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INTRODUCTION

Plants have an integrated complex signaling network
which mediates the perception of and responses to
hormones, nutrients, environmental cues and stresses
that govern both plant growth and development
(Craig et al., 2008; Tena ef al., 2001, Widmann ef al,
1999). The current knowledge on plant signal transduction
pathways was obtained through the identification of
sensors and receptors of signal perception, transcription
factors and target genes that were shown experimentally
to coordinate plants response to their intemal and external
cues (Seo et al.,, 1995). Though these factors have been
isolated through studies conducted worldwide, the
challenge still lies n understanding how kinases work and
its involvement in various cellular processes i plants.
All  this information is necessary towards obtaining a
bird’s eyes view of the mitogen-activated protein kinase
(MAPK) signal transduction in plants (Wilson et al,
1995; Asai ef al, 2002). In this review we present an
overview of the involvement of MAPK pathway in
modulating various developmental, growth and stress
responses i plants (Craig er al., 2008; Mishra et al., 2006;
Schwacke and Voit, 2007).

THE CONSERVATION AND DIVERSITY OF MAPK

The myriad of cellular processes m eukaryotes
require the concerted and coordinated activity of signal
transduction proteins of which the protein kinase super-
family 1s a prominent member. Within this super-family,
the mitogen-activated proten kinases (MAPKs) form a
distinctive and highly conserved protein kinase subfamily
(Hamel et al., 2006). The hierarchical organization of three

classes of functionally-related kinases: the MAPKs
themselves, the MAPK kinases (MAPKKs) and the
MAPKK kinases (MAPKKK) allows these proteins to
operate as a signal transmission cascade capable of
efficiently amplifying, integrating and channeling
information between the cellular environment and the
metabolic and transcriptional response centres
(Schwacke and Voit, 2007). Biochemical and genetic
studies have shown that kinases are able to regulate a
complex sighaling network by responding to more than
one upstream effector and transmitting the information to
more than one target (Marshall, 1994; Ruis and Schuller,
1995). In addition, the availability of multiple related
kinases and the interaction with modifying proteins
(Duerr et al., 1993; Jonak ef al, 1993) and protein
phosphatases (Jonak ef al, 1995, 1996, Mishra et af.,
2006) have contributed towards creating a remarkably
versatile signaling matrix.

The MAPK cascade operates as part of the core
signal transduction networks in eukaryotes. The kinase
component has been highly conserved through evolution
(Asai et al., 2002; Mizoguchi et al., 1993; Reyna and
Yang, 2006). The amino acid sequences of various
MAPKs from various orgamisms such as Arabidopsis,
yeast, worm, fly and humans indicate that the three
classes of kinases involved in the MAPK cascades
(MAPKKKs, MAPKKs and MAPKs) always occur as
gene families. Functional analysis on these gene families
showed that these genes have a distinct role and that
there exists a certain level of functional redundancy
amongst these families (Mizoguchi et al., 1994, Huttly and
Phullips, 1995). The MAPK signaling has been extensively
studied in the plant kingdom over the past decade. Due to
the conservation in gene architecture and a high level of
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Fig. 1: The phylogenetic tree was created using the Megad UPGMA programme with the Poisson correlation. The
OrMKK2 sequences was analyzed with previously reported plant MAP kinases as follows: OrMKK !, OsMKK I,
OsMAP1, OsMAFPK2, OsMAPK6, OsMPK3, OsMPK5a, OsMPESh and OsMEK1O from rice (0. sativa),

AMEKK2b, AIMEK 1, AIMKK?2, AMKKS, AMKK4,

AMEKS and AMKKG6 from Arabidopsis. Numbers on the

left show the bootstrap value generated with 1000 replications (Nadarajah ef al., 2009a)

sequence identity observed between MAPKSs in various
organisms, we are able to use this information to study in
a broader sense signaling modalities between plants and
other eukaryotic organisms.

Imtial phylogenetic analysis of the MAPKs m the
Arabidopsis genome suggested that these genes have
been amplified, relative to yeast or model metazoan
lineages (Ligterink et al., 1997). The Arabidopsis genome
contains twenty MAPK, ten MAPKK, sixty MAPKKEK
and ten MAPJK genes, but the finctions of the
corresponding proteins are still poorly characterized.
The yeast model has so far shown only six MAPKs
(Rudolf et al., 2008) and six MAPKKs while sixteen
MAPKs and twelve MAPKKs have been identified in
human covering a wide range of activities from cardiac
function, cell differentiation and so on (Manning et al.,
2002). Tt was not known whether the expansion of these
families observed in Arabidopsis was generally
representative of higher plants or 1f it represents a lineage-
specific pattern. The recent completion of two additional
higher plant genome-sequencing efforts (Populus and
Oryza) has now made 1t possible to address this question
directly. Information on transcriptional regulation of

individual Arabidopsis MAPK components has also been
limited to reports of differences in transcription of a few
specific MAPK genes 1n different organs, tissue and/or
cell-types, or expression changes induced by extracellular
stimuli (Colcombet and Hirt, 2008; Decroocq-Ferrant ef al.,
1995). A phylogenetic tree (Fig. 1) that has been
constructed using the sequences of MAPK of Oryza
sativa indica, Oryza sativa japomica, Oryza rufipogon
and Arabidopsis thaliana emphasizes the degree of
structural and functional conservation in tlis signal
transduction  gene  family higher plants
(Nadarajah et al., 2009b).

The activation of MAPKs occurs through the
process of phosphorylation at the conserved threomne
and tyrosine residues that are located close to kinase
domain VIIT in all MAPKSs (Ichimura et al., 2002) (Fig. 2).
A given dual-specificity MAPKK can only activate a
specific MAPK and cannot functionally substitute other
MAPKKs. MAPKKs are themselves activated by
phosphorylation by upstream kinases that belong to the
class of MAPKK kinases (MAPKKKS), rgf and mos
proteins (Reyna and Yang, 2006). A specific set of three
functionally mterlinked protein kinases 1e., MAPKKK-

n
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Fig. 2: Comparison of OrAfKX2 and Representative MAPKs from Rice and Arabidopsis. Conserved amino acid
residues are shown in the consensus sequence. OrifXX], ORMEE2, CsMEE!, OsMAP], OsMAFPEZ,
OsMAPES, OsMPE3, OsMPE5a and OsMFPESh from rice (O, sativa), AMEE! and AtMEEZ from
Arahidapsis. The 11 subdomains of the protein kinases are indicated below in the consensus sequences with
Roman numerals. Thr (T} and Tyr {Y), two residues normally phosphorylated for the activation of MAPKs, are
highlighted {location of TEY/TDY ) in yellow (Nadarajah ef <!l., 2009a)
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MAPKK-MAPK forms the basic module of a MAPK
pathway. MAPK pathways may mtegrate a variety of
upstream signals through interaction with other kinases
or G protems, such as ras or heterotrimeric complexes.
The latter factors often function as coupling agents
between a plasma membrane-located receptor protem that
senses an extracellular stimulus and a MAPK module
(Hamel et al., 2006).

The downstream activation of the cytoplasmic
MAPK module often induces the translocation of the
MAPK into the nucleus, where amongst other genes the
kinase are also activated through the phosphorylation of
specific transcription factors. There are cases where a
given MAPK may translocate to other sites in the
cytoplasm  to phosphorylate  specific enzymes
(protein  kinases, phosphatases, lipases etc.) or
cytoskeletal components (Ren et al, 2008). The various
MAPK pathways that are i cells can mediate signaling of
a multitude of extracellular signals and result in a variety
of responses that are tightly regulated by signaling
components and substrates in cells, tissues or organs.

MAPKs ARE INVOLVED IN SIGNAL
TRANSDUCTION IN EUKARYOTES

The best studied eukaryotic MAPK system 1s in
yveast and this organism is viewed as a model on MAPK
regulation in multicellular orgamsm. The MAPK genes in
veast have been isolated, fully sequenced and
characterized (Widmann et ai., 1999). There are MAPKs
that have been shown to be involved in response to
pheromone, production of pseudohyphal growth in
response to nitrogen starvation and adaptation to a
hypoosmolar environment. In mammals, MAPKs or ERKs
(extracellular signal-regulated kinases) were originally
1dentified as transducers of mitogens. Later, MAPKs were
also shown to be involved in signaling mediated by
hormones,  neurotransmitters and  signals  for
differentiation (Nakagami et al., 2005).

Two new groups of protem kinases have been added
to the family of mammalian MAPKs (Hamel et al., 2006).
The Stress-Activated Protein Kinases (SAPKs) or Jun
kinases (JNKs) were identified by their ability to
specifically phosphorylate the transcription factor c-jun
which facilitates responses to ultraviolet radiation,
promflammatory cytokines and environmental stress
(Mizuno et al., 2008). The second family, the p38 kinases,
are activated in response to bacterial endotoxin,
interleukin-1 and hyperosmolarity stress. A p38 kinase is
also induced by heat shock activating yet another protein
kinase that phosphorylates small heat shock proteins. The
INK and p38 MAPKSs share functional similarities in terms
of stress signaling.

In a variety of mammalian host cells, microbial
infection has been demonstrated to influence MAPK
activity. For example, infection by Borna Disease Virus
(BDV) in newons (Hans et al., 2004) and Respiratory
Syneytial Virus (RSV) in bronchial epithelial cells affects
ERK MAP kinase activation. In addition, activity of INK
MAP kimase 1s reported to be affected by Yersinia
(Tatoo and Hunter, 2002) 7. gondii (Luder et al., 2009)
and Theleria (Luder et al, 2009) mfections. In
Plasmodium infections, the use of a MAPK mhibitor has
been shown to mhubit invasion of host by the parasite
(Dluzewski and Garcia, 1996).

In higher plants, a variety of genes encodmng
MAPKSs have been identified in alfalfa (Duerr e al., 1993),
Arabidopsis (Mizuguchi et al, 1993, 1994), Avena
(Huttly and Phillips, 1995), parsley (Ligterink et al., 1997),
pea (Stafstrom et al., 1993), petunia (Decroocq et al., 1995)
and tobacco (Wilson et al, 1993, Seo et al, 1995;
Wilson et al., 1995, Zhang and Klessig, 1997). Each of
these groups of MAPKs when compared with one
another show high level of sequence similanty in the
eleven domains necessary for the catalytic function of
serine: threonine protein kinases mdicating that these
sequences have important biological functions possibly
in relation to substrate specificity or to interactions with
other proteins (Fig. 2). The sequences outside these
domains may show little homology within different
MAPKs. The phosphorylation of the threonine and
tyrosine residues is necessary for activation of MAPKs
found in all plant MAPKs between subdomains VII and
VIII of the catalytic core (lughlighted n Fig. 2). Plant
MAPKs may be grouped mto at least
families. The significance of the branching inte different
families is not fully understood, but so far this suggests
that MAPKs within one branch serve similar functions in
different species. According to the available information,
MAPKs of families T and IT are mostly involved in
signaling pathogens and abiotic stress, whereas at least
some of the MAPKs of family TTI are involved in cell cycle
regulation. Therefore, the sequence divergence most
likely reflects different substrate specificities and
functions (Nadarajah et al., 2009a, b).

four distinct

MAPKs MEDIATE MECHANICAL STRESS
REGULATION

Plants as immobile organisms are exposed to a
variety of environmental stresses, including changes in
temperature, water conditions, radiation and wind. Wind
is a mechanical stress and can lead to major changes in
the growth pattern of plants, diverting energy into
strengtheming plant stature, which 13 exemplified m the
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short stature of wind-exposed trees in the mountains or in
coastal areas. HExperiments showing that mechanical
manipulation of Arabidopsis leaves, induces transcription
of particular MAPK and MAPKK genes (Mizoguchi et al.,
1996) links the MAPK pathway to mechanical stimuli-
induced signaling.

MAPKs PLAY A ROLE IN ABIOTIC STRESS
SIGNALING

Drought, salnity and extreme temperatures are
limiting factors for the development and growth of all
plants (Craig et af., 2008). Plants grown in different soil
conditions and weather conditions from different climatic
zones have developed specific mechanisms to withstand
these stresses. Plants adaptive strategies to biotic
stresses include the expression of specific genes that are
related to stress modulation that result in the composition
of the major cell components. Recent reports have
shown that MAPKs are mvolved m the signal
transduction of drought and cold (Fig. 3) (Jonak ef al.,
1996; Nadarajah et al., 2009a). The MAPK genes were
transcriptionally activated in response to the above
stress. The levels of MAPKs were  differentially
expressed in tissues and organs. In the example of
drought stress, roots of the plants showed higher levels
of MAPK expression compared to leaves. The levels in
roots remained high until the stress is  removed
(Nadarajah et al., 2009a; Xiong and Yang, 2003). The
activation of the MAPK is not a general stress response,

Arabidopsis
Stress Cold Drough & HO, NMS
& salt wounding
! |
MAPKK K MEKK1 ? ANP1
] H
i i
i !
| i
v ¥ i
MAPKK MEKK2 MEKK1 ?
MAPK MPK4 MPK3 MKS8

because heat or hypo- and hyperosmolar stress were
unable to induce the kinase. Another interesting MAPK
is the Nt#f4, a tobacco MAPK, that was activated in
pollen (Wilson et al, 1997). Both the expression and
the activity of N#f4 are developmentally controlled
during pollen maturation; hydration of the mature dry
pollen can stimulate the activity of N4 much further.
Unhydrated pollens will not mutiate the fertilization
process.

The 1dea that a MAPK 1s involved m osmotic stress
adaptation may find support in the report where the pea
PsD5 MAPK was shown to complement HOGI - deficient
yeast for their ability to grow on a hyperosmolarity
medium (Popping et al., 1996). However, it is still unclear
if hyperosmolar stress may activate PsD5 or any MAPK
in plants. Precaution must be taken in extending
functional complementation data from yeast to other
organisms. For example, even though alfalfa MMK?2 has
been shown to complement the MPK1 pathway necessary
for hypoosmolar signaling m yeast suggesting the
involvement of MMEK2 mn hypoosmeoelar stress signaling
i plants, no evidence for such a role was found
(Jonak et al., 1995). Assuming induction of MAPK gene
expression by a particular stimulus as evidence for a role
in signal transduction, it is likely that MAPK pathways
also play a role in response to other physical stresses,
because transcript amounts of specific Arabidopsis
MAPK and MAPKK genes are increased upon
exposure to water stress, cold, touch and high salt
(Mizoguchi et al., 1996).

Medicago Tomato

Uv-B

H,O, d-—sme— CuCl, CoCl,

MPKI1,
MPK2
MPK3

Fig. 3: Model describing the role of Arabidopsis, Medicageo and tomato MAPK pathways in abiotic stress responses.
Broken arrows indicate hypothetical pathways; question marks indicate unknown cascade components.
Abbreviation: MMS, methyl methanesulfonate (Tena ef al., 2001)
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MAPKs AS MEDIATORS OF WOUND SIGNALING

One of the most severe environmental stresses to
which plants can be subjected to 13 wounding. This can
be caused by either mechanical injury, pathogen or
herbivore attack. Plants have developed a defense
systems that 13 mostly based on the activation of
particular sets of genes encoding a variety of enzymes,
such as Pathogen Related (PR) proteins or proteinase
inhibitors (PTs) (Lee et al., 2004). Some of these genes are
mnduced locally at the site of attack, wlhile others are
systemically induced throughout the plant to protect it
against attack at distant sites. Several of the genes
mvolved in defense response have been identified and
studied, but relatively little is known about how a plant
senses wounding and transmits the signal to the nucleus
before induction of the respective defense-related genes.
Several reports have implicated a MAPK i the process
of wound perception in both monocots and dicots
(Deng et al, 2006). Activation of this MAPK occurs
within less than 1 min of wound infliction, placing this
process in the very first line of responses to a wound
signal. In a separate study, it was shown that wounding
tobacco leaves also lead to the rapid accumulation of a
wound-induced protein kinase, WIPK gene (a MAPK
gene) transcript (Seo ef al., 1995). Overexpression of the
WIPK gene in transgenic tobacco led to inactivation of

the endogenous copies and as a consequence to
suppression of the wound response. In studying the
MAPK (OrMKKID) in rice, Nadarajah et al. (2009a, b)
showed that MAPK was induced in response to
mechanical wounding as well as wounding caused by
pathogen infections caused by Magnaporthe grisea
(Reyna and Yang, 2006). Both injuries elevated the levels
of MAPK expression at the site of injury rapidly 1.e., in
30 min post injury.

MAPKs ARE ACTIVATED BY MICROBIAL
ELICITORS

Plants perceive the presence of pathogens through
the process of wounding and the presence of microbial
elicitor proteins on plant surfaces. Plant cells respond
to elicitors by rapid changes in the phosphorylation
status of proteins (Dietrich et al., 1990; Felix et al., 1991;
Reyna and Yang, 2006) and it was demonstrated that
treating tobacco cells with fungal elicitors, derived from
Phytophthora infestans cell walls, activated a protein
kinase which has properties of a MAPK (Suzuki and
Shinshu, 1995; Nadarajah and Xie, 2004; Park et af., 2008;
Ren et al., 2008) (Fig. 4).

In addition, elicitors from Phythophthora parasitica
differentially activated three kinases (Lee et al., 2004) in
parsley. One of these three kinases was identified as
SIPK, a MAPK that was previously identified to be

Arabidopsis Tobacco Tomato Rice
Pathogen Bacterial Fungal Virulent Pseudomonas Preudomonas Fungal & Bacterial
P s
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Fig. 4: Model describing the role of Arabidopsis, tobacco, tomato, parsley and rice MAPK pathways in biotic stresses.
Broken arrows indicate hypothetical pathways; question marks indicate unknown factors (Tena et al., 2001)



Asian J. Plant Sci., 9 (1): 1-10, 2010

activated by salicylic acid (Zhang and Klessig, 1997).
Collectively the work conducted in deciphering the
plant-pathogen mteraction has proposed a model where
the peptide elicitor of the pathogen binds to a plasma
membrane-located receptor and in so doing sequentially
activates various ion channels, a nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (resulting i an
oxidative burst) and induction of PR (pathogen related)
genes and phytoalexin synthesis (JTabs et al, 1997). The
studies by Ligterink et al. (1997) showed that within this
model the three components of the MAPK were activated
by microbial elicitors in various different plant tissues
studied.

In parsley cells, elicitor caused a rapid translocation
of ERMK from the cytoplasm into the nucleus, suggesting
a direct role of ERMK 1n the regulation of elicitor-induced
gene transcription (Ligterink et al., 1997). Similarly, harpin
proteins from Frwinia amylovora, caused necrosis to
oceur 1 tobacco plants within 24 h. Necrosis 15 a defense
response 1n plants towards microbial infections. This in
turn activates the defense systems in the plants which
involves the MAPK cascade. These results indicate that
not only fungal but bacterial elicitors are able to activate
MAPK pathways in plants (Ren ef al., 2008; Xiong and
Yang, 2003; Song and Goodman, 2002).

ROLE OF MAPKs IN INTRACELLULAR
SIGNALING OF PLANT HORMONES

Despite intense efforts to understand how plant
hormoene signals are perceived and transmitted, many of
the molecular mechanisms mvolved still remains unclear.
Increasing evidence suggests that MAPK pathways are
mvolved in mediating abscisic acid (ABA), auxin (AU)
and ethylene (ET) responses in plants. ABA has been
shown to be mvolved in many plant physiology
processes such as embryo development and seed
germination and also in abiotic stress responses including
adaptation to drought and salt stresses (Craig et al,
2008). Certain MAPKs are however, not activated by
ABA e.g., OrMKKT an abiotic stress-induced gene from
Oryza rufipogon. Expression profiles of this gene in rice
showed basal level activity, indicating that thus gene did
not respond to extracellular application of ABA
(Nadarajah and Kassim, 2009).

Genetic  analysis of the ethylene pathway in
Arabidopsis indicates the possible mvolvement of a MAP
kinase module. A number of mutants (ctr-1, cpm-I) have
been isolated that show a Constitutive Triple Response
(CTR) in the absence of ethylene. The ctr]l mutant was
1solated and the affected gene cloned and analyzed
(Kieber et al., 1993) and the encoded CTR1 protein was

found to be similar to mammalian Raf kinase, an upstream
activator of MAPKKs (Yue et al, 2006). Upstream
compenents 1 the CTR] pathway appear to be the plasma
membrane-located ethylene receptors ETR1 and ERS
(Chang, 1996). The etr]l gene was isolated in a mutant
screen for ethylene insensitivity and encodes a protein
with homology to two-component sensor regulator
proteins that are well-known bacterial signaling
transducers. In a study using transgenic OrMKK] lines
carrying a MAPK gene from wild rice, ethylene
positively regulated the expression of the MAPK gene.
OrMKK!I expression remamed high until 12 h post-
treatment (Nadarajah and Kassim, 2009).

Most plant cell require
proliferation, which suggests that auxin may act as a
mitogen under certain conditions. Whereas auxin
starvation arrests cell division in a tobacco cell
suspension culture, readdition starts the cell cycle. During
this process, a MAPKK and a protein kinase that has the
properties of a MAPK are activated, suggesting that a
MAPK pathway is involved in auxin signal transduction
(Dai et al., 2006, Mizoguchi et al., 1994).

cultures auxins for

ROLE OF SIGNAL MOLECULES IN THE
ACTIVATION OF MAPKs

Several lines of evidence have suggested that MAPK
genes can be induced by more than one signaling
molecule such as JTasmonic Acid (JA) and Salicylic Acid
(SA). Typical examples are SIPK (Zhang et al, 1998;
Lee et al., 2001) (induced by SA and nitrous oxide (NO)),
OsEDRI (Song and Goodman, 2002) (induced by TA, SA,
ABA, hydrogen peroxide (H,O,) and ET), OsBIMKI
(Song and Goodman, 2002) (induced by BTH (analog of
SA) and blast fungus) and OsMAPKS (Xiong and Yang,
2003) (induced by blast fungus, ABA, JA and SA)
(Nadarajah and Xie, 2004; Nadarajah and Turner, 2003;
Nadarajah, 2001).

Nadarajah and Kassim (2009) showed that OrMEK ]
15 transiently but strongly induced by JA, SA, ET and
BTH. The response was however weak towards ABA.
Unlike other reported rice MAP kinases, such as
OsMAPKS (Xiong and Yang, 2003), OxMKKI is not
induced by abiotic stresses (Nadarajah et of., 2009b) but
by JA, SA and BTH. Since both JTA and SA are
endogenous- signaling molecules involved in plant
defense responses the results in this study suggest that
OrMKKI may be a component of a novel MAPK-
signaling cascade that is associated with TA, SA and ET
defense signaling in rice. Further function analysis of
OrMKK 1, however, 1s required to claim the discrete role
of this gene mn JA- and SA-mediated signal transduction
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pathways and their involvement in the defense signaling
and defense responses in rice.

CONCLUSIONS

Over the past few years, we have seen a surge of
results indicating the involvement of MAPKSs in a variety
of plant signaling processes. In many cases, however,
only indirect proof was provided and the responsible
protein kinase gene was not identified. Without these
results, we should keep in mind that other types of
protein kinases share many of the properties of MAP
kinases (similar substrate specificities, similar sizes etc.).
Therefore, 1t will be essential to obtamn the proper tools to
dentify the specific MAP kinases and i1solate the
respective genes encoding the enzymes. Biochemical and
genetic approaches will be essential and should equally
contribute to study the fimetion of MAPK pathways in
the different processes. Assuming that the present
evidence will hold, how is it that so many sighals can be
transmitted by MAPK pathways? From a theoretical
standpoint, there are distinctly different MAPK genes in
the plant genomes that may be assigned a specific role in
the MAPK pathways. However, experience from a
growing number of investigations of mammalian indicates
that the MAPK cascade a complicated and involves cross
talking and interlinking between various pathways. This
1s exhibited by the multiple pathways that are activated by
extracellular signals and the possibility of a single
pathway being activated by a number of unrelated
signals. The same signal may activate different pathways
in different cells. Last but not least, the activation of a
pathway 1s not an all-or-none process, but can be a
transient or a constitutive event and may differ n
amplitude. Changing only one of the above parameters
has been shown to dramatically affect the outcome of the
cellular response. Contemplating along these lines, signal
transduction 18 likely to be a question of pathway
combinatorics and the responses at the chromatin level
may depend on which of the many protein kinase
pathways are active and to what extent at a given moment.
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