs involved both in plant

development and stress responses.

At =Arabidopsis thaliana, Ms = Medicago sativa, Nb = Nicotiana benthamiana, Nt =
Nicotiana tabacum

? = function in stress response was suggested from transciptomic data but not directly
experimentally determined

ame Developmental Proce € Response Reference
MAP3Ks
AtANP2/3  Cytokinesis Oxidative stress?, Krysan et al., 2002
pathogen response?,
heat?
AtYODA  Stomata and embryo Plant defense? Bergmann et al. 2004;
development Lukowitz et al. 2004
NtNPK1 Cytokinesis Oxidative stress Kovtun et al., 2000;
Nishihama et al. 2001
AtMEKK1 Root hair and lateral root Oxidative stress, salt, Asai et al. 2002; Ichimura et
development drought, wounding, al., 2006; Nakagami et
bacterial elicitor flg22, cell al.2006; Suarez-Rodriguez et
death al., 2007;
AtCTR1 Root planar polarity Ethylene Kieber et al. 1993; lkeda et
al. 2009
MAP2Ks
NtNQK1 Cytokinesis Cell death, fungal elicitor Soyano et al. 2003; del Pozo
et al. 2004
AtMKK4 Stomata development Bacterial elicitor flg22 Tena et al. 2001; Wang et al.
2007
AtMKK5 Stomata development Bacterial elicitor flg22 Tena et al. 2001; Wang et al.
2007;
MAPKs
MsSIMK  Root hair development Salt, fungal elicitor pep13, Jonak et al. 1996; Bogre et
wounding, cold, drought, al. 1997; Cardinale et al.
heavy metals 2002; Samaj et al., 2002;
Jonak et al. 2004
MsMMKS3  Cell division Fungal elicitor pep13, Bogre et al. 1999; Cardinale
ethylene, heavy metals, et al. 2002; Ouaked et al.
oxidative stress, cell death ~ 2003; Jonak et al. 2004;
Nakagami et al. 2004
NbNtf6 Cytokinesis Virus resistance, oxidative Calderini et al. 1998; Liu et
stress al. 2004; Asai et al. 2008
AtMPK3 Stomata development Ozone, oxidative stress, Kovtun et al. 2000; Asai et al.

hypoosmolarity, bacterial

2002; Ahlfors et al. 2004;
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AtMPK4  Cytokinesis, seedling and Oxidative stress, cold, salt, Ichimura et al. 2000; Asai et
root hair development, cell  hypo- and hyperosmolarity, al. 2002; Droillard et al. 2004;

shape control touch, wounding, bacterial ~ Teige et al. 2004; Nakagami
elicitor flg22 et al. 2006; Beck et al. 2010;
Kosetsu et al. 2010; Beck et

al. 2011
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