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Review
Mitogen-activated protein kinase (MAPK) cascades are
ubiquitous signaling modules in eukaryotes. Early re-
search of plant MAPKs has been focused on their func-
tions in immunity and stress responses. Recent studies
reveal that they also play essential roles in plant growth
and development downstream of receptor-like protein
kinases (RLKs). With only a limited number of MAPK
components, multiple functional pathways initiated
from different receptors often share the same MAPK
components or even a complete MAPK cascade. In this
review, we discuss how MAPK cascades function as
molecular switches in response to spatiotemporal-
specific ligand–receptor interactions and the availability
of downstream substrates. In addition, we discuss other
possible mechanisms governing the functional specific-
ity of plant MAPK cascades, a question central to our
understanding of MAPK functions.

Cell–cell communication in plant growth and
development
Plant growth and development require precise coordina-
tion between cells, tissues, and organs. In eukaryotes,
cell–cell and cell–environment communication often
involves cell surface receptors. Receptor binding of li-
gands or sensing of stimuli triggers protein phosphory-
lation, a universal signaling mechanism involved in
almost all fundamental cellular processes [1,2]. Plants
have expanded families of RLKs with more than 600 mem-
bers in Arabidopsis thaliana [3]. Many of them have been
shown to play essential roles in plant growth and devel-
opment [4–6]. This review highlights recent findings re-
garding the role of MAPK cascades as key signaling
modules downstream of RLKs in regulating a variety of
plant growth and development processes. In addition,
mechanisms governing the signal specificity of MAPK
cascades are discussed.
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Plant MAPK cascades
MAPK cascades are highly conserved signaling modules
in eukaryotes [7,8]. Each MAPK cascade is composed
of a set of three sequentially acting protein kinases, a
MAPK (MPK), which is phosphorylated and thereby acti-
vated by its upstream MAPK kinase (MAPKK, MKK, or
MEK). MAPKK activity is regulated by phosphorylation by
the topmost member of the module, MAPKK kinase
(MAPKKK, or MEKK), which receives signal from recep-
tors/sensors either directly or indirectly [9,10].

In Arabidopsis, there are 20 MAPKs, 10 MAPKs, and
approximately 60 putative MAPKKKs [8]. Among these
60 putative MAPKKKs, 12 belong to the MEKK subgroup
and the rest belong to the CTR1 (Constitutive Triple
Response 1) subgroup. Biochemical and genetic evidence
demonstrated that at least some of the 12 MEKK members
are bona fide MAPKKKs [11–15]. By contrast, the two
prototypes of the CTR1 group, CTR1, and EDR1 (Enhanced
Disease Resistance 1), were recently shown to function
through other mechanisms [16–19]. Therefore, it becomes
questionable whether members in the CTR1 group are true
MAPKKKs.

Early studies of plant MAPKs were focused on three
Arabidopsis MAPKs (MPK3, MPK6, and MPK4) and their
orthologs in other plant species because their activation
can be readily detected by kinase activity assays during
plant immunity and stress responses (reviewed in [8,20–
24]). Due to functional redundancy or weak phenotypes,
only a handful of MAPK components were identified based
on forward genetic screens [11,25–28]. By contrast, reverse
genetic studies, in combination with conditional rescue,
revealed many key functions of MAPK components in
plant growth and development (Figure 1). In addition,
several complete MAPK cascades have been established
[11,12,15,29].

MAPK cascades in plant growth and development
MAPK cascades are involved in almost every aspect of plant
growth and development, including gametogenesis, embryo-
genesis, morphogenesis, senescence, abscission, fertiliza-
tion, and seed formation (Table 1). They play critical
functions in both cell proliferation and cell differentiation,
two key processes in the growth and development of
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Figure 1. A diagram depicting the functions of Arabidopsis mitogen-activated protein kinases (MAPK) MPK3, MPK6, and MPK4 in a variety of plant growth and

developmental processes. The area on the left highlights a typical MAPK-mediated signaling pathway downstream of receptors/sensors in eukaryotes. After the sensing of

tissue/cell-specific input signaling molecules (e.g., peptide ligands), receptor-like protein kinase (RLK) receptors activate MAPK cascades in a spatiotemporal-specific

manner, either directly or through additional mediator(s). Activated MAPKs phosphorylate their substrate(s), which eventually leads to tissue-specific cell proliferation or

differentiation at specific developmental stages and, thereby, regulates plant growth and development. Arrows with unbroken lines show interactions that are supported by

genetic and/or biochemical evidence. Components in a specific functional pathway are connected by arrows of the same color. Question marks indicate unidentified

signaling components. One arrow may represent multiple steps due to unknown components in the signaling pathways.
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an organism. In addition, several protein phosphatases
are involved by negatively regulating MAPK activation
(Table 1).

MAPKs in plant cell division

A MAPK cascade composed of NPK1–NQK1–NRK1 plays
an essential role in plant cytokinesis in Nicotiana tabacum
[30–32]. Through the binding of NACK1/NACK2, two kine-
sin-like proteins at the phragmoplast equator, NPK1, a
MAPKKK, is activated at the late M-phase of the cell cycle
to coordinate the formation of the cell plate [33]. Analogous-
ly, ANP1/ANP2/ANP3, three closely related and functional
redundant orthologs of NPK1 in Arabidopsis, are highly
expressed in tissues with active cell division and are in-
volved in cytokinesis together with downstream MKK6/
ANQ1 and MPK4 [34–37]. Another complete MAPK cascade
in Arabidopsis, composed of YODA (YDA, a MAPKKK),
MKK4/MKK5, and MPK3/MPK6, plays a critical role in
regulating inflorescence architecture by promoting localized
cell proliferation downstream of ERECTA (ER)-family of
RLKs [15]. Loss of function at any level of the signaling
pathway results in short pedicels and clustered inflores-
cence due to reduced local cell division. Most recently, YDA
and MPK6 were found to affect cell division orientation and
cytokinesis in Arabidopsis primary and lateral roots [38].

MAPKs in cell differentiation and development

Asymmetric cell division is an important cellular differen-
tiation mechanism to generate patterns and new cell
lineages [39]. YDA plays pivotal roles in regulating cell
differentiation in early embryogenesis and stomatal for-
mation [11,26]. Homozygous yda null mutant zygotes fail
to differentiate a suspensor due to abnormal asymmetric
cell division [26]. Furthermore, surviving yda plants have
abnormal asymmetric cell division during epidermal de-
velopment, which causes disruption of the one-cell spacing
rule in stomata patterning and formation of clustered
stomata [11]. Expression of DN-YDA, a constitutively-ac-
tive YDA without the N terminus, results in exaggerated
growth of the suspensor, suppression of embryo develop-
ment, and inhibition of stomatal formation [11,26]. Reverse
genetic and epistatic analyses revealed that a pair of
functionally redundant MAPKKs (MKK4 and MKK5)
and MAPKs (MPK3 and MPK6) function downstream of
YDA in controlling stomatal patterning [12]. Moreover,
homozygous mpk3 mpk6 double-mutant zygotes exhibit
an abnormal first cell division, a phenotype similar to
the yda mutant, indicating that MPK3/MPK6 may also
function downstream of YDA in embryogenesis [12].

MAPKs in plant reproduction

In addition to embryogenesis, MAPKs also play vital roles
in other stages of plant reproduction including anther
development [40,41], ovule development [42], pollen devel-
opment [37,43,44], pollen tube guidance [45], and seeds
development [27,46]. Abnormal subcellular structure or
cell division account for some of the mutant phenotypes,
for example, a disrupted plasma membrane and unusual
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Table 1. Overview of Arabidopsis MAPKs/MAPKKs/MAPKKKs and MAPK-inactivating protein phosphatases in plant growth and
development

Protein name Subgroup Prominent biological functions in plant growth/development Refs

MAPKKKs

MEKK1 A1 Lateral root formation;

Leaf senescence.

[87,88]

[49]

YDA A2 Inflorescence architecture;

Stomatal development and patterning;

Extra-embryonic suspensor differentiation;

Root cell division plane orientation.

[15]

[11,12]

[26,68]

[38]

ANP1/ANP2/ANP3 A3 Phragmoplast microtubules organization. [34,35]

MAP3Ke1/MAP3Ke2 A4 Pollen vitality— plasma membrane formation in developing pollen;

Embryo development at globular or heart stages;

Root cell elongation, rosette leaf expansion.

[44]

[89]

[89]

MAPKKs

MKK4/MKK5 C1 Inflorescence architecture;

Stomatal development and patterning;

Floral organ abscission;

Meristem maintenance.

[15]

[12]

[50]

[90]

MKK6 A2 Phragmoplast microtubules organization. [35]

MKK7 D1 Polar auxin transport. [28]

MKK9 D1 Leaf senescence. [47]

MAPKs

MPK6 A2 Anther, seed and root development. [41,46,91]

MPK3/MPK6 A1/A2 Inflorescence architecture;

Stomatal complex differentiation;

Floral organ abscission;

Ovule integument development;

Early pollen development;

Pollen tube guidance.

[15]

[12]

[50]

[42]

[43]

[45]

MPK4 B1 Cell plate expansion; Male-specific meiotic cytokinesis; [36,37]

MPK11 B1 Cell plate expansion; [36]

MPK12 B1 Negative regulator of auxin signaling. [92]

MPK18 D2 Microtubule stabilization. [93]

Protein phosphatases

AP2C3 PP2Ca Target: MPK3/MPK4/MPK6.

Stomata development and patterning.

[94,95]

PHS1 DSPa Target: MPK18.

Cortical microtubule organization.

[93]

IBR5 DSP Target: MPK12.

Auxin signaling.

[92]

aAbbreviations: DSP, dual-specificity protein phosphatase; PP2C, protein phosphatase 2C.
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vacuole-like structure in map3ke1 map3ke2 pollen [44],
abnormal integument development with arrested cell divi-
sion in the mpk3/+ mpk6 ovules [42], abnormal meiotic
cytokinesis of mpk4 pollen [37]. Arabidopsis MPK3 and
MPK6 are also required for funicular pollen tube guidance
[45]. Double mpk3 mpk6 mutant pollen has normal pollen
tube growth and normal micropylar but impaired funicular
pollen tube guidance, indicating that MPK3/MPK6 func-
tion in a signaling pathway that is specifically involved in
the communication between pollen tubes and funiculi.

MAPKs in leaf senescence and floral organ abscission

Plant leaf senescence is an important developmental pro-
cess in the vegetative-to-reproductive phase transition. The
MKK9–MPK6 module has been implicated in the regulation
of the leaf senescence process [47]. Senescence is delayed in
detached leaves of mkk9 or mpk6 mutant plants, whereas
overexpression of MKK9 causes premature leaf senescence,
which is suppressed in a mpk6 background. Leaf senescence
mediated by the MKK9–MPK6 module might be related to
its function in ethylene induction based on the finding that
the activation of MPK3/MPK6 by MKK9 induces ethylene
58
biosynthesis [48]. It has also been reported that MEKK1, an
A1 subgroup MAPKKK member, can act as a DNA binding
protein to regulate leaf senescence by directly targeting the
promoter region of WRKY53, an important senescence-re-
lated transcriptional factor [49].

Abscission is a developmental process that results in the
active shedding of infected or non-functional organs from a
plant body. RNAi suppression of MKK4 and MKK5 or a
dominant negative suppression of MPK6 in a mpk3 mutant
background inhibits flower petal abscission in Arabidopsis
[50]. In these MAPKK- or MAPK-suppressed plants, the
abscission zone at the base of flower petal is normal, but
the programmed separation of cells in the abscission zone
fails to occur, which causes flower petals to stay on the
receptacle, despite a normal senescence process.

MPK3/MPK6 cascades function downstream of RLKs
and their ligands
Although the sensors/receptors responsible for the activa-
tion of most plant MAPKs are unknown, several RLKs
have been shown to function upstream of MPK3 and
MPK6. In plant immunity, MPK3 and MPK6 are activated
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by pattern recognition receptors such as FLS2 (Flagellin
Sensitive 2) and EFR (Elongation Factor Tu Receptor)
[10,24]. Interestingly, an increasing number of RLKs in-
volved in plant growth and development have also been
found to function through MPK3 and MPK6 (Figure 1).

IDA–HAE/HSL2 ligand–receptor pair

Both RLKs and MAPKs are implicated in plant growth
and development. The first report that placed them to-
gether in the same signaling pathway is from the study of
Arabidopsis floral organ abscission [50]. HAESA (HAE),
one of the first Arabidopsis RLKs identified, is expressed
in floral organ abscission zones. Antisense suppression of
HAE causes defective floral organ abscission [51]. Double-
mutant analysis revealed that HAESA-like 2 (HSL2) func-
tions redundantly with HAE in the process [50]. Inflores-
cence Deficient in Abscission (IDA) encodes a small protein
with an N-terminal signal peptide, possibly functioning as
the ligand of HAE/HSL2 RLKs in promoting abscission
[52,53]. Loss of function of MKK4/MKK5 or MPK3/MPK6
results in the same phenotype in abscission as hae hsl2 or
ida mutants [50]. In addition, epistatic analysis revealed
the MKK4/MKK5-MPK3/MPK6 module functions down-
stream of HAE/HSL2 and IDA. Expression of constitu-
tively active MKKs rescues the abscission-defective
phenotype of the hae hsl2 or ida mutant. Furthermore,
in hae hsl2 and ida plants, MAPK activity is reduced in the
receptacle, providing biochemical evidence to support the
genetically defined pathway.

EPFL4/EPFL6–ER ligand–receptor pair

ER, one of the first RLKs implicated in plant growth
and development, plays an important role in promoting
localized cell proliferation, which determines inflores-
cence architecture, organ shape, and size [54]. Similar
to an er mutant, loss of function of MPK3/MPK6 or their
upstream MAPKKs, MKK4/MKK5, resulted in shortened
pedicels and clustered inflorescences [15]. Epistatic anal-
ysis demonstrated that the gain of function of MKK4 and
MKK5 transgenes could rescue er mutant phenotypes,
providing genetic evidence that the MKK4/MKK5-MPK3/
MPK6 module is downstream of the ER receptor. Fur-
thermore, YDA functions upstream of MKK4/MKK5
and downstream of ER in regulating inflorescence
architecture based on both gain- and loss-of-function
data [15].

ER also has two closely related homologues, ER-Like 1
(ERL1) and ERL2, which are partially redundant with ER
[55,56]. Recently, two secreted peptides, EPFL4 and
EPFL6, were identified as redundant upstream compo-
nents of ER-mediated inflorescence growth, possibly as
the ligands in the signaling process [57,58]. It is likely
that ligands from source cells are sensed by ER-family
receptors on the cell surface of surrounding cells. Through
the intracellular signaling process mediated by the MPK3/
MPK6 cascade, cell proliferation is coordinated in a local-
ized way to control organ morphogenesis.

EPF1/EPF2–ER/ERL1/ERL2 ligand–receptor pair

Mutations in genes encoding Too Many Mouths (TMM, a
leucine-rich-repeat receptor protein), Stomata Density and
Distribution 1 (SDD1, a subtilisin-like serine protease),
and ER/ERL1/ERL2 all disrupt stomata patterning and
result in clustered stomata [59–62]. It has been proposed
that unknown ligands processed by SDD1 bind to the
TMM/ER/ERL1/ERL2 receptors in target cells, which acti-
vates the YDA–MKK4/MKK5–MPK3/MPK6 cascade and
inhibits the development of stomata [11,12,63]. Recent
studies identified EPF1 and EPF2 as the peptide ligands
of ER-family receptors in specifying stomatal patterning
[55,64,65]. It is currently unclear whether SDD1 is in-
volved in the processing of these ligands. Biochemical
studies have demonstrated that EPF1 and EPF2 can acti-
vate MPK6, which results in the phosphorylation and
destabilization of SPCH and a subsequent decrease in
stomatal lineage cells [66]. However, strict genetic evi-
dence to place them in the same linear pathway is still
lacking.

ESF1–SSP ligand–receptor pair

In plant embryogenesis, both YDA and MPK3/MPK6 are
involved in the establishment of an apical–basal axis
[12,26]. Genetic screens also identified Short Suspensor
(SSP), a RLK, and Embryo Surrounding Factor 1 (ESF1), a
small cysteine-rich peptide, that function in this pathway
to regulate the zygotic basal cell lineage and proembryo
patterning in Arabidopsis [67,68]. Biochemical, structural,
and genetic analyses revealed that the mature ESF1 li-
gand, derived from the cleavage of ESF1 pro-peptides,
functions together with the SSP RLK to promote suspensor
elongation through YDA. However, since the SSP protein
has no transmembrane or extracellular domain, how it
could function as a receptor for ESF peptides remains
unclear. It may function as a co-receptor in the receptor
complex.

MAPK substrates in plant growth and development
Yeast two-hybrid screens, high-throughput protein arrays,
and phosphoproteomics have identified many putative
MAPK substrates [69,70]. However, only a handful of
MAPK substrates are supported by functional evidence
[71]. Three of them play important roles in plant growth
and development.

Microtubule-Associated Protein 65 (MAP65), a mid-
zone protein essential for the stability of anaphase spindles
during cytokinesis, is a target of the tobacco NPK1–NQK1–
NRK1 cascade and its orthologous Arabidopsis pathway.
NRK1 phosphorylation of the tobacco MAP65-1 isoform at
Thr-579 in the microtubule-binding domain reduces the
affinity of MAP65-1 for the microtubule; this, in turn, leads
to destabilization and turnover of microtubules at the
phragmoplast equator thus facilitating phragmoplast ex-
pansion and cell division [72,73]. In Arabidopsis, MAP65-1,
together with MAP65-2 and MAP65-3, are phosphorylated
by MPK4 during cytokinesis [37,74,75]. In addition,
MAP65-1 can also be phosphorylated by MPK6 in vivo
[70,73,76].

Speechless (SPCH), a basic helix–loop–helix transcrip-
tion factor, promotes the initiation of asymmetric cell
division that establishes the stomatal lineage. Genetic
analysis revealed that the excess stomatal phenotype of
yda mutant is eliminated in a spch background, indicating
59
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that SPCH is downstream of the YDA–MKK4/MKK5–
MPK3/MPK6 cascade [12,77]. MPK3/MPK6 phosphorylate
SPCH on several Ser/Thr residues in the so-called MAPK-
target domain in vitro [78]. Mutation or deletion of these
phosphorylation sites in SPCH enhances its activity in
promoting stomatal formation in vivo, which correlates
with the accumulation of the non-phosphorylatable SPCH
protein. As a result, it is possible that MAPK-phosphory-
lation of SPCH destabilizes the SPCH protein, and inhibits
the formation of stomatal lineage cells.

WRKY34, a pollen-specific WRKY transcription factor,
is phosphorylated by MPK3/MPK6 in vivo in a spatio-
temporal-dependent  manner between the bicellular and
tricellular stages during pollen development [43]. Muta-
tion of WRKY34 and WRKY2, a close homolog of
WRKY34, results in pollen-defective phenotypes includ-
ing reduced pollen viability, germination, and pollen tube
growth. Mutation of MPK3/MPK6-phosphorylation sites
(Ser to Ala) in WRKY34 compromises its ability to com-
plement a wrky2 wrky34 double mutant, demonstrating
the importance of MPK3/MPK6 phosphorylation in main-
taining the WRKY34 function. Epistasis interaction
analysis also confirmed that MPK6 belongs to the same
genetic pathway of WRKY34 and WRKY2 in Arabidopsis
pollen development.
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Signal specificity of different functional pathways with
shared MAPK components
Different MAPK cascades may share a common compo-
nent; and the same MAPK cascade may be involved in
different biological processes (Figure 1). How specificity is
maintained when distinct functional pathways share com-
mon components is central to our understanding of MAPK
functions. Studies in plants revealed that the MAPK sig-
naling specificity can be governed by: (i) the presence of
independent MAPK cascades; (ii) spatiotemporal expres-
sion of upstream RLKs, the ligands of RLKs, and down-
stream MAPK substrates; (iii) differential thresholds of
MAPK signal required by different biological processes,
that is, the gene–dosage effect; and (iv) integration of other
signaling pathway(s). Additional mechanisms are likely to
emerge as our knowledge expands (Figure 2).

Unique MAPK cascades

Arabidopsis has 20 MAPKs, 10 MAPKKs, and �12–60
MAPKKKs. They can potentially form many different
combinations (up to 20 � 10 � 60) of MAPK cascades
to carry out different functions. However, genetic evi-
dence does not support the mix-and-match formation of
MAPK cascades in plants. Loss-of-function phenotypes of
single mutants (e.g., yda and mpk4), double mutants
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(mpk3 mpk6, mkk4 mkk5, and map3ke1 map3ke2), and
triple mutants (e.g., anp1 anp2 anp3) suggest that MAPK
components at each tier are very specific, and cannot be
replaced by other homologs. Even if we consider any
MAPK cascades with a single different component in
the three-kinase cascade as different MAPK cascades,
the total number of MAPK cascades in a plant species
is likely to be very limited. Nonetheless, signal transduc-
tion through different MAPK cascades should be one key
mechanism for their functional specificity.

Spatiotemporal separation of pathways

The spatiotemporal expression of RLKs and sometimes
also their ligands, provides a mechanism for signaling
specificity. For instance, both ER-family RLKs and HAE/
HSL2 employ the MKK4/MKK5-MPK3/MPK6 module
[15,50]. The specific expression of HAE/HSL2 and their
ligand IDA in the abscission zone specify the function of
this MAPK module in flower petal abscission [50]. In con-
trast, ER and ERLs are more generally expressed, which is
consistent with their multiple functions in various growth/
development stages [15,40,54–56,58,79]. Although ER and
ERLs are also expressed in the abscission zone, the ex-
pression of their ligands, EPF1/EPF2/EPFL4/EPFL6,
are extremely low in this specific region [58,64,65];
www.genevestigator.com. In this situation, spatiotempo-
ral-specific expression of the ligands of the more broadly
expressed receptors provides a mechanism of functional
specificity.

Tissue- or cell-specific expression of input molecules,
such as peptide ligands, can also maintain signal specifici-
ty in different functional pathways. A single MAPK cas-
cade composed of YDA–MKK4/MKK5-MPK3/MPK6
functions downstream of ER/ERLs to regulate both stoma-
tal development and localized cell proliferation. In this
case, the signaling specificity is a result of limited tissue/
cell-specific expression of the peptide ligands of ER-family
receptors. EPF1 and EPF2, which are expressed specifi-
cally within a subset of stomatal lineage cells [55,64,65],
define the function of ER/ERL1/ERL2–YDA–MKK4/
MKK5–MPK3/MPK6 pathway in stomatal development.
By contrast, the expression of EPFL4 and EPFL6 is the
highest in inflorescence stems [57,58]; their interaction
with ER-family receptors there defines the role of the
ER/ERL1/ERL2-YDA-MKK4/MKK5-MPK3/MPK6 path-
way in inflorescence growth.

Differentially expressed substrates can also contribute
to the functional specificity of MAPK cascades. For exam-
ple, MPK3/MPK6 are able to phosphorylate different
WRKY homologs in different biological processes.
WRKY33 and WRKY34 are highly homologous, and both
are MPK3/MPK6 substrates in vivo [43,80]. The vegetative
tissue-expressed WRKY33 functions downstream of
MPK3/MPK6 in regulating plant defense responses [80],
while the pollen-specific expression of WRKY34 allows it to
function downstream of MPK3/MPK6 in regulating pollen
development and function [43]. Furthermore, MPK3/
MPK6 regulate stomatal development through phosphor-
ylation and inactivation of SPCH, a transcription factor
only expressed in stomatal lineage cells [78]. As a result,
differential tissue/cell-specific expression of WRKY33,
WRKY34, and SPCH allows the MPK3/MPK6 cascade to
control different biological processes.

Although there is no specific report with details at this
level yet, we can speculate on three potential outcomes
when two substrates involved in different biological pro-
cesses are both present in the same cell after their up-
stream MAPK cascade becomes activated in response to
one of the stimuli. Firstly, the phosphorylation of two
different substrates leads to the activation of both
responses, resulting in the crosstalk of two processes.
Secondly, only one substrate becomes activated due to
complex formation and/or subcellular localization, result-
ing in a specific response. Thirdly, it is possible that the
level of MAPK activation is different in response to differ-
ent stimuli, and different cellular responses require differ-
ential MAPK thresholds, which could confer a specific
response as well (more discussion below).

Threshold/gene–dosage effect of MAPK signaling

ER/ERL1/ERL2 and MPK3/MPK6 both exhibit gene–dos-
age dependent cellular function. Mutation of the ERL1
and/or ERL2 genes further reduces the pedicel length of
the er mutant, resulting in a much more clustered inflores-
cence [56]. Similarly, mpk3/+ mpk6 plants exhibit a more
severely clustered inflorescence than the mpk6 single mu-
tant. In addition, ERL2 is haplo-insufficient for maintain-
ing normal cell proliferation of the integuments when both
ER and ERL1 are mutated [79]. Similarly, MPK3 is haplo-
insufficient in the mpk6 mutant background, resulting in a
sterile phenotype almost identical to that of er-105 erl1-2
erl2-1/+ plants [42,79]. The observed gene–dosage effect is
likely a result of a reduction in signaling strength in the
mutants. Although mpk3/+ mpk6 plants are sterile and
show clustered inflorescence and shortened pedicels, they
have normal stomatal development [15,42]. Only the mpk3
mpk6 double mutant has abnormal stomatal development
and patterning [12], suggesting that lower MPK3/MPK6
activity is required to maintain normal epidermal devel-
opment. As a result, MAPK signaling strength/duration
could be important to their biological functions and differ-
ent processes may have differential signal thresholds
(strength and/or duration), which could specify the MAPK
function in a quantitative way.

Integration of other signaling pathway(s)

Other signaling pathway(s) initiated from the same or
different receptors/sensors may also impinge on MAPK
signaling and influence the outcome (Figure 2). For in-
stance, plant stomatal development is also regulated by
brassinosteroid (BR) signaling. Brassinosteroid Insensi-
tive 2 (BIN2), a GSK3-like kinase, was shown to antago-
nize SPCH activity by direct phosphorylation of residues
overlapping with those targeted by the MAPKs, as well as
four residues in the amino-terminal region of the protein
outside the MAPK target domain. [81]. In another report,
BIN2 was found to phosphorylate YDA directly to switch
off MPK3/MPK6 signaling to initiate stomatal develop-
ment [82]. The opposite effects on stomatal development
mediated by BIN2 phosphorylation of two separate com-
ponents of the MAPK signaling pathway highlight the
complex regulation of stomata initiation, which involves
61
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Box 1. Lessons learned from Arabidopsis MPK3/MPK6 and future challenges

Arabidopsis MPK3 and MPK6 play essential functions in both plant

immunity and growth and development [9,10,22–24]. Loss of function

of MPK6, but not MPK3, frequently results in a weak mutant

phenotype, which becomes more severe with the additional loss of

MPK3, suggesting that they are mostly redundant, but MPK6 is more

important. We also observed compensatory effects between them

[42]. It will be interesting to understand the interplays between these

two MAPKs, and the biochemistry behind the gene–dosage effect.

Although MPK3/MPK6 were first implicated in plant immunity [20],

their upstream MAPKKK(s) in this process are still unclear. By

contrast, YDA has been shown to be upstream of MPK3/MPK6 in

several RLK-mediated growth and developmental pathways (see

Figure 1 in main text). Currently, it remains unclear how RLK receptors

are linked to MAPKKKs.

Because of the multi-functional nature of MAPK components/

cascades, it is important for us to establish conditional gain- and

loss-of-function systems [12,96,97], which will allow the establish-

ment of a timeline of events and the elucidation of their functions in

different biological processes. More importantly, such systems can

circumvent the lethality problem of the mutants/transgenic plants,

allowing us to study other functions of the MAPK cascade. For

instance, mpk3 mpk6 double homozygous zygotes are embryonic

lethal [12]. Their critical functions in plant growth/development were

uncovered based on the development of conditional rescue systems

and partial loss-of-function materials utilizing RNA interference and

overexpression of dominant negative mutants [12,15,41,

50,96,97]. Constitutive activation of MPK3/MPK6 in the gain-of-

function system also leads to plant lethality [96]. Generation of

similar systems for the other 18 MAPKs will greatly facilitate their

functional analyses.

MAPK activation during plant stress response and immunity can be

measured biochemically using kinase activity assays or immunoblot

detection of phospho-MAPKs because the activation of MAPKs is

global. However, their activation during various growth and devel-

opmental processes is likely to be limited to a specific tissue or even a

few cells at a specific developmental stage. In order to gain

biochemical evident to support the functions of MAPKs in plant

growth and development, which are mostly based on genetic

analyses, it is important for us to develop activity sensors similar to

the FRET-based biosensors for detection of animal MAPK activation

[98,99]. The generation of MAPK activity sensors will not only reveal

MAPK activation in living cells in real time at a high spatiotemporal

resolution, but also allow the visualization of the gradients/bound-

aries of receptor activation, the distribution of interacting ligands, and

their interplays with other synergistic/antagonistic pathways in plant

growth and development.
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the crosstalk between MAPK signaling and the phytohor-
mone BR.

In addition to the mechanisms identified in plants, yeast
and animal systems also have several other mechanisms
that can program distinct outcomes including: (i) mecha-
nisms that spatially restrict signaling by pathway-specific
scaffold proteins or formation of complexes; and (ii) cross-
pathway suppression of downstream components [7,83,
84]. Further research may reveal these additional mecha-
nisms at work in plants as well.

Concluding remarks
In the past 20 years, great progress has been made in our
understanding of plant MAPK cascades. It becomes obvious
that, although the structure of MAPK cascades is highly
conserved, plant MAPKs have evolved to carry out plant
specific functions as indicated by their plant-specific protein
substrates, plant-specific receptors/ligands, and plant-spe-
cific phenotypes of the mutants [4,10,61]. Currently, one of
the key missing links in our understanding of MAPK sig-
naling is how receptors transduce signals to the MAPK
cascades. All MAPKKKs have large, undefined functional
domains. They are likely to be critical in connecting the
receptors to the MAPK cascades either directly or indirectly
via additional adaptor proteins.

Over the course of evolution, there was a rapid expan-
sion in the number of RLKs from lower to higher plants
[85]; however, the number of downstream components
such as MAPK components did not increase proportionally
[86]. It is likely that more RLKs will be found to employ
MAPK cascades to carry out their functions. In the coming
years, our research will still be focused on the identifica-
tion and functional analyses of the MAPK cascades, their
upstream receptors/ligands, and downstream substrates.
The generation of novel tools will be critical (Box 1). After
the linear pathways underlying each of the MAPK func-
tions are pieced together, we can start to decipher the more
complex signaling network encompassing the functions
62
of all MAPKs in plant growth and development. By
superimposing the spatiotemporal information of these
components and their activities onto the functional net-
works, we will be able to understand crosstalk between
different functional pathways and how signal specificity is
maintained.
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