Signaling specificity and complexity
of MAPK cascadesin plant innate immunity

Jen Sheen, Ping He, Libo Shan, Yan Xiong, Guillaume Tena, Sangdong Yoo,
Younghee Cho, Marie Boudsocq, and Horim Lee

Department of Molecular Biology, Massachusetts General Hospital & Department
of Genetics, Harvard Medical School, Boston, 185 Cambridge Street, Simches
Research Center, Boston, Massachusetts 02114, USA.

sheen@molbio.mgh.harvard.edu

The desire to understand and control plant diseases has been amajor drive
to study host-microbe interactions. In addition to the molecular basis of
diseases and disease resistance, another fundamental question is how plants
manage to stay healthy and survive constant exposure to a wide range of
microbes. The innate immune response isthefirst line of defense, and is
likely critical for the survival and fitness of plants in the ubiquitous presence
of microbes. Research in the past decade has revealed remarkable convergent
evolution in the recognition of pathogen- or microbe-associated molecular
patterns (PAMPs or MAMPs) and the activation of innate immune responses
in plants, insects and mammals (Nurnberger et a., 2004; Ausubel, 2005;
Zipfel and Felix, 2005; Akiraet al., 2006; Ferrandon et a., 2007). We are
interested in dissecting the plant signal transduction networks that are
responding to or manipulated by microbial signals and effectors.

For arobust innate immune system, both signaling specificity and
complexity arerequired. Currently, the sequenced plant model Arabidopsis
thaliana provides the most advanced and sophisticated molecular, cellular,
genetic, genomic, proteomic, and bioinformatic tools for studying signaling
mechanisms and transcription controlsin plant innate immunity. The primary
cell assays using protoplasts freshly isolated from leaves support high-
throughput and versatile analyses of diverse MAMP and microbial effector
signal responses (Asai et a., 2002; He et al., 2006a, 2006b; Y 0o et a., 2007).
The virus-induced gene silencing (VIGS) method (Burch-Smith et a., 2006),
inducible RNAI capability, saturating insertional mutant resources (Sessions
et a., 2002; Alonso et a., 2003), and whole-genome microarray databases
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(Navarro et al., 2004; Zipfel et a., 2004; 2006; He et a., 2006a) have
facilitated the use of an integrated approach that is especially powerful to
overcome lethality and functional redundancy problems that hindered the
advance of research in regulatory networks.

Using the Arabidopsis fresh leaf cell system based on the induction of
early defense gene transcription by the conserved 22 amino acid peptide of
bacterial flagellin (flg22) (Felix et al., 1999), we have identified the
evolutionarily conserved MAP kinase (MAPK) cascades and transcription
factors (Asai et al., 2002) that function downstream of the flg22 receptor
FLS2, aleucine-rich-repeat (LRR) receptor kinase (Gomez-Gomez and
Boller, 2000). The pattern recognition receptors (PRRS) in plant innate
immunity share similarity with the mammalian toll-like receptors (TLRs) and
downstream IRAK (IL-1Receptor-Associated Kinase), which also activate
multiple MAPK cascades besides the NF-kB pathway (Shiu and Bleecker,
2003; Zipfel and Felix, 2005; Akiraet al., 2006). Significantly, activation of
the plant MAPK cascade confers resistance to a broad spectrum of bacterial
and fungal pathogens (Asai et a., 2002; Yamamizo et al., 2006; Brader et a.,
2007), suggesting that signaling eventsinitiated by diverse microbes
converge into conserved MAPK cascades (Fig. 1). Anintegrated functional
genomic approach has been taken to elucidate the complex and intertwined
MAPK cascades that mediate MAMP, stress and hormonal signaling, and
modulate plant innate immune responses (Kovtun et al., 2000; Tenaet al.,
2000; Asai et a., 2002; Zhang and Klessig, 2001; Soyano et al., 2003;
Droillard et a., 2004; Nakagami et al., 2005; Pedley and Martin, 2005; Doczi
et al., 2007; Seo et d., 2007; Takahashi et al., 2007).
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Fig. 1. MAMP signaling converges on MAPK cascades.
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MAPK cascades are pivotal and evolutionarily conserved regulatory
modules controlling diverse signal transduction pathways in eukaryotic cells
from yeast to human and plants. Plant genomes encode the largest number of
putative MAPK cascade genes (e.g., Arabidopsis: more than 100; yeast: 14;
human: 34) in all sequenced eukaryotes (Ichimuraet a., 2002; Hamel et al.,
2006). Very limited information on MAPK cascade functionality and
regul atory mechanisms has surfaced from classical genetic screensin plants.
Extensive phenotype-based genetic screensin the past two decades have
yielded three mutants (ctr1: congtitutive ethylene triple response, edr1:
enhanced disease resistance, and yda: Y ODA for defectsin asymmetric cell
division in zygotes and epidermis) with defectsin putative MAPKKK
(MKKK/MTK) genesin Arabidopsis (Kieber et al., 1993; Fryeet a., 2001;
Lukowitz et al., 2004). Their downstream signaling components and
regulatory mechanisms remain to be fully elucidated in Arabidopsis and other
plants (Wang et a., 2007). Biochemical, molecular, reverse genetic and
transgenic studies have indicated that plant MAPK cascades are important for
controlling broad and essentia plant processes, including cytokinesis, cell
death, various developmenta programs, and hormone, stress and innate
immune signaling in diverse plant species, including Arabidopsis, tobacco,
tomato, alfalfa, rice, maize and poplar (Cardinale et a., 2000; Kovtun et al.,
2000; Petersen et al., 2000; Tenaet al., 2000; Lee et al., 2001; Zhang and
Klessig, 2001; Asai et al., 2002; Fellbrich et a., 2002; Ichimuraet a., 2002;
Jin et a., 2002; Soyano et al., 2003; Wan et a., 2004; Nakagami et al., 2005;
Pedley and Martin, 2005; Brodersen et al., 2006; Hamel et al., 2006; Ichimura
et a., 2006; Meszaros et al., 2006; Nakagami et al., 2006; Doczi et a., 2007,
Miao et a., 2007; Seo et d., 2007; Su et a., 2007; Suarez-Rodriguez et al.,
2007; Takahashi et a., 2007; Wang et al., 2007; Zhang et al., 2007).
However, how MAPKs/MPKs and their immediate upstream regulators,
MAPKKgYMKKs and MAPKKKSMTKS, are integrated into the plant
signaling networks connecting upstream signals and downstream
transcription factors and target genes remains a major challenge in plant
biology.

A key guestion in MAPK cascade signaling has been how similar or even
identical components control different biological responses. Inyeast and
mammals, specificity for distinct signaling pathways with shared components
is determined by scaffolding proteins and specific MAPKSs. In plants, more
complex roles of MAPKs have been observed. For instance, diverse stresses,
microbial elicitors, plant hormones and developmental programs activate the
same conserved MPK 3, MPK4 and MPK6 in Arabidopsis and their orthologs
in other plant species (Tenaet al., 2000; Zhang and Klessig, 2001; Ichimura
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et a., 2002; Nakagami et al., 2005; Wang et al., 2007). It is unclear whether
and how signaling specificity is regulated by MAPK cascades in the genetic
framework of the plant signal transduction network. There are also many
unresolved puzzles and confusing information regarding the precise
physiological roles of MPKs, MKKs and MTKs in stress, defense, and
hormonal signaling.

Although many mutant lines for the MAPK cascade genes are now
available from the large collection of Arabidopsis genome resources, most
single mutants exhibit no overt phenotypes, suggesting functional
redundancy. In contrary, some single mutants (e.g., mpk4 & mekk1) display
severe and long-term growth defects not associated with their dynamic and
often transient functions in signal transduction, likely due to multiple
functional rolesin unrelated pathways (Petersen et al., 2000; Brodersen et al.,
2006; Ichimuraet al., 2006; Meszaros et a., 2006; Nakagami et al., 2006; Su
et a., 2007; Suarez-Rodriguez et a., 2007). In yeast, extensive studies have
placed asingle MAPKKK (Stell) in three unrelated signal transduction
pathways. In Arabidopsis, MEKK 1 isinvolved in distinct functions,
including positive rolesin flg22 signaling (Figs. 2, 3). Some double or triple
Arabidopsis mutants are embryonic or seedling lethal or show constitutive
stress stimulation, thus impeding thorough functional characterization (Wang
et a., 2007).

To circumvent the limitationsin classical and reserve genetic analyses, and
to examine dynamic and complex actionsin MAPK cascade signaling, we
have developed MAPK cascade genomic resources and performed extensive
cell-autonomous and systematic screens for Arabidopsis MAPK's acting
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Fig. 2. The mekkl mutant showed defect in flg22 inducible transcription.
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downstream of MKKs and MTKs and various signals that activate putative
endogenous MPKs in the cell-based transient expression systems.
Arabidopsis mesophyll protoplasts have been used to show the conservation
of MAPK cascade signaling and similar physiological responsesin isolated
cellsand in intact plants. In the functional genomic analysis of Arabidopsis
MAPK cascade signaling, 20 MPK, 10 MKK and 68 putative MTK genes
have been analyzed in mesophyll protoplasts to establish ablueprint for
potential MAPK cascade functions and connections. The information will
serve as the foundation to launch new genome-wide studies linking dynamic
and overlapping signal transduction pathways.

The MAPK functional genomic project combines global gene expression
profiling and bioinformatics tools to dissect distinct and overlapping MAPK
cascades with gain-of-function and loss-of-function mutant analysesin
response to stress, élicitor, and hormonal signals. The experiments have first
been carried out in the well-established mesophyll protoplasts, which respond
to the majority of physiological signals and regulate transcription, and are
suitable for studying quantitative and global processes and for genetic and
molecular manipulations. The aims are to integrate broad resources and
information on stress, defense, and plant hormone signaling and gene
regulation to facilitate comprehensive and molecular understanding of the
signaling specificity and complexity of the evolutionarily conserved MAPK
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Fig. 3. Multiple MAPK cascades are activated by flg22 through the FL S2 receptor.



6 | BIOLOGY OF PLANT-MICROBE INTERACTIONS, VOLUME 6

cascade signaling networks in Arabidopsis. Recent discoveries have
unraveled multiple functions of MAPK signaling cascade componentsin
innate immunity (Fig. 3) and antagonistic MAPK cascades in the ethylene
signal transduction pathway. The most unexpected findings include the
complexity of the MTKs functionality in distinct or shared signaling
regulation without or with PK activities, and the specificity and redundancy
of MKKs and MPKsin different signaling pathways (Fig. 3). The unique
advantage of the integrated approach isto carry out whole plant studies
guided by hypotheses established using simplified cell and molecular assays
scaled up to the whole genome level. The integrated analyses establish new
paradigms for linking intertwined MAPK cascades in controlling quantitative
and dynamic responses and signaling specificity and complexity.
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