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ABSTRACT
Identification, validation and characterization of putative cytosolic and
nuclear targets of immune MAPKs involved in biotic stress responses
in Arabidopsis thaliana
Hanna M. Alhoraibi

Plants are sessile organisms and constantly encounter a myriad of pathogens;
therefore, they rely on highly effective defense system for their survival. Our
understanding of how plant immunity is triggered and regulated has seen
tremendous progress over the last two decades, with many important players
identified in the model systems, Arabidopsis thaliana. Mitogen activated protein
kinases play a central role in signal transduction in biotic and abiotic stresses.
MAPK pathways are regulated by three-interlinked protein kinases (MAPKKK,
MAPKK, MAPK), which are sequentially activated by phosphorylation. The
activation of the three MAPKs MPK3, MPK4 and MPK6 is one of the earliest
cellular responses following pathogen attack leading to the phosphorylation of
appropriate cytosolic or nuclear targets to regulate cellular processes. However,
only few targets of MPK3, MPK4 and MPK6 have been identified and validated
so far and many MAPK substrates remain to be discovered. We performed largescale phosphoproteomics on mock treated and flg22 treated WT and the three
loss-of-function mutants mpk3, mpk4 and mpk6 to identify novel MAPKs
substrates and their cellular functions in response to pathogen attack. We identify
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and validated some of the differentially phosphorylated cytosolic and chromatin
targets of MPK3, MPK4 and MPK6.
DEK2, a nuclear protein involved in multiple chromatin-related processes, was
identified in the phosphoproteomics screen as an in vivo target of MPK6 and it
interacts in planta and is phosphorylated in vitro by the three immune MAPKs.
dek2 loss-of-function mutants were susceptible to bacterial as well as fungal
pathogens. Additionally, transcriptome data of the dek2-1 mutant show that
DEK2 is a transcriptional repressor inclusive of defense related genes and
hormone synthesis and signaling genes. We determined that DEK2 is a reader of
the histone mark, H3K9me1, by Microscale thermophoresis. From ChIP-Seq
analysis, DEK2 was found to be enriched at class I TCP binding motif regions.
We further need to determine whether DEK2 binds to TCP transcription factors
directly or indirectly. Finally, based on our data we postulate a hypothetical
working model for the function of DEK2 as a transcriptional repressor and a
reader of H3K9me1 mark.
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CHAPTER I. INTRODUCTION

1.1 Plant diseases threaten global food security
World hunger and food insecurity is a recurring threat in most parts of the
developing countries. According to the 2018 State of Food Security and Nutrition
report (SOFI), the number of undernourished people in the world has increased
to 821 million in 2017 compared to 804 million in 2016 (1). A United Nations
report estimates the current world population of 7.6 billion is expected to reach
8.6 billion in 2030, 9.8 billion in 2050 and 11.2 billion in 2100 (2), while the
world’s cultivable land will reduce by 50% in 2050 placing added pressure on
global agriculture (3). Although agricultural production doubled worldwide over
the past 35 years due to the use of synthetic fertilizer, pesticides, and irrigation
systems, estimates indicate that food crop production must double agricultural
production to meet projected demands for food (4). Feeding the world’s growing
population, loss of agricultural land due to human activity, climate change, and
lack of water will place unprecedented demands on increasing the crop yield and
minimizing the crop loss through introducing high-yielding varieties resistant to
biotic and abiotic to ensure global food security (4, 5). Biotic stress occurs as a
result of damage done to plants by other living organisms such as pathogen
infection by bacteria, viruses, fungi and nematodes, and herbivore attack such as
weeds, insect, mites etc. (6), whereas abiotic stresses are environmental factors
such as salinity, drought, flooding, temperature extremes, heavy metals, nutrient
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deficiency or excess, radiation etc., that compromise plant growth and reduce
their productivity (Figure 1.1) (7).

Figure 1.1: Biotic and abiotic stresses that affect plant growth, development and
yield. Plants are exposed to various abiotic stress caused by environmental
conditions and abiotic stress imposed by other organisms. The figure is adopted
from (https://www.scoop.it/t/plant-immunity-under-abiotic-stress-by-elsa-ballini).

These biological factors affect metabolism of crops and reduce yield of various
agricultural crops, consequently hampering crop productivity and quality.
Therefore, understanding these threats and how we can reduce their impact will
be key to meet the world's future food security and sustainability needs.
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1.2 Sustainable solutions for future food security
Microbial pathogens are threatening many commercially and ecologically
valuable crops, such as wheat, rice, potato, cassava, chickpea, peanuts and
cowpea, causing billions of dollars of losses annually. Approximately 15% of the
global harvest is lost due to pre-harvest plant disease caused by bacteria and
fungi (8, 9). The fact that plant pathogens can spread rapidly over great
distances vectored by water, wind, insects and humans, increases the need of
effective and multiple disease management strategies against pathogens. One of
the most prevalent tool to control plant disease is the use of chemical pesticides
and fungicides with the limitations of high cost and deleterious impacts on health
and environments (10).
Genetic engineering and gene editing are effective modern approaches for
engineering stress tolerant plants based on the expression of specific stressrelated genes that serve as key regulators of different metabolic and signaling
pathways (11, 12). This is carried out by the modification of gene functions
through site-directed mutagenesis, the targeted deletion or insertion of genes into
plant genomes, or using transgenes to facilitate the breeding process. The
genetic engineering technology has already led to significant impacts on various
crops including canola, cotton, maize, and soybean worldwide (13). One example
of genetic engineering is the introduction of new resistance genes against plant
pests and diseases such maize and corn engineered with the Bt gene derived
from the soil bacterium Bacillus thuringiensis which produces Bt protein that is
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only toxic to insects. Despite the fact that many developing nations are looking to
genetically modified food as the solution to increase food productivity, others
have raised questions concerning its possible impact on health and the
environment. However, no evidence has been reported of unfavorable
consequences for human health from consuming Genetically modified crops
(GM) (14, 15). One of the major arguments is the uncontrolled integration of
recombinant DNA into the genome that may result in de‐regulation of genes of
the host plant (16).

The use of GM systems could also affect non-targeted

organisms or lead to new strains of pathogens and pests (17).
Another traditional and alternative approach to chemical control is selective
breeding of agricultural crops with high resistance to biotic stresses. Although
genetic resistance provides an economical and environmentally safe method to
control plant diseases, high levels of resistance usually carry yield penalties (18,
19). Resistance breeding is also challenging due to evolving the nature of host–
pathogen interactions meaning that virulent pathogens can arise and overcome
formerly resistant crop varieties (20).
Moreover, the use of beneficial mycorrhizal fungi as a bio-control agent
provides an effective alternative to chemical fertilizers and pesticides in disease
control (21-23). Besides the role of mycorrhizal fungi in improving plant growth
and nutrition, many reports emphasize that plants can develop an enhanced
defense capacity against a broad spectrum of pathogens via symbiotic
interaction with Arbuscular Mycorrhizal Fungi (AMF) (24-26). AMF symbiosis
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triggers a mild, but effective activation of plant defense responses that results in
a primed state of the plant, a phenomenon called priming, that allows a more
efficient activation of systemic defense mechanisms in response to attack by
potential attackers (27). Unlike systemic acquired resistance (SAR) that depends
on salicylic acid (SA), mycorrhiza-induced resistance (MIR) by AMF is often
dependent on a functional jasmonic acid (JA) signaling pathway (28, 29).
For plant research, one of the great challenges in agricultural production is to
safeguard

crops

understanding

of

from

pathogen

the

molecular

infection.

Therefore,

mechanisms

enhancing

governing

our

plant-microbe

interactions can provide a tool to engineer crops with both durable resistance
against pathogens and increased yields.

1.4 Plant immune system
Plants are subject to attack by a wide range of microbial pathogens (viruses,
bacteria, and fungi), nematodes, insects and herbivores during their lifetime. In
the absence of specialized mobile immune cells and an adaptive immune
system, plants require an immediate and sophisticated defense response to
ensure survival. Consequently, plants have evolved a multi-layered defense
system to enable them to maintain a broad-spectrum resistance against most
invaders.

These

defense

mechanisms

are

called

non‐host

resistance

mechanisms that consist of two distinct aspects of plant-microbe interactions:
constitutive (physical and chemical barriers to pathogen) and inducible (nonspecific elicited) defenses (Figure1.2).
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Plant immunity

Constitutive
defenses

Physical
barriers

Chemical
barriers

Inducible
defenses

PAMP/MAMP
triggered
immunity

Effector
triggered
immunity

Figure 1.2: Scheme of plant immunity composing constitutive and inducible
defenses. Constitutive defense is the frontline of the plant immune system that
consists of physical barriers (structural components such as the cuticles, cell
walls, spines, trichomes etc.) and chemical barriers (antimicrobial compounds
such as phytoanticipins and phytoalexins). Successful pathogens mediate
inducible responses with two layers of the immune system called PTI and ETI.
1.4.1 Constitutive defense
For a pathogen to cause disease in a plant host, it must overcome the frontline of
the plant defense system that consists of physical and chemical barriers. The
physical barriers are structural components that are often found on the plant
surface that prevents both pathogen entrance as well as herbivore feeding (43).
The epidermal cells of the aerial parts of the plant are often covered in a waxy
cuticle, which is composed of pectin, a cutinized and a wax layer. The
hydrophobic nature of the cuticle prevents the retention of water on plant

23
surfaces and makes it inhospitable to microbes (44). However, a few pathogens
are able to penetrate the cuticle by degrading the cuticle enzymatically. For
instance, cutinases that are secreted by Fusarium solani

hydrolyze cutin

polyester (45). A rigid cell wall is an excellent structural barrier and plant support
that consists mainly of cellulose as a complex polysaccharide and cross-linking
glycans and pectins and in certain cases lignin. Soft-rot pathogens have
specialized enzymes that are known to target and digest pectins causing brown
and “mushy” appearance in fruits and vegetables (46). Other physical barriers
include spines, thorns, trichomes and thick bark that hinder small arthropods in
their mobility (47).
Plants also secrete different chemical compounds that affect the invaders and
prevent or reduce the infection. Antimicrobial compounds are classified into
phytoanticipins, which are stored constitutively in plant tissue and become toxic
upon pathogen invasion, and phytoalexins, which are de novo synthesized in
response to pathogen perception. Examples of phytochemicals include low
molecular weight secondary metabolites such as saponins, alkaloids, terpenoids,
phenolics, glucosinolates. etc,. (48). In A.thaliana, camalexin, an indole derivative
produced in response to the bacterium P. syringae, represents one of the beststudied phytoalexins that has antimicrobial properties. In addition, plants produce
defensive proteins and enzymes such as defensins, ricin, lectins, chitinases etc.,
that inhibit fungi, bacteria, nematodes and herbivores (48).
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1.4.2 Inducible defense
Once pathogens overcome the physical and chemical barriers, the two-layers of
the plant immune system are activated to counter-attack pathogen invasion. The
first layer of defense of plant immune system is termed PAMP-Triggered
Immunity (49), which is based on the perception of Pathogen-Associated
Molecular Patterns (PAMPs) by Pattern Recognition Receptors (PRRs) (50)
(Figure1.3 A). However, some well-adapted pathogens secrete effector proteins
into the host to suppress PTI signaling responses, thereby, promoting pathogen
growth and virulence and this phenomenon is referred to as Effector-Triggered
Susceptibility (ETS) (Figure1.3 B) (9, 51). Plants, in response, have co-evolved
specific intracellular resistance (R) protein receptors to recognize specific
pathogen avirulence (Avr) effector proteins that activate the second layer of plant
defense that is intense and highly robust and is termed Effector-Triggered
Immunity (ETI) (Figure1.3 C) (52-60).

Figure 1.3: Simplified schematic representation of the plant immune system. Upon
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pathogen attack, pathogen-associated molecular patterns (PAMPs) activate
pattern-recognition receptors (PRRs) in the host, resulting in a downstream
signaling cascade that leads to PAMP-triggered immunity (49). (b) Virulent
pathogens deliver effectors (purple stars) that suppress PTI, resulting in effectortriggered susceptibility (ETS). (c) In turn, plants have acquired resistance (R)
proteins that recognize these attacker-specific effectors, resulting in a secondary
immune response called effector-triggered immunity (ETI). The figure was
obtained from (61).

1.4.3 Pathogen recognition

1.4.3.1 Extracellular Recognition by pattern recognition receptors
Recognition of pathogens is the first line of a multilayered defense system in
plants. Successful recognition is one of the critical aspects of plant immunity as it
paves the way for defense initiation. Pattern Recognition Receptors (PRRs) at
the cell surface to detect elicitors called Pathogen/Microbe-Associated Molecular
Patterns (PAMPs) or Damage-Associated Molecular Patterns (DAMPs) and
activate PTI (50).
PAMPs: The exogenous elicitors PAMPs or MAMPs, depending on the nature
of the microbes, are structural components of bacteria, fungi, viruses or
biosynthetic molecules (nucleic acids) that are highly conserved with signature
characteristic of a whole class of microbes (62). Bacterial flagellin is one of the
best-characterized epitope that is widely used to study PTI in tomato (Solanum
lycopersicum) and A.thaliana. The stretch of 22-amino-acids (referred to as flg22)
located close to the N - terminus of flagellin is evolutionarily conserved in many
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bacterial species and this synthetic peptide is sufficient to trigger local and
systemic resistance (63, 64). Although flg22 is detected by higher plant species,
some pathogens evade recognition by PRR through mutation of key residues
(50). Other well-known examples of PAMPs that activate similar cellular
responses in A. thaliana are elf18 or elf26 (a conserved N-terminal portion of the
elongation factor Tu), peptidoglycans (PGNs, components of bacterial cell walls),
chitin, glucan and mannoprotein fragments (major components of fungal cell
walls) (64-67). In addition to microbial molecules, which are recognized as nonself signals, endogenous elicitors that are plant-derived molecules released
from the degradation of plant cell walls and cuticles by pathogen attack or
wounding by insects are termed damage-associated molecular patterns
(DAMPs). Recognition of DAMPs, such as Oligogalacturonides (OG) and cutin
by receptors on plant cells also initiate responses similar to PTI responses (50,
64, 68, 69).
PRRs: Plants rely mainly on PRRs that consist of receptor like kinases
(RLKs) and receptor-like proteins (RLPs) to perceive extracellular signal
molecules and regulate growth, development, stress adaption and disease
resistance (64, 70-72)). RLKs contain an extracellular domain (e.g. leucine-rich
repeats (LRRs), LysM) which is required for the perception of PAMP, a
transmembrane, and an intracellular kinase domain which modulates signal
transduction through mitogen activated protein kinase (MAPK) cascades (57).
On the other hand, RLPs lack a kinase domain and therefore need a protein
kinase to initiate downstream signaling (73). Both RLKs and RLPs have
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extracellular domains, an example of Arabidopsis PRRs are FLAGELLIN
SENSING2 (FLS2) and ELONGATION FACTOR-TU (EF-Tu) that directly bind to
the bacterial flagellin epitope flg22 and elf18 respectively (69, 74, 75), ELICITOR
RECEPTOR KINASE1 (CERK1) and LysM-RK LYSINE MOTIF RECEPTOR
KINASE5 (LYK5) recognize the fungal chitin epitope (76). Likewise, the LRRRKs, PEP receptor 1 and 2 (PEPR1 and PEPR2) were identified as DAMP
receptors that recognize the elicitor AtPep1 (77). However, the bestcharacterized PAMP perception system in plants is the recognition of flg22
peptide by the receptor like kinase FLS2 (64, 78). Orthologs of FLS2 are
common among higher plants that perceive flg22 in tomato, tobacco Nicotiana
benthamiana (N.benthamiana), and rice (79). Following ligand binding, the
activated FLS2 induces immediate recruitment of another RLK, BRI1-associated
kinase (BAK1) and related SERKs that acts as the co-receptor of FLS2. The
heteromeric PRR complex further associates with other receptor-like kinases
such as Botrytis-Induced Kinase 1 (BIK1) and related PBL (PBS1-like) in
intercellular signaling (69, 80-83). The Flg22-induced FLS2‐BAK1 association
leads to BAK1 activation and phosphorylation of BIK1, and then the activated
BIK1 dissociates from the receptor complex to initiate signaling transduction. The
activation of receptor complex leads to the activation of Ca2+ flux through
Ca2+ channel, ROS production. Phosphorylation of RBOHD to produce hydrogen
peroxide (H2O2) in the apoplast is either BIK1-dependent or Ca+-dependent
(Figure 1.3) (84-86).
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Figure 1.4: A model of early events triggered by flg22 perception. Ligand binding
induces the PRR complex formation, phosphorylation of BIK1 and
transphosphorylation of FLS2 and BAK1. Phosphorylation of RBOHD by BIK1
and CPK5 induces the production of ROS. The figure was originally published in
(87).
1.4.3.2 Intracellular Effector Recognition
In a second layer of the plant immune system, ETI, which is characterized
genetically as the gene-for-gene model (88), pathogens have evolved avirulence
(Avr) genes to code for specific effector proteins that are secreted to suppress
PTI and cause severe disease (figure1.6). According to the zig-zag model, the
molecular interaction of pathogens and their hosts is a continuous evolutionary
arms race in which the microbial infection occurs only when the avirulence gene
in the pathogen and/or of the R gene in the plant cell is absent leading to plant
susceptibility. Pathogens can avoid ETI by either loss or modification of the
recognized protein effectors, or by developing new effectors that can suppress
plant immunity (57).
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Effectors: Individual Pseudomonas pathogen strains encode approximately 2040 effectors that are secreted into the apoplast or directly into the plant
cytoplasm by a dedicated needle-like structure, the type-III secretion system
(T3SS) (36, 89). A mutant of Pst DC3000 defective in the T3SS machinery is PSt
DC3000 hrcC- and is considered a non-virulent variant of P. syringae (90, 91).
The pathogen derived effector proteins interfere with plant immunity by their
actions on host targets including signaling proteins, transcriptional regulators and
metabolic enzymes, which are involved in plant immunity (92-94).
NLRs: A number of distinct plant resistance proteins (R) have been identified
based upon protein domain structure and biochemical function (57, 95). The
largest class is the intracellular nucleotide-binding site (NB) and leucine rich
repeat (LRR) receptor proteins (NB-LRR), which are homologous to animal NODlike receptors (NLRs) (96, 97). NLRs can be subdivided into two classes based
on their variable N‐terminal domains: toll/interleukin1 receptor NLRs (TNLs) class
and coiled‐coil (CC) NLRs (CNLs) class (96, 98). NB-LRR proteins recognize
and respond to different effector molecules from bacteria, oomycetes, fungi,
nematodes and viruses (99). The mechanism of effector recognition by plant
NLRs is either direct or indirect (Figure 1.5). Examples of the direct recognition
are the physical binding of the Arabidopsis TNL protein resistant to P. parasitica
1 (RPP1) which recognizes the effector Atr1 and the Arabidopsis TNL protein
resistant to Ralstonia solanacearum 1 (RRS1) that recognizes the bacterial
effector protein PopP2 (100). Plants mostly recognize the presence of pathogen
effectors indirectly by monitoring their impact on host targets via an accessory
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proteins referred to as guardees or decoys that are part of an NB-LRR protein
complex (101).

Figure 1.5: Models of direct and indirect recognition of pathogen effectors by plant
immune receptors. In a resistant host, pathogen effectors can be recognized by
intracellular plant nucleotide-binding leucine-rich repeat (NLR) receptors directly
(a) or indirectly (b and c). Direct recognition occurs when a pathogen effector (in
green) is directly sensed by a NLR receptor (blue, orange and purple) (a). In the
guard/decoy model, NLRs recognize modifications on guard or decoy accessory
proteins (in red) introduced by effectors (b) while bait model resulted from the
interaction of an effector with an accessory protein that mediates direct
recognition by the NB-LRR receptor (c). The figure was adopted from (53).

For example, the Arabidopsis protein RPM1-INTERACTING PROTEIN-4 (RIN4)
constitutively associates with the NB-LRR proteins RESISTANCE TO P.
SYRINGAE PV MACULICOLA-1 (RPM1) and RESISTANT TO P. SYRINGAE-2
(RPS2), which are targeted by multiple bacterial effectors including AvrRpm1,
AvrB and AvrRpt2 (102, 103). In the presence of AvrRpm1 or AvrB effectors,
RPM1-INDUCED PROTEIN KINASE (RIPK) phosphorylates RIN4 leading to
activation of the RPM1 intracellular receptor, while the RPS2 immune receptor
senses the degradation of RIN4 induced by the protease AvrRpt2 (55, 104, 105).
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1.4.4 Defense responses downstream of pathogen recognition
The interaction between PRRs and PAMPs triggers PAMP-triggered immunity
(49), which initiates several downstream molecular responses including: early
responses (within seconds to minutes) such as ion fluxes (106), generation of
reactive oxygen species (ROS), nitric oxide (NO) (107)), and phosphatidic acid
(PA). Intermediate responses (between minutes to hours) e.g. activation MAPKs
and CDPKs (108, 109), biosynthesis of stress related hormones such as
ethylene (ET), jasmonic acid (JA) and salicylic acid (SA) (110, 111), and late
responses (hours to days) e.g. transcriptional re-programming of defense-related
genes (112), callose deposition (113) and production of antimicrobial compounds
including phytoalexins, and defense- related proteins/peptides (108, 114-116),
stomatal closure (117, 118), hypersensitive response (HR) (53) (Figure 1.6).
Generally, PTI and ETI give rise to a similar set of downstream defense
2+
responses such as responses to Ca , activation of MAP kinase (MAPK)
cascades, transcriptional reprogramming, ROS production, and the secretion of
antimicrobial compounds. However, ETI generally displays an amplified and
more robust immune response which suggests that PTI and ETI regulate the
same signaling components whereas the dynamics and strength of the activation
are different (119).
ETI is often accompanied by localized cell death called the hypersensitive
response (HR) at the site of attempted infection in accordance with ROS
production and ion fluxes, as well as transcriptional reprogramming of defense
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genes (57, 75). After HR response, the phytohormone salicylic acid is produced
in the tissue surrounding the HR site which acts a mobile signal causing systemic
acquired resistance (SAR) (Figure1.6) (120) .

Figure 1.6: A model of PTI and ETI signaling. The recognition of
PAMP/MAMP/DAMP by pattern recognition receptors PRR complex induces PTI
signaling that involves increased Ca influx, oxidative burst, PA production, CDPK
and MAPK activation. MAPK modules subsequently phosphorylate targets to
induce transcriptional reprogramming that triggers callose deposition, stomatal
closure and secretion of antimicrobial compounds. Successful pathogens deliver
effectors to breach this first line of defense, either by preventing detection of their
PAMP by the host or by suppressing PTI signaling. The R proteins of plants
detect the effectors leading to a stronger immune response termed ETI that
involves transcriptional reprogramming, programmed cell death and increase in
the levels of SA, JA and ET hormones.
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1.4.4.1 Calcium influx
One of the earliest responses of PAMP/MAMP/DAMP perception is a rapid
elevation in the intracellular Ca2+ concentration due to free Ca2+ influx into cytosol
from the external medium and from subcellular compartments where the
concentration of Ca2+ is high compared to the cytosol resulting in the alkalization
of the extracellular milieu (64, 121, 122). In addition to Ca2+, the Arabidopsis H+ATPases (AHA1 and AHA2) were found to be dephosphorylated leading to their
down-regulation in response to flg22 treatment, which suggests that they are
involved in extracellular alkalization (123, 124). The increased Ca2+ levels are
subsequently sensed by Ca2+-binding proteins with EF hand motifs for
Ca2+ binding such as calmodulin (CaM) and CaM-like protein (CaML), calcineurin
B-like protein (CBL), and calcium-dependent protein kinases (CDPKs). The
function of these Ca2+ signal sensors is to interpret and convert the Ca2+ signals
into specific physiological responses to cope with pathogen attacks (125, 126).
Moreover, the two PRRs, BIK1 and PBL1, were found to increase calcium influx,
probably by regulating the calcium channel (Figure 1.6) (127). The Ca2+ ion
plays a pivotal role, as a mediator, in regulating several defense responses,
comprising reactive oxygen species (ROS) and nitric oxide (NO) production,
salicylic acid control and the expression of PR genes (128-130). Moreover, an
elevated level of extracellular Ca2+ triggers H2O2 and NO accumulation in guard
cells, which stimulates stomatal closure (131).
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1.4.4.2 Oxidative burst and Nitrosative burst
Transient burst of reactive oxygen species (ROS), referred to as oxidative burst,
is one of the physiological changes following PRR activation starting only a few
minutes after PAMP perception (132). ROS are continuously produced as
unavoidable toxic by-products of aerobic metabolism, but also function as
signaling molecules to control a variety of biological processes including biotic
and abiotic stress signaling, plant growth and development (107, 133). ROS also
play an essential role in plant immunity as they act as antimicrobial compounds,
cross linkers of glycoproteins in cell wall, as well as local and systemic secondary
messengers to induce additional defense responses, such as transcriptional
reprogramming, stomatal closure and cell death (107, 134-137). The primary
ROS production occurs in the apoplast and is mediated by plasma membranelocalized nicotinamide adenine dinucleotide phosphate (NADPH) oxidases also
called respiratory burst oxidase homologs (RBOHs). These oxidases transfer
electrons from cytosolic NADPH or NADH to apoplastic oxygen, to form
superoxide (O2–), which is then converted to hydrogen peroxide (H2O2) by
superoxide dismutase (Figure 1.6) (134, 138). Among the ten members of
RBOHs in Arabidopsis plant, RbohD and to a lesser extent, RbohF were found
to mediate the production of apoplastic ROS during defense responses (139142). RBOHD is mainly regulated by Ca2+ ions via direct binding to EF-hand
motifs in their N-terminal regions and phosphorylation by Ca2+-dependent protein
kinases (CDPKs) (87, 143-146). Among these CDPKs, CPK5 phosphorylates
Ser148, Ser163 and Ser347 at the N terminus of RBOHD (147). In addition, the
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PRR, BIK1, phosphorylates the residues Ser39, Ser339, Ser343 and Ser347
within the N-terminal of RBOHD independently of Ca2+, and this action is
important for PAMP-dependent stomatal closure and immunity towards weakly
virulent bacteria. The dual regulation of RbohD suggests that BIK1-dependent
phosphorylation of RbohD happens first but is not sufficient for the activation of
RBOHD (87, 148), and the ROS produced further increases the intracellular
calcium concentration and activates CPK5 (Figure1.6) (147).
Ca2+ sensors and downstream targets of the Ca2+ signal mediate PAMP-induced
NO synthesis (149). NO was proposed to function as a regulating agent during
plant defense by acting as a partner with ROS to fully induce the hypersensitive
response (HR) (150, 151).
1.4.4.3 Phosphatidic acid (PA) production
Among a variety of molecular factors of the plant immune system, phospholipids
(e.g. phosphatidic acid (PA) and phosphatidylinositol 4-phosphate (PI4P) and
their metabolizing enzymes phospholipase D (152), phospholipase C (PLC),
diacylglycerol kinase (DGK), and phosphatidylinositol-4- kinases (PI4Ks) mediate
defense signaling during both PTI and ETI (153-157). PA, a universal lipidsignaling molecule, is involved in regulating several cellular processes such as
lipid metabolism, signal transduction, cytoskeletal dynamics, and vesicular
trafficking. Both PA and the related enzyme PLD, participate in PTI and the
downstream signaling during defense response (figure 1.6). PA-PLD was
implicated to increase ROS production by activating the NADPH oxidase RbohD,
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which results in hormone elevation (52, 152) (Figure1.6). In addition, PLDs and
PA are found to interact and activate various proteins in hormone and stress
signaling including MPK6. Depending on the types of pathogens and specific
PLDs involved, PLDs can play positive and/or negative roles in plant defense
(158).
1.4.4.4 Activation of Protein kinases
Another intermediate response after PAMP treatment is the activation of two
central signaling modules: calcium-dependent protein kinases (CDPKs) and
mitogen-activated protein kinases (MAPKs) that transduce early PTI signals as
well as recognition of effectors into multiple intracellular defense responses
including PTI induced transcriptional reprogramming (Figure 1.6) (159). Both
MAPKs

and

CDPKs,

phosphorylate

and

act

either

synergistically

or

independently in regulating PAMP-induced genes (160).
Activation of MAPKs: In Arabidopsis, perception of PAMPs rapidly activates
MAP kinase cascades that are composed of hierarchically ordered protein
kinases that are activated by sequential phosphorylation. In general, at least four
immune MAPKs, MPK3, MPK4, MPK6 and MPK11 are activated within few
minutes after flg22 perception (86, 161, 162). Although the link between
activation of the ligand-induced receptor complex formation and the MAPK
cascades remains to be elucidated, the role of MAPKs in immunity after PAMP
perception is believed to contribute to the transcriptional reprogramming that
happens during PTI (74, 162). The activation of MAPKs in turn leads to the
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activation of transcription factors such as WRKYs and Ethylene Response
Factors (ERFs), and other signaling components leading to biosynthesis of stress
hormones, ROS signaling, stomatal closure, activation of defense genes,
phytoalexin biosynthesis and HR cell death (162-164). According to a
comparative transcriptome study on Arabidopsis mpk3, mpk4, and mpk6
mutants, the three MAPKs have redundant functions in PTI signaling. The data
shows approximately 68% of the flg22-downregulated genes and 36% of the
flg22-upregulated genes were altered in at least one of the mpk mutants (165).
Activation of CDPKs: The calcium sensing protein kinase, CDPK, is one of the
serine/threonine protein kinases that act as central regulators of Ca2+-mediated
immune and stress responses. They also play essential roles in regulating
growth and development, stress responses and hormone signaling in plants
(166-168). Besides calcium signal, CDPKs can also be regulated by other
molecules such as 14-3-3 proteins, phospholipids and reversible phosphorylation
and/or autophosphorylation (169-173). Functional studies of several CDPKs
display the role of these kinases in plant immunity as they were found to be
activated between 5 to 30 min upon bacterial flagellin perception and
subsequently play a role in flg22-mediated ROS production, defense gene
expression, and resistance to the bacterial pathogen P. syringae (144, 174). For
example, CPK4, CPK5, CPK6, and CPK11 are able to phosphorylate AtRBOHD
and AtRBOHF in the generation of reactive oxygen species (figure 1.4) (144).
Moreover, Arabidopsis CPK3 and CPK13 are positive regulators of the
expression of the Plant Defensin 1.2 (PDF1.2) gene in response to wounding by
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the caterpillar Sodoptera littoralis (175). AtCPK28, on the other hand negatively
regulates PTI signaling by modulating the BIK1 protein levels via phosphorylation
(127).
1.4.4.5 Transcriptional Reprogramming
A major consequence of both PTI and ETI is a rapid, dynamic, and global
transcriptional reprogramming of plant genes that are involved in a variety of
biological functions (176). While genes related to defense responses are induced
as a result of pathogen infection, genes related to photosynthetic processes are
significantly suppressed (177). Current studies have advanced our understanding
of transcriptional reprogramming in regulating host defense responses and
unravel the roles of some pathway-specific transcription factors (TFs) that link
pathogen perception to gene activation (176). The transcriptomic studies on
Arabidopsis after 30 minutes of flg22 or elf26 treatment indicated approximately
1000 genes to be up-regulated, and roughly 200 genes to be down-regulated
(64, 178). The Up-regulated genes can be classified as genes involved in signal
perception

including

RLKs,

signal

transduction

including

kinases

and

phosphatases, transcription regulators including TFs and a small subset of genes
potentially involved in synthesis of pathogenesis-related (PR) proteins and
antimicrobial compounds (114, 179-181). A recent genome-wide expression
profiling, following virulent Pst DC3000 and the nonpathogenic mutant strain Pst
DC3000 hrpA with high-temporal resolution, indicated that the majority of genes
contributing to disease or defense are induced within 6 h post-infection,
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approximately 4 h after effector delivery and prior to bacterial growth. Due to the
capacity of Pst DC3000 to deliver effectors into the host plant, the transcriptional
dynamics associated with PTI and ETS were expectantly different (177). Several
studies report the contributions of transcription factors (182-185), mediator
subunits (186) as well as chromatin remodelers/modifiers and chromatin
modifications (187-190) to plant immunity. For example, histone deacetylase
(HD2B), a histone modifying enzyme, is directly phosphorylated by MPK3 to
regulate defense gene expression by altering HD2B nuclear distribution and
modulating H3K9ac histone mark levels (49). Expression of transcription factors
is regulated either transcriptionally or post transcriptionally, and their activities
are controlled at multiple levels such as targeted ubiquitination, changed
subcellular localization and phosphorylation status (191, 192). Specific
transcription factors directly or indirectly phosphorylated by MAPKs or acting
downstream of Ca2+ signaling have been found to be involved in regulating
PAMP-responsive gene expression (179, 193, 194). For example, the
Arabidopsis WRKY22 and WRKY29 that are induced by flg22 are positive
regulators of immunity downstream of MPK3 and MPK6, whereas WRKY18,
WRKY40 and WRKY60 that are induced by Pst DC3000 infection act
redundantly as negative modulators of plant defenses (195-197). The major
phytoalexin, camalexin derived from tryptophan in Arabidopsis, is induced by
PAMPs and contributes to defense responses in Arabidopsis (198). Another
group of tryptophan-derived secondary metabolites called indole-glucosinolates
(IGS) also function as defense components against both bacteria and fungi and
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are essential for flg22-induced callose deposition (199-201). The modulation of
transcription machinery after PAMPs treatment also results in rapid induction of
PAMP-responsive genes by phosphorylation of C-terminal domain of RNA
polymerase II by cyclin-dependent kinase (CDKCs) which are phosphorylated
and activated by MPK3 and MPK6 (202).
1.4.4.6 Callose deposition
Callose is a plant polysaccharide made up of 1,3-glucan polymer that
strengthens weak or compromised sections of plant cell walls (56, 64). Upon
pathogen infection, callose is deposited at the site of attempted penetration
forming an effective chemical and physical defense barrier for pathogen invasion
known as Papillae (203, 204). Various PAMPs/MAMPs or DAMPs, including
flg22, elf18, chitin, PGN and OGs have been shown to induce callose deposits in
roots, leaves or cotyledons of Arabidopsis. Callose deposition is a rather complex
defense response that is influenced at multiple levels and regulated by different
signaling pathways. Recent studies on different signaling mutants indicated that
ROS production by RBOHD as well as ethylene signaling by ethylene response 1
(ETR1) or ethylene insensitive 2 (EIN2), and biosynthesis of 4-methoxylated
indole glucosinolate are positive regulators of flg22- and OG-induced callose
deposition (199, 200, 205, 206). POWDERY MILDEW RESISTANT 4 (PMR4)
encodes a callose synthase that is required for flg22-induced callose deposition.
Mutation of PMR4 abolishes flg22-induced callose deposition, but, unpredictably
enhances the resistance to Pst DC3000 which could be explained by the
constitutive up-regulation of genes that mediate SA biosynthesis and signaling in
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the pmr4 mutants (207-210). On the other hand, pmr4 mutant was found to be
more susceptible to Pst DC3000 hrcC- that cannot deliver effectors into the host
suggesting a role for callose in PTI (208).
1.4.4.7 Stomata closure
Stomata are natural openings formed by two guard cells on the leaf surface for
gas exchange and water transpiration that also provide a perfect entry point for
potential pathogens to enter the apoplasts. Therefore, stomatal closure is a
typical response of PTI that starts within minutes after PAMPs perception and is
regulated during pathogen infections (117, 211). For instance, the PAMP-induced
stomatal closure in Arabidopsis is regulated by early signaling molecules
including NO and ROS, ET and oxylipin molecules (117, 118, 212). However, the
plant bacteria Pst DC3000 secretes a phytotoxin called coronatine that reopens
stomata and promotes bacterial invasion (213, 214). Interestingly, fls2 mutants
infected with Pst DC3000 COR-deficient strain demonstrated that FLS2 plays a
major role in stomata-mediated defense responses and that stomata contribute
to antibacterial immunity (214). Moreover, treatment of PAMPs, such as chitin
and flg22, induce the closure of plasmodesmata, which are cytoplasmic channels
that connect adjacent cells across the cell walls for molecular exchanges, by
mediating plasmodesmata callose deposition in Arabidopsis (215).
1.4.4.8 Hypersensitive response (HR)
One of the major events that occurs following the recognition of effectors is
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hypersensitive response (HR). HR is induced and mediated by oxidative burst in
accordance with ion fluxes, as well as transcriptional reprogramming of defense
genes that facilitate localized programmed cell death (PCD) (57, 75). Effective
HR at the site of attempted infection restricts the growth of biotrophic invaders
whose life cycles depend on live host cells. Despite the role of HR in increasing
the host resistance to biotrophic pathogens, it promotes susceptibility to
necrotrophic pathogens (216). Once HR is triggered, another layer of plant
defense is activated by the production of phytohormone salicylic acid in the
tissue surrounding the HR site resulting in systemic acquired resistance (SAR)
(120).
1.4.5 Role of Salicylic acid, Jasmonic acid and Ethylene in plant immunity
Salicylic acid, Jasmonic acid, and Ethylene are the best-characterized
phytohormones implicated in downstream signaling of both PTI and ETI and play
pivotal roles in plant defense to microbial pathogens, insect herbivores and
beneficial microbes (Figure1.6) (217-219). The hormonal integration of the
defense response can differ quite remarkably depending on the lifestyle of the
invading pathogen. For example, SA mediates resistance towards biotrophic and
hemibiotrophic pathogens while JA or ET mediate responses against
necrotrophic pathogens and herbivorous insects (31). Upon flg22 treatment of
Arabidopsis, SA production starts between 3 to 6 h and reaches a peak at 9h
(220) while ET production begins around 1 h and peaks around 4h. On the
contrarily, no significant induction of JA production was observed in Arabidopsis
after flg22 treatment (221) but JA induction was elicited by another PAMP PEP-
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13 in potato (Solanum tuberosum) (222). Increased accumulation of diverse
phytohormones is a common plant response to infection and generally relies on
positive and negative regulators (223). Ultimately, the produced phytohormones
are sensed by different receptors and trigger different signaling and immune
responses. In response to pathogens, the three phytohormones activate distinct
sets of genes involved in defense signaling (31). For instance, Arabidopsis
DELAYED DEHISCENCE 2 (DDE2) and EIN2 are essential components of the
JA and ET signaling respectively, whereas SA-induction-deficient 2 (SID2) and
ARABIDOPSIS PHYTOALEXIN DEFICIENT 4 (PAD4) are involved in SA
signaling. Tsuda et al. quantified immunity triggered by PAMPs and effectors by
Pst DC3000 strains in Arabidopsis dde2/ein2/pad4/sid2-quadruple mutant, and
revealed the synergistic relationships among JA, ET and SA signaling that can
positively contribute to immunity against biotrophic and necrotrophic pathogens
(224). The plant defense system is highly regulated by a complex network of
hormone crosstalk between SA, JA and ET as well as growth regulators in
mediating the trade-off between growth and defense in plants (61, 223). These
hormones have been shown to be antagonistic to one another, although they
may act synergistically in some circumstances (Figure 1.7) (218, 223, 225-229).
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Figure 1.7: Schematic representation of the SA, JA and ET signaling pathways that
shows antagonistic or synergistic crosstalk among phytohormones following
pathogen infection. SA accumulates in response to biotrophic and hemibiotrophic
pathogens, and acts together with nuclear NPR1 monomers. Activated NPR1
interacts with TGA transcription factors to promote transcription of SA-responsive
genes such as PR1. In response to necrotrophic pathogens, the active form of
JA, JA-Ile is perceived by COI1 that mediates JAZ protein degradation, thereby
activating the transcription of JA-responsive genes such as VSP2 through the
MYC2 transcription factor. On the other hand, ET depends on EIN2 as a positive
regulator of ET signaling. The combined ET and JA pathways can activate two
transcription factors ERF1 and ORA59 and promote transcription of JA/ET‐
responsive genes such as PDF1.2 (61).

SA: SA, a phenolic hormone, is synthesized in chloroplast and exported to the
cytosol by Arabidopsis ENHANCED DISEASE SUSCEPTIBILITY5 (EDS5)
transporter (230). SA accumulation represents an early signaling event during
both PTI and ETI and is crucial for induction of defense responses (231). After
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being perceived by a receptor complex containing NPR proteins such as
transcription co-activator Non-expresser of PR genes 1 (NPR1), SA signaling
results in the activation of a large set of defense-related genes such as
Pathogenesis-Related (PR) genes and anti-microbial proteins (114, 191, 232).
PR-1, for example, is often used as a robust marker for SA-responsive gene
expression (figure 1.6) (191). In addition to PR genes, many WRKY transcription
factors act as activators or repressors of SA responses (233). The accumulation
of both SA and PR proteins in an infected cell results in signals that spread
across the rest of the plant that is known as systemic acquired resistance (SAR).
Activation of SAR induces resistance that mounts long-lasting protection against
a broad range of pathogens (234-237). SA itself is not the mobile signal for SAR,
which suggests that multiple signals may be involved in systemic resistance such
as methylated salicylic acid, glycerol-3-phosphate and dehydroabietinal (238240).
JA and ET: In response to infection by necrotrophic pathogens, the fatty acid
derivate JA and the gaseous hormone ET are seen as important mediators of
downstream signaling (217). JA and ET signaling and biosynthesis mutants show
increased susceptibility to mostly necrotrophic fungal pathogens, which underline
the importance of JA and ET signaling in plant immunity (114, 241). JA and its
active

derivate

JA-Isoleucine

(JA-Ile)

are

perceived

by

CORONATINE

INSENSITIVE1 (COI1) co-receptor that triggers the degradation of the repressor
proteins, Jasmonate ZIM domain (JAZ) which consequently, releases the
transcription activators MYC2 and its homolgs to regulate JA-mediated
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transcription including defensins, proteins with antimicrobial and enzyme
inhibitory functions (figure 1.6) (242-245).
On the other hand, ET is involved in regulation of growth, senescence and stress
responses (246). MAPK signaling stimulates production of ET by activating ACC
synthases (ACS), which catalyzes the rate‐limiting step in ET biosynthesis (247).
The ET produced is sensed by AtETR1 receptor that activates AtEIN2, which in
turn stabilizes transcription regulators, AtEIN3 and AtEIL1 (EIN3‐LIKE1), thereby
inducing

expression

AtERF1 and AtORA59

of

ethylene‐responsive

genes

(OCTADECANOID‐RESPONSIVE

(248-250).

ARABIDOPSIS

AP2/ERF5 9) transcription factors regulate the expression of defense genes such
as AtPDF1.2 (figure 1.6) (251, 252). Several studies demonstrate ET to be an
essential component for the regulation of FLS2 receptor complex, flg22-induced
ROS production and callose deposition (253-255). ET plays both antagonistic
and synergistic roles in its interactions with SA signaling, but it is mostly
synergistic to JA signaling (256).
In addition to the three classical hormones, various studies have shown that
other plant hormones including abscisic acid (ABA) (257, 258), auxin (259),
gibberellic acid (227), cytokinin (260, 261) brassinosteroids (262-264) and
several others are also implicated in plant immunity (217, 264, 265).
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1.5 Mitogen activated protein kinases in plants
Protein phosphorylation is a widespread post-translational modification that
regulates protein activity and plays an essential role in plant immunity (123).
Protein kinases are enzymes that catalyze the transfer of a phosphoryl group
from ATP to the hydroxyl group of specific serine (ser), threonine (266) or
tyrosine (267) amino acids in their substrates. Protein phosphatases reverse the
process by removing the phosphoryl group (120, 268). Regulation of protein
activity by either phosphorylation or de-phosphorylation is one of the most
frequent events in cell signaling. The Arabidopsis genome contains over 1000
genes encoding for protein kinases which constitute about 4% of the total genes
compared to 1.7% in human and 2% in yeast (269). Moreover, the expansion of
the protein kinase families in plants is five times higher than that in yeast, and
two to three times higher than in other mammals. The expansion of the protein
kinase family in plants was caused by a high rate of tandem and whole genome
duplications (270-272). Another 200 genes encode for protein phosphatases in
the

Arabidopsis

genome

(30,

273).

Thus,

phosphorylation

and

de-

phosphorylation are the most common post-translational modifications in
eukaryotes, including plants (274, 275).
The major kinase families in Arabidopsis include mitogen-activated protein
kinases (MAPKs), SnF2-related protein kinases (SnRKs) and cyclin-dependent
protein

kinase

(CDKs),

calcium-dependent

protein

kinases

(CDPK),

phospholipid-dependent protein kinases (AGCs), casein kinases (CK2) and
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glycogen synthase kinase (GSK-3) (271, 273). The effect of phosphorylation on
protein kinase substrates results in a change in the conformational structure of
the proteins which in turn alters their enzymatic activity, subcellular localization,
protein stability or interaction with other biomolecules (RNA, DNA, protein, etc.)
(276).
Among all protein kinases, mitogen activated protein kinases (MAPKs) play a
central role in signal transduction in all eukaryotes by connecting upstream
receptors with their corresponding downstream targets. MAPK signaling pathway
is evolutionarily highly conserved among eukaryotes including mammals, yeast
and plants (277). The function and regulation of the MAPK pathway was first
reported in yeast (Saccharomyces cerevisiae) which has five independent MAPK
cascades that regulate mating, cell wall integrity, spore formation, invasive
growth and osmolarity (278, 279). Four MAPK cascades have been well-defined
in mammalian cells: two extracellular signal-related kinases ERK-1/2, c-Jun Nterminal kinases JNK1-3, ERK5 and p38 proteins (163). MAPK pathways are
regulated by three-interlinked protein kinases (MAPKKK, MAPKK, MAPK), which
are sequentially activated by phosphorylation. The plant MAPKKK genes are
divided into three subfamilies: MEKK, Raf and ZIK while MAPKK and MAPK
genes are each classified into four distinct groups (A to D) based on phylogenetic
analysis and classified further into two subtypes: TEY subtype (comprising of A,
B, C) and TDY subtype (represented by D). MAPKKKs are activated by physical
interaction or phosphorylation with upstream components, which in turn
phosphorylate two serine/threonine resides in specific motifs in MAPKK

49
activation loops, S/T-X3-5 S/T. MAPKKs are dual-specificity kinases that activate
MAPK. MAPK is activated by the phosphorylation of threonine and tyrosine in the
TXY motif in the activation loop between the catalytic subdomains VII and VIII.
Consequently, MAPKs translocate to the nucleus to phosphorylate and thereby
activate nuclear targets such as transcription factors and nuclear proteins.
MAPKs might also remain in the cytoplasm and phosphorylate enzymes (protein
kinases, phosphatases, phospholipases) or cytoskeleton components, which
leads to different cellular responses (74, 280, 281).
MAP Kinases are proline-directed protein kinases that share a similar threedimensional structure and conserved phosphorylation function (281, 282). The
crystal structure of MAPKs has a 3-dimensional bi-lobed structure with an Nterminal lobe, which acts as ATP binding pocket and a C-terminal lobe with an
activation site that binds the substrate (283). The substrate proteins associate
with the corresponding MAPKs and achieve specificity. This permits high signal
transduction integrity and efficiency, thereby directing the pathway to specific
substrates (284, 285). Beside the kinase activity, MEKK1 interacts with both
MKK1/2 in planta as well as MPK4 by yeast-two hybrid assay suggesting a
structural role of MEKK1 as a plant MAPK scaffold Protein (286). Further
specificity of MAPKs depends on the presence of specific MAPK docking sites,
CD domain in the C-terminal region for MAPKKs, MAPK phosphatases and
substrates, that are required for selective recognition and binding to D-sites on
the substrates, thus stabilize MAPK-substrate interaction (287-290).
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MAPKs regulate several biological processes including cell growth and
development, cell death, cell differentiation, hormone signaling, cell cycle (291),
the adaption of plants toward abiotic stresses (high and low temperature, salinity,
UV irradiation, ROS, wounding, drought, heavy metals and osmatic stress (292)
as well as biotic stresses (162). The Arabidopsis genome has 110 genes
encoding the largest number of putative MAPK pathway members compared to
14 genes in yeast and 34 genes in humans (293). The MAPK pathway family in
Arabidopsis consists of at least 80 MAPKKKs, 10 MAPKKs and 20 MAPKs (120,
282). Based on the number of MAPKKKs, MAPKKs and MAPKs, one can
envisage thousands of possible combinations to form a cascade which increases
the complexity and diversity of MAPK signaling cascades (274).
The two well-understood MAPK cascade modules that mediate signal
transduction from the perception of extracellular signals on the cell surface to
gene expression in the nucleus are described in (Figure 1.8) (294). The FLS2BAK1 and other receptor complexes or their unknown respective interaction
partners trigger two MAPK cascades. The first cascade comprising a yet
unknown MAP3K, MKK4/MKK5 (MAPK kinase) and finally MPK3/MPK6 (MAPK)
(195, 295), and the other cascade involves MEKK1, MKK1/MKK2 ending with
MPK4 and its closely related homologue MPK11 (figure1.5) (295-298).
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Figure 1.8: The two well-understood MAPK cascade modules in plant immunity.
MAPK cascades mediate signal transduction from the perception of PAMP on the
cell surface to gene expression in the nucleus. The two cascades are MEKK1MKK1/2-MPK4 that negatively regulates defense responses whereas MEKK?MKK4/5-MPK3/6 cascade plays a positive role in plant immunity. The figure was
adapted from http://www.pseudomonas-syringae.org/Outreach/EduOutreachVegevaders/EduOutreach-ScienceBehind.html.

The MEKK1-MKK1/2-MPK4 cascade has been reported to positively regulate
plant immunity against necrotrophic fungi while negatively regulating defense
responses against biotrophic pathogens (299, 300). Mutants of this cascade
including mpk4 or mekk1 single mutants or mkk1 mkk2 double mutants show
strong dwarf growth morphology, accumulation of ROS and high levels of
salicylic acid, spontaneous cell death, enhanced pathogenesis-related gene
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expression and are more resistant to pathogens (295, 300, 301). Although
studies have shown that MPK4 is essential for flg22-induced gene transcription,
expression of constitutively active versions of MPK4 negatively affects
Arabidopsis defense responses (165, 269). MAPKs phosphorylate and activate
downstream substrates that are themselves negative regulators of PTI and thus
form a feedback loop providing cellular homeostasis (83, 165).
The activities of MKK4 and MKK5 are partly redundant, adding to the robustness
of the signaling cascade. Single mutants of mpk3 or mpk6 are very similar to wild
type plants, while the combination of both mutations is embryo lethal (302).
Generally, MPK3 and MPK6 have redundant functions during plant defense
responses such as the regulation of camalexin accumulation (303) and ET
production in response to B. cinerea (304). However, accumulating evidence
points to additional independent functions for each of the MAPKs, for example,
MPK6 but not MPK3, is essential for deregulated stress phenotypes (269, 305,
306).
1.5.1 Role of MAPKs in pathogen signaling
The important role of MAPKs in pathogen defense has been well-defined in
different plant systems such as Arabidopsis (280, 307), rice (280, 308), poplar
(280), soybean (309), maize (310, 311), tomato (312-314), canola (315), banana
(316), apple (317), Gossypium raimondii (318), mulberry (319) tobacco (320),
and Brachypodium distachyon (321).
In Arabidopsis, among the 20 putative members of MAPKs, extensive genetic
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and bimolecular studies indicate that MPK3, MPK4, MPK6 are activated within
one to two min after PAMP treatment leading to a peak of activity around ten to
fifteen min and this activation lasts for about an hour. Therefore, they provide a
good readout for immediate immune responses (145, 161, 165, 214, 298). A
fourth MAPK, MPK11, which is a close homolog of MPK4, is also activated upon
pathogen infection but its role in defense needs further investigation (298). The
function of other MPKs in pathogen response remains unknown. In addition,
orthologs of these Arabidopsis MAPKs in other plant species including rice
(MPK3, MPK4, MPK6), tobacco wound-induced protein kinase (WIPK) and SAinduced protein kinase (SIPK) and alfalfa salt stress-inducible MAPK (SIMK),
stress-activated MAPK (SAMK), MMK2 and MMK3 have also been found to be
activated in pathogen stress (162, 292). The function of MPK3 and its substrates
overlap with MPK6 (322). The TEY group of MAPKs includes Arabidopsis MPK3
and MPK6 and is similar to Mammalian ERK members, whereas the TDY group,
represented by MPK4 and MPK11, is unique to plant MAPKs (162). According to
several studies MPK3 and MPK6 function as positive modulators of defense
against pathogens (195). Functional studies of loss-of-function and gain-offunction mutants of Arabidopsis MPK3 and MPK6 reveal the important role of
MPK3 and MPK6 in PTI (323).
The mpk3 mutant revealed a prolonged ROS accumulation whereas no
significant effect on ROS levels was observed in mpk6 mutants (145). The
inactivation of MPK3/6 by the bacterial effector HopAI1 was shown to suppress
ROS accumulation (324). In contrast, two independent lines of overexpressed
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MAPK phosphatase AP2C1, that inactivates MPK3/6 showed similar effects of
flg22-induced ROS levels as observed in WT plants (325). Moreover, loss-offunction mpk3/6 double mutants behaved like wild type plants, suggesting that
the ROS burst and MPK3/MPK6 activation are two independent events. In
contrast, MPK4 negatively regulates flg22-induced ROS production (326).
In the context of stomatal immunity, through guard cell-specific inhibition of
Arabidopsis MPK3 expression, it was shown that MPK3 plays a unique role in the
perception of ABA and hydrogen peroxide in guard cells (327, 328). Moreover,
both MPK3 and MPK6 are required to activate the guard cell lipoxygenase
(LOX1) that catalyzes stomatal closure. It was further shown that MPK3, MPK6
and salicylate are positive regulators in flg22-induced stomatal closure while
MPK9 and MPK12 were required to trigger ABA-mediated stomatal closure
(329).
Additionally, MPK3/6 are important components required for the production of
antimicrobial compounds. Both kinases play a key role in regulating camalexin
production by up-regulating the genes that encode the camalexin biosynthesis
pathway including PAD2, PAD3 and CYP71A13 (323, 330). MKK9, an upstream
activator of MPK3/6, is also involved in camalexin synthesis (331). Regulation of
WRKY33 by MPK3/6 is also required for camalexin biosynthesis by directly
activating the expression of camalexin biosynthesis genes. MPK3/6 also mediate
indole glucosinolate biosynthesis by affecting the accumulation of extracellular
thiocyanate ion derived from the indole glucosinolate pathway. MPK3/MPK6 and
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their substrate ERF6 promote the biosynthesis of IGSs and the conversion of I3G
to 4MI3G as well as regulate the expression of MYB51 and MYB122, the
regulators of IGS biosynthesis (332).
Nevertheless, MPK3, and to a lesser extent MPK6, are required in the
development of priming or induced resistance to biotic stress in Arabidopsis.
Both kinases were strongly activated in primed plants that are pre-treated with an
SA analog or infected with avirulent bacteria, compared to naive unprimed plants.
This activation enhances defense gene activation and resistance in plants (333).
1.5.2 Role of MAPKs in hormone biosynthesis and signaling
MAPK cascades are also involved in regulating defense hormone biosynthesis
and signaling events (334). The link between SA and MAPK family was reported
first in tobacco when the AtMPK6 ortholog SIPK was activated in tobacco plants
treated with SA (335). In Arabidopsis, MPK3 and to a lesser extent MPK6 have
been proposed to play an important role in SA-mediated priming and enhancing
defense gene activation and resistance in plants treated with benzothiadiazole
(BTH), the functional analog of SA (336). On the other hand, the MPK4 cascade
negatively regulates SA signaling and disruption of this cascade results in
constitutive defense responses mediated by the R protein suppressor of mkk1
mkk2 2 (SUMM2) (337). SUMM2 guards this cascade activity indirectly by
sensing Calmodulin-binding receptor-like cytoplasmic kinase 3 (CRCK3), which
is a substrate of MPK4 (338). Inactivation of MPK4 by the Pseudomonas effector
HopAI1, which reduced phosphorylation of CRCK3, and MEKK2 triggers
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SUMM2-mediated immune responses (338, 339). MKS1, a known substrate of
MPK4, also mediates SA activation independently of SUMM2 (340, 341).
MAPKs are also implicated in JA biosynthesis and signaling. The two tobacco
MAPK orthologs WIPK and SPIK are required but not sufficient for woundinginduced JA production (342, 343). It was proposed that MKK3/MPK6 negatively
regulates AtMYC2 in both JA-dependent gene expression and inhibition of root
growth, which indicates a possible role for MKK3–MPK6 cascade in JA signal in
Arabidopsis (344). In addition to the negative regulation of SA biosynthesis by
MPK4, it also independently regulates jasmonic acid/ethylene-inducible gene
responses in a positive manner (300, 345). Thus, MPK4 is proposed to be
required for the balance between SA and JA/ET related defense responses
(346).
MPK3 and MPK6 in Arabidopsis and the tobacco orthologs SPIK/WIPK are
involved in ethylene biosynthesis during fungal infection (343, 347). The MKK9–
MPK3/MPK6 cascade phosphorylates and stabilizes EIN3, therefore, promoting
(EIN3)-mediated transcription in ET signaling. Upon ACC treatment, ethylene
inactivates the negative regulator constitutive triple response 1 (CTR1), which in
turn leads to the translocation of MKK9 to nucleus to activate MPK3/MPK6 (348).
Several studies reported that the two isoforms of 1- Aminocyclopropane -1Carboxylic Acid Synthase (ACS), the rate-limiting enzyme of ethylene
biosynthesis, ACS2 and ACS6 are direct targets of MPK3 and MPK6 that are
involved in ET production (304). It has been demonstrated that the transcription
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factor WRKY33, which is phosphorylated by MPK3/6, is directly involved in the
induction of ACS2 and ACS6 by binding to their promoters (247, 330). Thus, the
phosphorylation of ACS2 and ACS6 by MPK3/6 not only stabilizes the ACS
proteins but also regulates their gene expression, consequently, increasing
cellular ACS activity and ethylene biosynthesis (247).
1.5.3 Involvement of MAPKs in other cellular processes
In addition to the roles of MAPKs in plant immunity, MAPKs are also involved in
other biological processes including abiotic stress (349-353), hormone signaling
(354, 355) as well as cellular growth and development (293, 356, 357).
Arabidopsis MPK3 and MPK6 participate in several developmental processes
including stomatal development and patterning, floral organ abscission, ovule
development, pollen development and cell proliferation (302, 358-363). For
instance, mpk3/mpk6 or mkk4/mkk5 mutants show stomatal developmental
defects in Arabidopsis (302, 364). MPK6, acting downstream of MKK7, is
involved in shoot branching (365). The MKK9-MPK6 cascade plays a major role
in leaf senescence (366). MPK6 participates in seed formation, lateral and
primary root development and anther development while MPK4 is required for
male-specific meiotic cytokinesis (367-369).

58
1.5.4 Manipulation of MAPK signaling cascades
One of the major strategies for pathogens to overcome plant immunity responses
is the injection of effectors that target the MAPK cascade components into plant
cells consequently suppressing immune responses and promoting pathogenesis.
In Arabidopsis, the P. syringae effector HopAI1 (a phosphothreonine lyase)
directly targets and inactivates MPK3, MPK4 and MPK6 by dephosphorylation of
these kinases (figure 1.6) (370, 371). On the other hand, the effector HopF2,
inactivates MKK5 and probably other MKKs to inhibit MAPK signaling and
suppresses downstream defense responses (figure1.6) (372). Another effector,
HopPtoD2, has a protein tyrosine phosphatase activity and inactivates MAPKs to
suppresses HR response elicited by P. syringae in tobacco (373). Another
effector, AvrB was reported to regulate hormone signaling by inducing MPK4
phosphorylation, thus enhance plant susceptibility (374).
Another strategy used by the pathogens to suppress immunity is by targeting
components upstream of MAPKs such as targeting PAMP receptors FLS2, EFR,
and CERK1 via the effectors AvrPto and AvrPtoB. The activity of the co-receptor
BAK1 kinase is inhibited by AvrPtoB or by cleaving/uridylylating BIK1 by the
effectors AvrPphB and AvrAC leading to the inhibition of PTI signaling (figure 1.6)
(334, 375-377). During Agrobacterium infection, it has been demonstrated that
the effector VirF, a Vir protein, which encodes an F-box protein, is involved in the
proteolysis of a transcription factor, VIP1, which is an Agrobacterium-induced
MPK3 substrate (378, 379).
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Another example of MAPK inactivation is the dephosphorylation of their
activation loop by protein phosphatases. Three classes of protein phosphatases
have been reported to be involved in MAPK deactivation in Arabidopsis: PP2C
family (protein Ser/Thr phosphatases), PTPs (protein Tyr phosphatases), and
dual specificity phosphatases (DSPs) (dephosphorylate both these residues). In
Arabidopsis, It has been reported that PP2C1, a PP2C-type phosphatase,
negatively regulates wound stress–responsive MPK4 and MPK6 in vivo (380),
while PP2C phosphatase, PP2C5, directly interacts and activates MPK3, MPK4
and MPK6 and positively regulates seed germination, stomatal closure, and
ABA-inducible gene expression (381). On the contrary, PTP1, a PTP
phosphatase, and MKP1, a member of DSPs, dephosphorylate MPK3 and MPK6
and act as repressors of SA biosynthesis and MPK3/MPK6-mediated defense
responses (306, 382, 383). MKP2, another DSP, interacts with MPK3 and MPK6
in HR-like responses triggered by fungal elicitors regulates oxidative stress and
pathogen defense responses (384). Together, these data showcase the
importance of protein phosphatases in the regulation of MAPK signaling and
immune responses.
1.5.5 Methodologies for the identification of MAPK substrates
Diverse large-scale approaches involving modern technologies have been
applied by different groups to identify potential MAPK targets (385). Several
hundred putative MAPK substrates have been identified via targeted experiments
and more systematic approaches including yeast-two-hybrid screens (386),
protein microarrays incubated with MAPKs in the presence of radioactive ATP
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(387, 388), peptide microarray of synthetic peptides with previously identified
phosphorylation sites for various kinases (389-391) as well as quantitative
phosphoproteomic approaches which have an advantage for mapping the
phosphorylation sites by masspectrometry (392-395). Recent advances in mass
spectrometry instrumentation with high mass accuracy have empowered
researchers to design phosphoproteomic experiments, which were earlier not
conceivable. In addition, the availability of tools for phosphosite localization such
as A score, C score, Fragmixer etc., (396) has given a much-needed boost
towards the precise phosphosite localization on the identified phosphopeptides.
But by far the biggest advantage of using this method compared to the other
techniques described above is that it allows identifying the in vivo
phosphorylation sites in any given biological context.
1.5.6 MAPK substrates in plant innate immunity
The identification of novel downstream targets of MAPKs is necessary to fully
understand the molecular mechanism of MAPK signaling and their functions in
plant immunity. Therefore intensive biochemical and genetic analyses of these
MAPK targets are required to help breed plant varieties resistant to pathogens.
However, only a few targets of MPK3, MPK4 and MPK6 have been identified and
validated through in vitro assays and many MAPK substrates remain to be
discovered.
MPK3/6 targets: The major classes of MPK3/6 targets that are well
characterized in response to pathogen attack are transcription factors. The main
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TF families that are involved in plant defense are AP2/ERFs, bHLHs, MYBs,
NACs, WRKYs and TGA/bZIPs. For instance, WRKY33 induces camalexin
biosynthesis while VIP1, a bZIP (basic leucine zipper) TF associates with VirE2
bacterial effector during Agrobacterium infection and facilitates the nuclear
translocation of the T-DNA. VIP1 is a direct target of MPK3 and regulates MPK3
–induced gene expression of PR1 and MYB44 (397, 398). Consequently, MYB44
directly regulates the expression of WRKY70 that activates SA-mediated defense
and represses JA-mediated defense (399-401). Surprisingly, WRKY44 is also
phosphorylated by direct interaction with MPK3/6, proposing a feed-forward
regulation of WRKY44 by Arabidopsis MPK3/6 (402, 403). Tandem zinc finger
protein 9 (TZF9) is another example of an MPK3/6 target that activates defense
genes such as Flg22-induced receptor-like kinase1 (FRK1) and NDR1/HIN1-like
protein 10 (NHL10) and has been suggested to be involved in post-transcriptional
control (404). Phosphorylation of ERF104 by MPK6 and ERF6 by MPK3 or
MPK6 enhances the stability of ERFs and mediates basal defense against
bacteria and B. cinerea respectively. The activation of ERF6/104 induces the
expression of pathogenesis-related and defensin genes, such as PDF1.1,
PDF1.2a and PDF1.2b (405, 406). BRI1-ETHYL METHANESULFONATESUPPRESSOR1 (BES1) is a MPK6 target that regulates the expression of
brassinosteroid responsive genes and PTI signaling. Other characterized targets
of MPK3/6 are LYST- INTERACTING PROTEIN 5 (LIP5) that is involved in
multivesicular body biogenesis (407), as well as PHOS32/34 universal stress
proteins with unknown function in plant defense (408). Beside the direct
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phosphorylation of WRKYs by MAPKs, (404) VQ-motif-containing proteins
(MVQs) were found to be phosphorylated by MPK3/6, which subsequently
activates WRKYs transcription factors. WRKY46 was identified as MPK3 target
that positively regulates basal plant defense by inducing PAMP-responsive gene
NHL10 (409). PUB22 phosphorylation by MPK3 is important for stabilization by
inhibiting PUB22 oligomerization and, thus, autoubiquitination; therefore
accumulation of PUB22 leads to dampen immune signaling (266).
MPK4 targets: On the other hand, MPK4 phosphorylates MKS1 leading to the
release of MKS1-WRKY33 or MKS1-WRKY25 complex that activates PAD3
expression, thereby activating camalexin biosynthesis (299, 340). Another
example of an MPK4 target is ARABIDOPSIS SH4-RELATED3 (ASR3), which
upon phosphorylation represses immune-related genes, thus, has a negative
effect on immunity (410). PAT1, a component of the mRNA capping machinery
and mRNA turnover, was also phosphorylated by MPK4. The pat1 mutant treated
with PAMP reveals enhanced immunity via SUMM2 immune receptor linking
MPK4 regulated defense gene expression to mRNA stability (411).
Besides

MPK3/4/6,

the

phosphorylation

of

14-3-3λ

isoform,

G-BOX

REGULATING FACTOR 6 (GRF6), is mediated by MPK11 that promotes its
ubiquitination and turnover in vivo. Therefore, GRF6 is a likely MPK11 substrate
and also plays a role in defense responses to potyvirus plum pox virus infection
in Arabidopsis plants (412).
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All known substrates of plant MAPKs involved in biotic stress are listed in (Table
1.1).

The table was adopted from Bigeard et al. 2018 and Dóczi and Bögre 2018

Table 1.1: Characterized immune MAPK Substrates.
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1.6 Aims and objectives of the thesis
The last two decades have witnessed an enormous amount of work towards
deciphering the role of MAPK signaling in the context of plant immunity, from the
recognition of pathogen to the different signaling cascades involved, to the
immune responses mounted by the plant to counter-act the pathogen infection.
But there is still a big lacuna in terms of the regulation of and by the MAPKs at
different levels such as regulation of gene expression, and the identity and roles
of a large number of substrates that the MAPKs phosphorylate. To advance our
understanding of plant MAPK signaling in plant defense, the components
involved and their precise roles in plant immunity, further biochemical, genetic,
proteomic and in vivo functional analyses are required. So far, only a few targets
of these immune MAPKs are known and most are validated only through in vitro
assays. Therefore, the identification and validation of putative MAPKs substrates
in plant systems and their cellular function in response to pathogen attack is
essential for shedding light on the plant immune response.
Plant model: The vascular plant, Arabidopsis thaliana (A. thaliana), has been
widely employed as a genetic and molecular model of plant-microbe interactions.
The relatively small genome size that has been completely sequenced, the short
generation time, the numerous T-DNA mutants that have been isolated (30), and
the simplicity of transformation using Agrobacterium tumefaciens vouch for
Arabidopsis as a good model plant. In addition to this, it has a short life cycle and
the ability to self-fertilize make it amenable for easy handling in laboratory
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conditions.

Although Arabidopsis is susceptible to only a limited number of

pathogens including viruses, bacteria, fungi, nematodes and insect pests, it
responds to the pathogen invasion in a similar way to those of other higher plant
species (30).
Bacterial

model:

Among

all

bacterial

pathogens

that

infect

plant

species, Pseudomonas syringae pathovars (P. syringae) are the most common
and well-characterized ones and therefore have been used as a model pathogen
system. P. syringae pv. is a hemi-biotrophic pathogen that accesses the host
nutrients and colonizes in the intercellular spaces. In the early stages of
infections, it doesn’t cause host cell death, but it causes host necrosis in later
stages of infections (31, 32). Bacteria can enter into the plant tissues through
wounds, natural opening (e.g. stomata, hydathodes or lenticels), or by insect
vectors. This Gram-negative bacterium induces a variety of symptoms in host
plants such as blights, cankers, leaf spots and wilting (33), and can be classified
into more than 50 pathogenic variants or pathovars (pv.) depending on their host
specificities. P. syringae pv. tomato DC3000 (DC3000), which induces bacterial
speck disease of tomato, has been used widely as a model pathogen for
studying bacterial plant disease and effector biology for its genetic tractability
and pathogenicity on Arabidopsis (10, 34, 35). To manipulate host defense
responses and to facilitate disease development, it utilizes the type III secretion
system (T3SS) to deliver effector proteins into host cells (36-38).
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Fungal model: Botrytis cinerea (B. cinerea) is one of the most extensively
studied necrotrophic fungus infecting over 200 plant species and causing grey
mold rot on different fruits and vegetables (39, 40). It accesses plant tissues by
direct penetration of plant surfaces by appressoria that contain cutinase and
cellulose degrading enzymes to penetrate cell walls, then killing the host to feed
on the hosts’ nutritive substances. Beside secreting cell wall–degrading
enzymes, B. cinerea overcomes host immunity by producing small RNAs (sRNA)
resulting in gene silencing (41, 42).
The overall aim of my PhD is to contribute to a better understanding of the role of
MAPKs in plant defense. Ultimately, enhancing our knowledge of the
mechanisms underlying the ability of plants to defend themselves against
pathogens may lead to more sustainable methods to manipulate innate immunity
to protect against biotic stress induced crop losses.
The specific aims of this study were: Firstly, to screen and identify potential
substrates phosphorylated by defense-related MAPKs viz., MPK3, MPK4 and
MPK6 in A. thaliana upon flg22 treatment by an in vivo phospho-proteomics
approach. In order to gain insight into the specific roles of each of the MAPKs,
these analyses were carried out on mock treated and flg22 treated WT and the
three loss of function mutants mpk3, mpk4 and mpk6. Since, MAPKs
phosphorylate substrates that are localized to the cytosol as well as the nucleus,
we fractionated the cell extract into cytosolic and nuclear fractions. We employed
a

label-free

quantitative

LC-MS/MS

analysis

to

identify

differentially
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phosphorylated cytosolic and nuclear targets of MPK3, MPK4 and MPK6. We
carried out a biochemical analysis aimed to assign each potential substrate to
their bona fide kinase by in vitro kinase assays using recombinant proteins and
constitutively active forms of MAPKs expressed in E. coli, GST pull down assays
and

BiFC

in

Nicotiana

benthamiana

plants.

The

identification

and

characterization of the cytosolic substrates of the MAPKs was published in the
journal of Molecular and Cellular Proteomics and the data of the chromatinassociated substrates of the MAPKs are under revision in the New Phytologist
journal. Both articles are presented in Chapter III of Results and Discussion.
Secondly, DEK2, a potential chromatin target of MPK3, MPK4 and MPK6, was
identified in the in vivo phosphoproteomics study to be phosphorylated upon
flg22 treatment. The evolutionarily conserved DEK proteins were extensively
studied in animal systems as DNA binding and Chromatin-associated proteins
implicated in multiple chromatin-related processes. The Arabidopsis genome
encodes four members of the DEK family namely DEK1, DEK2, DEK3 and
DEK4. AtDEK3 was found to specifically bind histones H3 and H4 and contribute
to modulation of chromatin structure and function. DEK3 was also proposed to
act as a transcriptional repressor supported by the association of DEK3 with
HDA3/HDT1 Histone deacetylases. Therefore, functional analysis of loss-offunction and gain-of-function mutant lines were carried out to investigate the
molecular mechanism of DEK2 function in the context of MAPK signaling in
defense gene expression and immunity and as a chromatin remodeling factor.
The results of this work are presented in Chapter III
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CHAPTER II. MATERIALS AND METHODS
2.1 Materials
2.1.1 Plant material
2.1.1.1 A. thaliana
A.thaliana ecotype Columbia (Col-0) (NASC ID: N1092) was used as wild-type in
the all experiments unless otherwise indicated. It was also used for generation of
transgenic lines and phenotyping assays. T-DNA insertion mutants were
obtained from the Nottingham Arabidopsis Seed Centre (NASC) and genotyped
by PCR for homozygosity. The Arabidopsis T-DNA mutants used in this study:
Mutant line

Mutagen

NASC stock

Source

dek2-1

T-DNA

SALK_1375152C

Kindly provided by Claudia Jonak

dek2-2

T-DNA

SALKseq_033428.2

NASC

Transgenic A.thaliana lines used in this study:
Name
DEK2 OE

Construct
proUBI:DEK2

WT

_OE-GFP

DEK2 com

proDEK2:gDEK2

DEK2-GUS

proDEK2:GUS

WT

_COM-YFP

Vector

Source

pUBC

This study

pGreen0229

This study

pGWB433

This study

2.1.1.2 N. benthamiana
Four-week-old Nicotiana benthamiana (N.benthamiana) (Kindly provided by Jean
Bigeard) plants were used for Agrobacterium mediated transient leaf
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transformation by syringe infiltration to carry out Bimolecular Fluorescent
Complementation (BiFC) and subcellular localization assays.
2.1.2 Growth media

The different media used for this study are listed below:

All the media were autoclaved for 20 min at 121 °C. Antibiotics not suitable for
sterilization by autoclaving were added to media after cooling to at least 60°C.
Plates were stored in the fridge (4°C).
2.1.3 Antibiotics

The use of antibiotics was required for selection of transformed bacteria and
plants or to prevent bacterial and fungal contaminations. Antibiotic stock
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solutions (1000X) were sterile filtrated using 0.45 µm Millipore filter and stored at
-20oC. Antibiotic stock solutions were of the following concentrations:
2.1.4 Microorganisms
The bacterial and fungal strains used in this study are indicated in the table
below:

2.1.5 Antibodies

Antibodies were used in western blot experiments, Chip-seq
2.1.6 Plasmid constructs
The Plasmid Constructs used in this study are detailed in the below table:
2.1.7 Oligonucleotides

Synthetic oligonucleotides were obtained from Sigma. Primers were designed for
PCR amplification and DNA sequencing. The forward and reverse primers of

72
each PCR reaction were designed to have approximately the same Tm. Primers
for qPCR were designed using the Primer-Blast tool of NCBI. All the primers
used in this study are listed in (Table 5.1) of the Annexures.

2.2 Methods
2.2.1 DNA methods
2.2.1.1 Genomic DNA extraction from plant
Briefly, plant material (a cauline leaf) was frozen in liquid nitrogen and ground to
a fine powder using a Tissue lyser 2X (20 Hz for 1 min). Subsequently, the
material was re-suspended in 300 µl of extraction buffer (500 mM Tris HCl pH7.5,
4 M NaCl, 500 mM EDTA, 20%SDS) homogenized and centrifuged at 700 RCF
for 5 min to separate the cell debris. The supernatants were transferred to new
tubes and isopropanol was added to the sample supernatants in a ratio of 1:1
(v/v), mixed thoroughly and incubated at room temperature (RT) for 10 min. The
samples were centrifuged for 1 hour at 1800 RCF. After discarding the
supernatants, the DNA pellets were left to air dry at 37o C for 40 min. The dried
pellet was dissolved in 100 µl of milli-Q water and incubated at 37o C for 30 min
followed by centrifugation at 1800 RCF for 2 min. The resulting DNA is used for
PCR genotyping or kept at -20o C for long-term storage.
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2.2.1.2 Plasmid DNA extraction from E. coli
Plasmid DNA was extracted from bacteria using QIAGEN plasmid kit (Cat. No.
27106) according to the manufacturer’s instructions. The quality of the DNA was
checked by agarose gel electrophoresis and Nanodrop.
2.2.1.3 Polymerase chain reaction (PCR)
Standard PCR: DNA fragments were amplified from genomic DNA, plasmid DNA
or cDNA by PCR. Typically the final volume of the PCR reaction was 20 µl. The
mixture was prepared as follows:

PCR mix
10X standard reaction Buffer
10mM dNTPs
10µM Primers (F and R)

Amount (µl)
2
0.4
0.4 (of each)

DNA polymerase

0.1

dH2O

14.7

All PCR reactions were carried out using SimpliAMP thermal cycler (Life
Technology) and the steps were:
Step 1: denaturation at 95°C for 3 min
Step 2: second denaturation at 95°C for 30 sec
Step 3: Annealing at 55°C for 30 sec. The annealing temperature is based on the
Tm of the primer pair and was set 5 ◦C below the melting temperature of the
primers.

74
Step 4: Extension at 72°C for 1 min. Extension times are generally one min per
kb of amplicon
Step 5: Go to step 2, 35 times
Step 6: 72°C for 5 min
Step 7: 15°C forever
List of polymerase enzymes used in the PCR reactions:

Name

source

purpose

DreamTaq DNA
Polymerase

Thermofisher

Genotyping and colony screening

Taq polymerase

NEB (M267L)

routine PCR

Phusion high-fidelity
DNA polymerase

NEB (M0530L)

Proofreading enzyme used for cloning
and expression of amplified product
and mutagenesis.

Platinum Taq DNA
polymerase

ThermoFisher
(10966-018)

reduce nonspecific primer annealing,
improving product yield and for TA
cloning

HotStar Taq DNA
polymerase

Qiagen (203203)

reduce nonspecific primer annealing,
improving product yield

The polymerase was used according to the manufacturer instructions. The
amplified DNA was evaluated on a 1% agarose gel by electrophoresis.
2.2.1.4 Agarose gel electrophoresis and Purification of DNA fragments
Agarose gel electrophoresis was carried out to visualize the DNA fragments;
PCR amplicons were mixed with 6X DNA loading dye (Thermo Scientific, R0611)
and then loaded onto 1% agarose gel (Invitrogen, 16500-500) in 1X TAE buffer
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(Invitrogen, 24710030) containing Syber safe DNA gel stain (Invitrogen, S33102)
and electrophoresed for 45 min at 100 V. The 1 Kb plus ladder (Invitrogen, Cat.
No. 10787-018) was used as DNA size standards. The gels were imaged using a
Bio-Rad chemiDoc imaging system. After cloning purposes, the DNA bands were
cut from agarose gels using a clean blade under UV light. Gel fragments were
purified using a gel extraction kit (QIAquick, 28706) as per manufacturer’s
protocols. Subsequently, isolated DNA was quantified by Nanodrop (Thermo
Scientific).
2.2.1.5 Cloning
All the standard cloning procedures were performed using Gateway™
Technology.
•

Cloning into pENTR/D-TOPO vector by topoisomerase reaction

The Col-0 genomic DNA and cDNAs were cloned into Gateway™ entry vector
pENTR-D/Topo using pENTR/D-TOPO cloning kit (Invitrogen, K2400-20)
following the manufacturer’s instructions and used for transformation into E. coli.
•

Cloning into destination vectors by LR clonase reaction

For generation of final vectors, the desired entry vector and the destination vector
were recombined using Gateway LR clonase II enzyme (Invitrogen, Cat. No.
11791-020) according to the manufacturer’s instructions and used for
transformation into E. coli.
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The final constructs were verified by Sanger sequencing. Primers used for
sequencing are listed in (Table 5.1) of the Annexure. All the constructs used, the
vector backbone, the insert specifications and the purpose for which they are
used are listed in (Table 5.2) of the Annexure.
2.2.2 Bacterial methods
2.2.2.1 Transformation of E coli cells
20 µl of E. coli competent cells were incubated with 1-2 µl of ligation reaction or
100 ng of purified plasmids on ice for 20 min. The cells were then given a heat
shock at 42oC for one min and placed on ice immediately for 2 min. 200 µl of
SOC medium was added to the cells and incubated for 1 h at 37oC on a shaker
at 300 rpm. All of the cells were spread onto selective LB-agar plates containing
the appropriate antibiotic and incubated overnight at 37oC to obtain transformed
colonies.
2.2.2.2 Transformation of Agrobacterium tumefaciens cells
1µl of plasmid (~100ng/µl) was added to 50 µl of electro-competent
Agrobacterium tumefaciens C58 cells on ice. The cell/DNA mix was transferred
immediately into an electroporation cuvette (1mm electrode distance) the mix
was pulsed using the following condition (Agro, pulse at 2.2 kv) using BioRad
Gene Pulser. Subsequently, the mixture was quickly transferred to a new tube
with 500 µl of LB media and incubated at 28oC for 2 hours at 1200 rpm then 50 µl
of the culture was plated onto a selective LB plate with appropriate antibiotic and
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incubated for 2 days at 28 oC .
2.2.3 RNA methods
2.2.3.1 Isolation of RNA from plant tissue

50-100 mg of Arabidopsis plant leaves or 14 days old seedling grown on ½ MS
plates were taken in 2 ml tubes containing 2 steel beads, frozen in liquid Nitrogen
and homogenized 2X using a Tissue Lyser (Eppendorf) for 1 min at 20 Hz to
obtain a fine powder. NucleoSpin® Plant RNA kit (Macherey Nagel, 7740949)
was used to extract the total RNA from the plant. The procedure was performed
according to the manufacturer instructions. The final RNA was eluted in 60 µl of
RNAse free water. Finally, the RNA was quantified using Nanodrop and the to
assess the purity, the ratio of A260/A280 >2.0 was considered. The RNA was
flash frozen in liquid Nitrogen and stored at -80 oC to prevent degradation.
2.2.3.2 cDNA synthesis and qRT-PCR analysis
Reverse transcription was performed using SuperScript™ III First-Strand
Synthesis SuperMix (Invitrogen 18080400). The amount of starting material can
vary from 0.1pg to 5µg of total RNA and the procedure was performed according
to the manufacturer’s protocols. The normalized complementary DNA (cDNA)
was used for qRT-PCR reactions. qRT-PCR was carried out on the
CFX96/CFX384 real-time PCR machine (Bio-Rad) using SsoAdvanced Universal
SYBR® Green Supermix (Bio-Rad,172-5270) with the following parameters:
50oC for 2 min, 95oC for 10 min, 39 cycles at (95oC for 10 sec, 60oC for 40 sec)
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and 65°C for 30 sec to obtain the melting curve. The qRT-PCR was performed
using gene-specific primers listed in the appendix, with Arabidopsis ACTIN
(AT3g18780)

and

UBIQUITIN

(At4g05320)

as

internal

references

for

normalization. The resulting data was then analyzed using CFX software and
values were normalized to WT. Relative expression levels of genes of interest
were calculated using the 2−ΔΔCT method. qRT-PCR experiments were
repeated in three independent biological replicates, each with three technical
replicates.
2.2.3.3 RNA-Seq
mRNA libraries were prepared using the illumina Truseq Stranded mRNA
Sample Preparation LS (low sample) kit following the manufacturer’s protocol.
Briefly, the mRNA was purified from 1ug of total RNA using poly-T oligo-attached
magnetic beads then purified, fragmented and primed. Subsequently, both first
and second strands of cDNA were synthesized using SuperScript II reverse
transcriptase, followed by adenylation on the 3’ ends and ligation of adapters.
The DNA fragments with adapters were amplified by 15 PCR cycles. Finally, the
libraries were validated using the 1000 DNA kit on 2100 Bioanalyzer (Agilent
Technologies), quantified using qubit (Life Technologies) then barcoded libraries
were normalized and pooled in equal volumes. Stranded mRNA libraries were
sequenced on an Illumina Hiseq 4000 system using paired-end method. The
length of the read was around 150 bp. The RNA-seq was done on three
independent biological replicates.
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Approximately 40 million reads were obtained for each sample. Reads were
quality checked using FASTQC v0.11.5 (413). Adapters and reads with low
sequencing quality were filtered using Trimmomatic 0.36 (414), retaining first 100
bps and by using other default settings for paired-end sequences. The trimmed
reads were then aligned to the Arabidopsis reference genome (TAIR10) using
Tophat v2.1.1 (415-417) with –N 2 –g 1. The annotation file was provided as
reference for reads alignment. MultibamSummary from deepTools2 package
(418) was used on the bam files derived from the previous step, to check for the
correlation between the replicates. Summary of read counts at gene level was
calculated using feature Counts v1.5.1(419). Cufflinks v.2.2.1 (417) was used to
calculate the FPKM values for individual replicates and CuffDiff v2.2.1 with
quartile normalization to find the significant differential gene expression (417).
Genes with 2-fold change and P value <= 0.05 were considered as significantly
different between samples with and without treatment. Hierarchical clustering of
these genes was performed using Mev v4.8.1 (420). GO term enrichment in each
gene list was carried out using AgriGO (421) with a cutoff for significant
enrichment is P value < 0.01 and calculation false discovery rate < 0.5.
2.2.4 Protein methods
2.2.4.1 Protein Extraction from plant
About 100 mg of frozen leaf tissue was ground and resuspended in two volumes
(w/v) of protein extraction buffer (50mM Tris-HCL pH 7.5, 150mM NaCL, 0.1%
SDS, 5mM EGTA, 0.1mM DTT (Sigma-Aldrich chemicals), protease inhibitor
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(Complete cocktail, Roche, and 1 mM PMSF, Sigma-Aldrich) and placed for 15
min on ice. The mixture was centrifuged at 20,000 g for 15 min at 4OC to pellet
the cell debris and the supernatant was collected. The protein concentration was
estimated using Bradford’s reagent (B6916, Sigma-Aldrich) and 20 µl of protein
per sample were denatured with SDS-sample buffer by boiling them at 95°C for
10 min and subjected to SDS-PAGE.
2.2.4.2 Recombinant protein expression in E. coli and purification
10ml of an overnight culture of E. coli BL21-AI or Rosetta harboring His6-tagged,
His6-MBP-tagged, GST-tagged proteins or constitutively active MAPKs were
diluted in 500 mL LB medium. The culture was grown at 37°C till the OD600 = 0.8
and induced with L-Arabinose (Sigma, A3256) for BL21-AI cells or 0.5 mM IPTG
(Invitrogen 15529-019) for Rosetta cells at 20°C and incubated overnight. Cells
were harvested by centrifugation at 4000×g at 4 °C for 15 min. The bacterial
pellet was resuspended in 40 ml of lysis buffer (50 mM NaH2PO4, 300 mM NaCl,
10mM NaCl, pH 8) containing protease inhibitor cocktail (Complete mini EDTAfree, Roche, 4115449). The cells were lysed by treatment with 2 mg/ml of
lysozyme (Thermo scientific, PI89833) for 1 hour on ice, followed by sonication
(Branson Digital Sonifier 250-450, runtime 3 min, amplitude 20%, pulse on 2 sec
pulse off 1 sec). The cell lysate was then centrifuged at 20,000xg at 4 °C and the
supernatant was purified using Glutathione sepharose 4B beads (GE
Healthcare,17-0756-01) for purification of GST-tagged proteins or Ni2+-NTA
beads (Invitrogen, R901-15) for the purification of His-tagged proteins. The
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proteins were purified according to the manufacturer’s protocol. The eluted
protein was desalted on PD-10 Desalting columns (GE Healthcare, 17-0851-01).
Laemmli 2X protein loading dye (0.5M Tris-HCl pH 6.8, 20% Glycerol, 4% SDS,
2% β-Mercaptoethanol and 0.01% bromophenol blue in distilled water) was
added to 20ul of proteins and heated for 10 min at 95 °C before analysis on SDS
PAGE.
2.2.4.3 SDS PAGE and Western blotting
The denatured proteins were resolved on a 10 % SDS–polyacrylamide gel for 1h
at 100V. PageRuler™ Prestained protein marker (Thermo Scientific, 26616) was
used as a size standard in SDS-PAGE and western blotting. The gel was stained
with Coomassie SimplyBlue Safe Stain (Life Technologies, LC6065).
For Western blot analysis, proteins were transferred from a gel to an ethanolactivated PVDF membranes (GE Healthcare) in a transfer apparatus for 1 h at
100 V. Subsequently, blots were blocked in 5% skimmed milk in Tris buffered
saline with tween 20 (1X TBST) (20mM Tris HCL pH7.5, 150mM NaCL, 0.1%
tween 20) for 1 hour followed by incubation with the appropriate primary antibody
in 2% skimmed milk on a shaker at 4°C overnight. Blots were then washed three
times in 1X TBST and appropriate HRP-conjugated secondary anti-rabbit or antimouse antibodies were added. Blots were washed again three times in TBST.
The blot was visualized using chemiluminescence (ECL prime detection reagent
(GE Healthcare, RPN2232) on an imaging system (ChemiDoc MP Bio-Rad).
Equal loading was verified by staining the blot with Ponceau S solution (Sigma;
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P7170).
2.2.4.4 Phosphorylation assay and identification of phosphorylated peptide
by LC-MS/MS
Purified recombinant proteins and constitutively active MAPKs were mixed
together in kinase reaction buffer (20 mM Tris-HCl pH 7.5, 10 mM MgCl2, 5 mM
EGTA, 1 mM DTT and 50 µM ATP) and incubated at room temperature for 30
min. The reaction was stopped by adding SDS loading dye followed by boiling at
95 °C for 10 min. Protein samples were resolved by SDS-PAGE and after
staining the proteins the band corresponding to the protein of interest was
excised out and cut into small pieces of roughly 1-2 mm and de-stained with four
successive washes of acetonitrile (ACN) and 100 mM NH4HCO3 for15 min each.
The disulphide bridges in the proteins were reduced with 10 mM Tris(2carboxyethyl)phosphine (TCEP, C-4706 Sigma) in 100 mM NH4HCO3 at 37°C for
1 h followed by alkylation of the sulphide groups with 20 mM S-Methyl
methanethiosulfonate (MMTS, 64306 Sigma) at ambient temperature for 30 min.
Proteins were then digested overnight at 37°C with trypsin (Porcine trypsin,
Promega). To stop the digestion, formic acid was added to a final concentration
of 1% and the peptides were recovered by incubating the gel pieces in ACN. The
recovered peptide solution was desalted using C18 ZipTip® (Millipore Cat. No.
ZTC18S096) and completely dried in a speedvac concentrator and analyzed by
LC-MS/MS. Briefly, peptide samples were separated on a C18 column (Acclaim
PepMap C18, 25 cm length x 75 µm I.D. x 3 µm particle size, 100 Å porosity,
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Dionex) connected to an LTQ-Orbitrap Velos or a Q-Exactive HF instrument
(Thermofisher Scientific). The MS instrument acquired fragmentation spectra on
the top 10 peptides using CID fragmentation in the LTQ-Orbitrap or HCD in the
Q-Exactive instrument. RAW data files obtained were converted to MGF files
using Proteome Discoverer interface (version 1.4). Database searches were
performed with the Mascot server v2.4. The results were filtered based on
Mascot scores and MD-scores.
2.2.4.5 in vitro GST Pull-Down Assay
in vitro GST pull-down assay was performed to study the protein-protein
interaction between the protein of interest and the three immune MAPKs - MPK3,
MPK4 and MPK6. Clarified E. coli lysates of GST-fused MAPKs were incubated
with 50 µL of Glutathione sepharose 4B beads for four hours at 4◦C. After
washing the beads four times with GST binding buffer (25mM Tris-HCl, pH 7.4,
75 mM NaCl, and 0.5 mM EDTA, 0.5mM DTT, 0.05% Triton X-100, protease
inhibitors), beads were incubated with clarified E. coli lysates of His-tagged
proteins of interest in the binding buffer for one hour at 4◦C. The beads were
washed again 4 times and bound proteins were eluted by boiling in 2X Laemmli
sample buffer (100 mM Tris-HCl, pH 6.8, 10% SDS, 30% glycerol, 5% βmercaptoethanol, and 0.02% bromophenol blue), separated by SDS-PAGE gel,
and visualized by immunoblotting using anti-His antibodies.
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2.2.4.6 Microscale thermophoresis (MST)
Fluorophore-labeled protein was used for the quantitative binding assay using
microscale thermophoresis. His6-MBP-DEK2 and His6-MBP (used as control)
protein were labeled using Monolith His-tag labeling kit RED-tris-NTA
(nanotemper; MO-L008) using manufacturer’s protocol. Briefly, 400 nM of the
protein of interest was incubated with 100 nM of the His-tag labeling dye in MST
buffer (20 mM HEPES; pH 7.9, 150 mM NaCl, 0.05% Tween-20) for 30 min at
room temperature.
The fluorophore-labeled protein was titrated with differentially modified histone
H3 peptides (H3K9me1/3, H3K27me1/3). The data points obtained from three
different measurements were fitted using the following equation derived from law
of mass action to get the dissociation constant:
2
[BL]/[B0] = [([L0]+[B0]+Kd)−√{(([L0]+[B0]+Kd) −4⋅[L0]⋅[B0])]/ 2[B0]}

Kd is the dissociation constant, [B0] is the total concentration of the binding sites.
[L0] stands for the amount of added ligand at each data point and [BL] is the
concentration of formed complexes between the binding sites, [B], and the
ligand, [L].
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2.2.5 Plant methods
2.2.5.1 Plants growth conditions
For growing A.thaliana under sterile conditions seeds were surface sterilized in a
solution of bleach: ethanol: H2O (V:V:V::1:4:3) for 10 min and washed four times
with sterile water. The seeds were then stratified by placing them at 4 °C for 48 h.
Seedlings were grown on half strength MS plates. Plates were sealed with
Micropore tape and placed on grid-like shelves in a plant growth chamber for 14
days at 21 °C with 75% relative humidity under 16 h of daylight. Arabidopsis
plants were grown on Jiffy-7 pots to prevent contaminations from garden soil for
four weeks at 23 °C, 60% relative humidity with an 8 h light/16 h dark short day
photoperiod and 16 h light/8 h dark long day photoperiod in environmentally
controlled growth cabinet (Percival). 2g/L of fertilizer were added on the second
and fourth weeks. N.benthamiana plants were grown in the green house under
these condition: humidity 70%, temperature 28°C, long day.
2.2.5.2 Plant transformation of A.thaliana (floral dip)
About five-week-old Arabidopsis plants were grown under long days in pots and
several mature flowers were used for plant transformation. The transformation
was done with Agrobacterium tumefaciens (C58C1) by using the floral dip
method (422). Transgenic plants were selected on MS agar with appropriate
selection agent (BASTA 100 µg/mL, Hygromycin 10 µg/mL). Genotypes of
survival transgenic plants were validated by PCR in the T1 generation, and
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confirmed in the following 2–3 generations. For all the transformation, four
transgenic lines were obtained and were used for phenotypic analysis.
2.2.5.3 Transient expression in N.benthamiana
Agrobacterium tumefaciens C58C1 strains harboring the desired vectors were
grown in 10 ml LB medium with appropriate antibiotics overnight at 28 °C.
Cultures were spun down and resuspended in 5 ml of infiltration buffer (10 mM
MgCl2, 10 mM MES pH 5.7, 150 µM acetosyringone (Sigma, D134406)) to a final
OD600 = 1.5 and incubated in the dark for three hours at room temperature. A.
tumefaciens cells carrying vectors with GFP or YFP were mixed with cells
harboring the P19 viral suppressor of gene silencing (1:1) and syringe-infiltrated
into four-week-old N.benthamiana leaves. Confocal microscopy on leaf disks was
conducted 48-72 h post-infiltration.
2.2.5.4 Pathogen infection assays
Infection of Arabidopsis with Bacteria
Pst DC3000 pathogen was grown on NYGA Agar plates with rifampicin at 28 OC
for two days.

The bacteria were resuspended in 10 mM of MgCl2 in the

presence of 0.04% silwet L-77 and adjusted to OD600=0.2.

Four-week-old

Arabidopsis plants were spray-inoculated with Pst DC3000 and infected plants
were covered with a transparent plastic lid for the remaining time of the
experiment. To quantify bacterial inoculum by plate counting method, three-leaf
discs/plant (0.4 cm2) were excised from a total of five plants after 3 h post-
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infection (hpi) and sterilized with 70% ethanol for 10 s, washed two times with
dH2O. Then the internalized bacteria were extracted by incubation in 500 µl of 10
mM MgCl2 with 0.1% silwet by shaking for one hour at 28 OC. After 72 hpi,
bacterial growth following infection was quantified from leaf discs of 10 plants.
The bacterial extracted from leaf discs were serially diluted and 20 µl were
spotted onto LB agar plates supplemented with rifampicin, and bacterial colonies
were counted after growth for two days at 28 °C. The infection was represented
as cfu/cm2 of the leaf. The infection assays were repeated for a total of three
times.
Infection of Arabidopsis with B.cinerea
The necrotrophic fungus B.cinerea was cultivated on PDA agar medium for 14
days. Spores were collected in Vogel buffer (for 1 L: 15 g of Sucrose, 3 g of Nacitrate, 5 g of K2HPO4, 0.2 g of MgSO4·7H2O, 0.1 g of CaCl2·2H2O, and 2 g of
NH4NO3) as described in (423). Spore number was determined using a
hemocytometer and adjusted to a final concentration of 5×105 spores/ml. Five
leaves of four-week-old plants were drop inoculated with 5 µL of the spore
suspension and the trays were cover to maintain humidity. 6-8 plants were used
per genotype. Photographs were taken two days after inoculation, and the lesion
diameter/area was determined using ImageJ software.
2.2.5.5 Oxidative burst Measurement
Luminol-HRP-based luminescence method was carried out to quantify ROS in
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treated leaves. Briefly, 4-mm leaf discs from four-week-old Arabidopsis were
floated in 150µL dH2O overnight in a 96-well plate in continuous light. Water was
then replaced by 100 µl of elicitation reaction mixture containing 1 µM flg22
(QRLSTGSRINSAKDDAAGLQIA) synthesized peptide by GenScript or 100 µM
chitin from shrimp shells (Sigma, C9752), 170 µg/ml luminol (Sigma, A4685) and
100 µg/ml horseradish peroxidase (Sigma, P6782). Addition of the same
solutions without flg22 or chitin served as controls. Plates were placed
immediately into Promega GloMax navigator plate reader and luminescence was
recorded at one min intervals over 40 min. Every time point is the mean value of
8 seedlings.
2.2.5.6 β-Glucuronidase (GUS) staining and subcellular localization
To study the in planta expression of AtDEK2, 1 kb of the promoter region of
DEK2 was PCR amplified from RIKEN TAC clone (pdg02820) and cloned into
pENTR-D/Topo (Invitrogen) and consequently recombined with the pGWB433
vector by LR reaction to generate ProAtDEK2::Gus construct. The construct was
introduced into Arabidopsis (Col-O) by Agrobacterium tumefaciens-mediated
transformation C58C1. Progeny of these transgenic plants were selected on MS
agar plates supplemented with 50µM kanamycin. Histochemical detection of
GUS activity was performed using 5 – 10 day-old seedlings incubated in the GUS
staining solution as described in (424) at 37°C for 1 – 3 hours followed by
destaining in Visikol (Phytosys LLC).
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Subcellular localization assay was performed on 6-day-old AtDEK2 transgenic
Arabidopsis complemented stable lines under native promoter fused to YFP. For
Subcellular localization in N. benthamiana, the gene of interest was cloned in
fusion with GFP at their N- or C-terminal part under the control of the CaMV-35S
promoter (in the pGWB5 vector), or under the control of ubiquitin promoter in the
pUBIN-GFP, pUBIC-GFP respectively. Plasmids were transformed into A.
tumefacies C58C1 and CFP–serrate as a marker for nucleus were infiltrated into
leaves of four-week-old N. benthamiana plants using needless syringes. After
three days, fluorescence signals were excited at 488 nm and detected using an
upright Zeiss LSM880 laser scanning confocal microscope with a 20X/40X
objective (Plan-Apochromat, NA 1.0). All images were acquired using Argon
laser.
2.2.5.7 Bi-molecular fluorescence complementation (BiFC)
BiFC is one of the most commonly used applications to visualize the proteinprotein interaction and determine the subcellular localization of the interacting
proteins. The three MAPKs and the proteins of interest were fused to the N- or Cterminal fragment of YFP that produces a fluorescent readout upon
reconstruction of YFP. In the pBIFC1, 2, 3 and 4 vectors used, the expression is
under the control of the cauliflower mosaic virus 35S (CaMV-35S) promoter. To
test interaction between two proteins by BiFC, eight different combinations of Nor C-terminally tagged YFP fragments were tested. Appropriate positive and
negative controls were carried out for all combinations. The constructs were
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transiently

expressed

in

N.benthamiana

leaves

by

co-infiltration

with

Agrobacterium. To visualize the fluorescence of the reconstituted YFP
expression in leaves, an upright Zeiss LSM880 laser scanning confocal
microscope with a 20X/40X objective (Plan-Apochromat, NA 1.0) was used and
all images were acquired using Argon laser with 514-nm excitation.
2.2.5.8 Chromatin immuno-precipitation
ChIP-seq was performed as described in (49). Briefly, ChIP was performed on
14-day-old seedlings (grown in short day condition, in ½ MS agar plates) using
anti-GFP (Santa Cruz). ChIP was performed as previously described (425).
Briefly, plant materials were cross-linked with 1%(v/v) formaldehyde under
vacuum. Chromatin was isolated and fragmented by sonication (30 sec on/off
pulses, at high intensity for 60 min) using a water bath Bioruptor UCD-200
(Diagenode, Liège, Belgium) Later, the sonicated protein/DNA was incubated
with antibodies (overnight at 4 °C with gentle shaking) and then incubated with
50 µL of Dynabeads Protein A (Invitrogen, Ref. 100-02D) for 1 h at 4 °C.
Immunoprecipitated DNA was then recovered by dissociating the complexes
using the IPure kit (Diagenode, Liège, Belgium) and analyzed by RT-qPCR. An
aliquot of untreated sonicated chromatin was kept as a total input DNA control.
For ChIP-seq, libraries were prepared and sequenced as described in (426).
ChIP-Seq reads were aligned to A.thaliana genome TAIR10 by Bowtie (427)
v0.12.7 on A.thaliana genome TAIR10. MACS (Model-based Analysis of ChIPSeq)

was

used

to

identify

peaks

using

a

q-value

cutoff

of

0.05
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(http://liulab.dfci.harvard.edu/MACS/) (428) while GPAT was used for gene
annotation and peak distribution relative to annotated Arabidopsis transcription
start site (http://bips.u-strasbg.fr/GPAT/Gpat_home.html).
2.2.5.9 Quantification of Phytohormones
Four-week-old Arabidopsis plant were grown under short day conditions on Jiffy7 pellets and harvested 24h after spray inoculation either with 10mM of MgCl2
containing 0.04 % of silwet as control or infected with Pst DC3000 hrcCpathogen as described above. Subsequently, plant materials were directly frozen
in liquid nitrogen, freeze-dried overnight in a lyophilizer and ground in a Gino
grinder (for 2 cycles of 45 sec each, at 1150rpm). 10 mg of plant materials were
weighed and extracted with 1 mL of extraction solution containing 70% methanol
and the respective phyto-hormone internal standards (d6-ABA, d6-JA, and d4SA). Five replicates were prepared for each condition. Extraction procedure and
hormone quantification were performed as described in (429). Samples were
analyzed using an Agilent 1100 HPLC system (Agilent Technologies, Böblingen,
Germany) connected to a LTQ Ion trap mass spectrometer (Thermo Scientific,
Bremen,

Germany),

and

the

quantification

of

phytohormones

was

based on a calibration curve using original SA, JA and ABA standards.
2.2.5.10 flg22-induced callose deposition
For callose deposition detection, 14 day-old Arabidopsis seedlings were grown
on 1⁄2 MS agar plates and then transferred to 1⁄2 MS liquid medium in 12 wells
plate treated with water as control or 1 µM flg22 as a PAMP and kept back in
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growth chamber for 24 h. After 24 h, six seedlings were fixed in acetic acid:
ethanol (1:3) ON at room temperature, rehydrated with ethanol (50% v/v) for 1 h,
ethanol (30% v/v) for 1 h and rinsed twice with sterilized H2O, respectively.
Finally, cleared seedlings were incubated overnight in the dark with 0.01% aniline
blue in in 150 mM K2HPO4. Stained leaves were mounted using 50% glycerol
and imaged under a UV microscope (Nikon). Callose deposits were estimated
after

processing

the

images

with

Photoshop

and

ImageJ

software

(http://rsb.info.nih.gov/ij/).
2.2.6 Bioinformatic methods
1. Statistical analysis was carried out in all experiments using Mann &
Whitney U-test one tailed
(https://www.socscistatistics.com/tests/mannwhitney/Default2.aspx).
2. Gene enrichment analyses were performed using (agriGO v2.0)
(http://systemsbiology.cau.edu.cn/agriGOv2/).
3. Clustering of DEGs was performed using HCL tree generated by Multi
Experiment Viewer MeV 4_8. 10.2 version, TM4,
(https://sourceforge.net/projects/mev-tm4/files/mev- tm4/MeV% 204.9.0/).
4. MEGA7 was used for conducting phylogenetic tree
(http://www.megasoftware.net).
5. Venn diagrams were generated using the Venny 2.1 tool
(http://bioinfogp.cnb.csic.es/tools/venny).
6. T-DNA primer design (http://signal.salk.edu/tdnaprimers.2.html).
7. qPCR primer design (https://www.ncbi.nlm.nih.gov/tools/primer-blast/).
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CHAPTER III. RESULTS AND DISCUSSION

As per the aims and objectives specified for the thesis, my work focused on
identification of cytosolic and nuclear targets of immune MAPKs (MPK3, MPK4
and MPK6) that are differentially phosphorylated in response to bacterial
infection. From the data obtained from large-scale phosphoproteomics screen, I
was involved in the validation of these cytosolic and nuclear targets and detailed
characterization of two candidate proteins during the course of my thesis. The
phosphoproteomics analysis and validation of the cytosolic targets were
published in MCP and the full text of this article is presented in section 3.1
herein. The data and results for the nuclear candidates are currently under
review in the New Phytologist journal. These results are presented in section 3.2
herein. Finally, I spent the latter part of my thesis in the characterization of an
MPK6 target, DEK2, that plays a role in MAPK signaling and plant immunity. The
results and the perspectives for this study are presented in section 3.3 herein.
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3.1 Quantitative phosphoproteomic analysis reveals shared and
specific targets of Arabidopsis MPK3, MPK4 and MPK6
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Céréales, Université de Clermont-Ferrand, 63039 Clermont-Ferrand,
France; **CEA, BIG-BGE-EDyP, U1038 Inserm/CEA/UGA, 38000
Grenoble, France; ‡‡ESPCI Paris, PSL Research University, Spectrométrie de Masse Biologique et Protéomique (SMBP), CNRS USR
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of putative MAPK substrates by phosphorylation and interaction assays confirmed the global phosphoproteome
approach. Our study also expands the set of MAPK substrates to involve other protein kinases, including calcium-dependent (CDPK) and sugar nonfermenting (SnRK)
protein kinases. Molecular & Cellular Proteomics 17:
10.1074/mcp.RA117.000135, 61–80, 2018.

MAPK cascades are essential components of signal transduction in eukaryotes. These modules are composed of a
MAPK kinase kinase (MAPKKK),1 a MAPK kinase (MAPKK)
and a MAPK, and transduce extracellular stimuli into multiple
cellular responses via the phosphorylation of MAPK substrates. Phosphorylation can modify major properties of proteins, such as their enzyme activity, subcellular localization, as
well as their stability and interaction with other proteins (1).
In Arabidopsis, MPK3, MPK4, and MPK6 have been implicated in the regulation of cell cycle, cytokinesis, plant development and innate immunity (2). The involvement of the
MAPK module ANP2/ANP3 and MPK4 along with its target
MAP65–1 is essential for microtubule organization and cytokinesis and mpk4 plants are extremely dwarfed (3). MPK4 was
localized to the cell plate in root tip cells and was shown to be
required for cell plate formation (4). MPK3 and MPK6, together with the upstream MAPKKK YODA, were found to play
a critical role in the formation, number and patterning of
stomata. Although mutants lacking YODA accumulated many
stomata, inducible RNAi double mutants of mkk4/mkk5 and
mpk3/mpk6 exhibit clustered stomatal patterning indicating
that the specification of stomata and pavement cells are
disrupted (5). Recently, it was shown that the MKK7-MPK6
cascade plays a role in shoot branching by phosphorylation of
its downstream target PIN1 whereas the MKK7-MPK3 cas1

The abbreviations used are: MAPK, mitogen-activated protein
kinase; MAMP, microbe-associated molecular pattern; MTI, MAMPtriggered immunity; XIC, extracted ion chromatogram; BiFC, bimolecular fluorescence complementation; ROS, reactive oxygen
species; CDPK, calcium-dependent protein kinase; IMAC, immobilized-metal affinity chromatography.
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In Arabidopsis, mitogen-activated protein kinases MPK3,
MPK4, and MPK6 constitute essential relays for a variety
of functions including cell division, development and innate immunity. Although some substrates of MPK3, MPK4
and MPK6 have been identified, the picture is still far from
complete. To identify substrates of these MAPKs likely
involved in cell division, growth and development we
compared the phosphoproteomes of wild-type and mpk3,
mpk4, and mpk6. To study the function of these MAPKs in
innate immunity, we analyzed their phosphoproteomes
following microbe-associated molecular pattern (MAMP)
treatment. Partially overlapping substrates were retrieved
for all three MAPKs, showing target specificity to one, two
or all three MAPKs in different biological processes. More
precisely, our results illustrate the fact that the entity to be
defined as a specific or a shared substrate for MAPKs is
not a phosphoprotein but a particular (S/T)P phosphorylation site in a given protein. One hundred fifty-two peptides were identified to be differentially phosphorylated in
response to MAMP treatment and/or when compared between genotypes and 70 of them could be classified as
putative MAPK targets. Biochemical analysis of a number
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EXPERIMENTAL PROCEDURES

Plant Material and Culture Conditions—For phosphoproteomic experiments, Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used
as wild-type (WT) plant. The mutants were mpk3–1 (SALK_151594)
(35), mpk4 –2 (SALK_056245) (4), and mpk6 –2 (SALK_073907) (35)
which were all generated in Arabidopsis ecotype Col-0. Plants were
grown, treated and harvested as described in (34). Three biological
repeats were prepared for mpk3, mpk4 and mpk6 mutant plants and
four repeats were obtained from WT plants, three of which had
already been examined within our former study (34). Within each
biological repeat, one sample was treated for 15 min with water and
another sample for the same duration with 1 M flg22 (final concentration). In the case of mpk4 mutant, the mpk4 –2 mutation was
segregating. mpk4⫺/⫺ seedlings were thus first isolated based on
their root phenotype (i.e. shortening and thickening of the primary
root) (4). Selected seedlings were then transferred to liquid medium
with the growth conditions mentioned previously (34) which allowed
reverting the severely dwarf phenotype of mpk4.
Protein Isolation and Phosphopeptide Enrichment—Cytoplasmic
protein fractions were obtained, proteins were precipitated and then
proteolyzed with trypsin and phosphopeptides were enriched using
the IMAC resin as described in (34).
Immunoblotting—About 80 –100 mg of plant ground in a mortar
with liquid nitrogen were resuspended in 200 l of a buffer containing
50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% Nonidet P-40, 5 mM
EGTA, 0.1 mM DTT (Sigma-Aldrich, Darmstadt, Germany), protease
inhibitors (Complete mixture, Roche, and 1 mM PMSF, Sigma-Aldrich), and phosphatase inhibitors (1 mM NaF, 0.5 mM Na3VO4, 15 mM
␤-glycerophosphate, 15 mM 4-nitrophenyl phosphate, Sigma- Aldrich
chemicals). The suspension was centrifuged at 20,000 g for 15 min at
4 °C, and the supernatant (150 l) was collected. Protein quantification was carried out by Bradford method (B6916, Sigma-Aldrich), and
the normalized protein amounts of all samples were denatured with
SDS-sample buffer by boiling them at 95 °C for 10 min. Protein
samples were resolved by SDS-PAGE at a constant amperage of 15
mA and transferred onto methanol-activated PVDF membranes (GE
Healthcare, Chalfont St. Giles, UK) for 1 h at a constant voltage of 100
V. Blots were blocked with 5% BSA (A9647, Sigma-Aldrich) in 1⫻
TBST for 1 h and then probed with Phospho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) (D13.14.4E) XP rabbit monoclonal antibody (#4370,
Cell Signaling Technology, Danvers, MA), hereafter referred to as
anti-pTpY antibody, at a dilution of 1:1,500 in 5% BSA in 1x TBST
overnight at 4 °C. The membranes were washed three times with 1x
TBST. Goat anti-rabbit antibodies (at a dilution of 1:15,000 in 5% BSA
in 1x TBST) conjugated to horseradish peroxidase were used as
secondary antibodies. The membranes were washed again three
times with 1x TBST, and the antigen-antibody interaction was detected with enhanced chemiluminescence reagent (ECL Prime, GE
Healthcare) using an imaging system (ChemiDoc MP System, BioRad, Hercules, CA). Coomassie blue staining of blots was then carried
out for protein visualization.
LC-MS/MS Analyses of Phosphopeptide Samples—LC-MS/MS
analyses of IMAC-enriched phosphopeptide samples were performed
exactly as detailed in (34). Briefly, a Dual Gradient Ultimate 3000
chromatographic system (Dionex, Sunnyvale, CA) was interfaced to
an LTQ-Orbitrap XL ETD mass spectrometer (Thermo-Fisher Scientific, Waltham, MA). Phosphopeptide samples were separated on a
C18 capillary column (Acclaim PepMap C18, 15 cm length x 75 m
I.D. x 3 m particle size, 100 Å porosity, Dionex) with a gradient
starting at 100% solvent A (water/ACN/formic acid, 95/5/0.1, v/v/v),
ramping to 50% solvent B (water/ACN/formic acid, 20/80/0.1, v/v/v)
over 60 min, then to 100% solvent B over 3 min (held 10 min), and
finally decreasing to 100% solvent A in 3 min. The Orbitrap was
operated in positive ionization mode, using the lock mass option
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cade regulates leaf development (6). MAPKs have also been
implicated in the inducible defense system of plants, both
on recognition of microbe-associated molecular patterns
(MAMPs) leading to MAMP-triggered immunity (MTI) and during effector-triggered immunity (ETI) (7). MTI is induced by the
sensing of MAMPs by plant pattern-recognition receptors
(PRRs) (8). One such MAMP is the N terminus of bacterial
flagellin, represented by the 22-amino acid-long peptide flg22
from Pseudomonas aeruginosa (9). In Arabidopsis, recognition of flg22 by the PRR flagellin-sensitive 2 (FLS2) together
with its co-receptor BAK1 activates Ca2⫹ influx, production of
reactive oxygen species (ROS) and phytohormones, as well
as CDPKs and MAPKs (8). These defense responses also
include stomatal closure to restrict pathogen entry (10, 11),
callose deposition to reinforce the cell walls (12), and the
production and secretion of antimicrobial molecules such as
the phytoalexin camalexin and PR1 protein (13–16). Arabidopsis MPK3, MPK4, MPK6 and recently also MPK1, MPK11, and
MPK13 are transiently activated in response to MAMP treatments (17–21). In response to flg22 sensing, at least two
MAPK modules are activated: MKK4/MKK5-MPK3/MPK6 (17,
22) and MEKK1-MKK1/MKK2-MPK4 (20, 23). The MKK4/
MKK5-MPK3/MPK6 module is thought to positively regulate
immunity (24). The MEKK1-MKK1/MKK2-MPK4 module was
originally considered to negatively regulate immunity (20, 23,
25–27), but subsequent work showed that this module is
guarded by the R protein SUMM2, explaining the constitutive
defense responses present in mutants of the MEKK1-MKK1/
MKK2-MPK4 cascade (28 –30). Recently, we performed a
genome-wide transcriptome analysis of responses triggered
by flg22 in wild-type (WT) and mpk3, mpk4, and mpk6 plants,
revealing both specific and cooperative functions of MPK3,
MPK4, and MPK6 in immunity (31).
Targeted experiments and more systematic approaches
have so far allowed the identification of several confirmed or
putative substrates of these three immune MAPKs (32–34).
However, these studies were done either in vitro or with
inducible systems of upstream regulators which bear inherent
problems of overexpression and specificity. Here, we quantitatively compared the cytoplasmic phosphoproteomes of WT
and mpk3, mpk4, and mpk6 mutant plants under ambient
conditions and on MAMP stimulation. We identified 152 differentially phosphorylated peptides in response to flg22 treatment and/or when compared among genotypes. Seventy of
these phosphopeptides could be classified as putative MAPK
targets, which was further confirmed by biochemical analysis
on seven proteins, with phosphosites that are specific to one
or shared by several MAPKs. Overall, our work largely expands the repertoire of putative MAPK substrates, and confirms previous genetic and transcriptomic analysis (31) by
providing the biochemical basis for the specific and partially
overlapping roles of the three MAPKs in plant growth and
defense.
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phopeptides identified at a fixed false discovery rate (FDR) (37). The
data was then processed using FragMixer (37), an in-house developed computational tool that collates the information provided by the
database search engine Mascot, from two different spectra with
respect to amino acid sequence and location of phosphosite using
two simple filtering rules relying on the peptide scores and Mascot
Delta scores (MD-scores). It is publically available and can be downloaded from http://proteomics.fr/FragMixer. FragMixer was used to
reach an estimated FDR of 1% for all analyses and a false localization
rate (FLR) of phosphosites below 5%. We specified MD-score thresholds associated to a FLR below 5% according to (38).
Relative phosphopeptide abundance was obtained using the
program MassChroQ (40) which integrates in all the compared runs
the areas of the extracted ion chromatograms (XICs) for every
phosphopeptide identified in at least one given run. The XIC areas
reconstituted by MassChroQ were then further handled as described in the paragraph “Statistical evaluation of relative phosphopeptide quantification.”
LC-MS/MS analyses of cytoplasmic samples with the Q-Exactive
instrument were interpreted using MaxQuant version 1.4.1.2. Search
parameters were as follows: database TAIR10; enzymatic specificity:
tryptic with two allowed missed cleavages; possible oxidation of Met
residues and acetylation of protein N terminus; 5 ppm tolerance on
precursor masses and 20 ppm tolerance on fragment ions. FDR was
set to 1% for both peptide-spectrum matches and proteins. For
quantification purposes, the alignment time window was set to 5 min
and the match among run time windows was set to 1 min. Proteins
were validated with at least 2 identified peptides including at least one
unique peptide. Quantification of protein abundance was estimated
from the LFQ values (41) calculated by MaxQuant that ensure normalization of total protein amount among samples. Quantification was
based on unique peptides only. Proteins quantified by less than three
peptides were rejected. We also demanded that proteins be reproducibly quantified in at least six out of the eight factor combinations
to evaluate by an ANOVA their possible abundance variation.
Experimental Design and Statistical Rationale—Our goal was thus
to identify substrates of MPK3, MPK4 and MPK6 in both normal
growth conditions and after challenge with a simulated pathogen
attack. Three biological repeats of cytoplasmic protein extracts were
prepared for mpk3, mpk4, and mpk6 mutant plants and four repeats
were obtained from WT plants. Within each biological repeat, one
sample was treated for 15 min with water and another sample for the
same duration with 1 M flg22 (final concentration). Five LC-MS/MS
injections were acquired on each phosphopeptide sample using an
updated exclusion list. These iterative injections permitted improving
quantification, by limiting the risks of missing values because of
MassChroQ failing to realign properly the runs to be compared. The
lists of phosphopeptides identified and quantified in these cytoplasmic proteins were finally processed as follows. In a first step, we
performed WT/mapk pairwise comparisons of the phosphoproteomics data to identify phosphopeptides being completely nondetected in
at least one condition. Phosphopeptide nondetection had to be systematic in all biological repeats. In parallel, phosphopeptide detection
was deemed reproducible when an MS signal could be quantified in
at least two out of the three biological repeats for mutant plants or in
at least three out of the four repeats for WT plants. Nonreproducibly
detected phosphopeptides were discarded from the data set.
To search for phosphopeptides exhibiting more subtle quantitative
variations that depend on treatment, genetic background or both, we
handled the data as follows. First, to compensate for the variable total
peptide material injected on-column, each chromatographic peak
(XIC) area was corrected by the median of the XICs measured in the
considered run. Second, when a phosphopeptide was identified from
ions of different charge states (e.g. z ⫽ 2, 3 and 4), each XIC asso-
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(reference ion at m/z 445.120025) to ensure more accurate mass
measurements in FTMS mode. The Orbitrap cell recorded signals
between m/z 400 and 1400 in profile mode with a resolution set to
30,000 in MS mode. When performing electron transfer dissociation
(ETD) analysis, a charge-state dependent reaction time was used
according to the formula CS-depRT ⫻ 2/z ms, with z being the
precursor charge state. Supplemental activation was set to 20% in
the Tune Page to increase ETD fragmentation efficiency. A total of five
LC-MS/MS analyses alternating multistage activation (36) and ETD
fragmentation spectra on the three precursor ions giving highest
signals in MS were acquired on each phosphopeptide sample. After a
first exploratory run targeting ionic species of charge states 2, 3, or 4,
the following analyses used an iteratively updated exclusion list of the
m/z values previously leading to peptide identifications. The successive use of MSA and ETD was meant to maximize the success rate of
peptide identification, in terms of precise phosphosite assignment
from the MS/MS spectra (34, 37). The acquired data were interpreted
using Mascot, followed by our in-house developed tool FragMixer
which allows merging the phosphopeptide identifications provided by
paired MS/MS spectra and validating precise phosphosite positioning
or maintaining ambiguity on phosphate group localization based on
the Mascot-Delta score (MD-score) (38).
LC-MS/MS Analyses of Whole Cytoplasmic Protein Digests—To
estimate the impact of flg22 treatment and/or genetic background on
the relative abundance of whole proteins, we sought to identify them
by nonmodified peptide sequences, by performing the analysis of
total cytoplasmic extracts after tryptic digestion. Protein samples
were reduced, alkylated and proteolyzed exactly as those prepared
for phosphopeptide enrichment. A capillary liquid chromatography
(Dual Gradient Ultimate 3000 chromatographic system (Dionex)) system coupled to a Q-Exactive instrument (Thermo-Fisher Scientific)
was used to carry out LC-MS/MS analyses. Peptides were separated
using a gradient starting at 100% solvent C (water/ACN/formic acid,
98/2/0.1, v/v/v), maintained for 5 min, then ramping from 3% to 46%
solvent D (water/ACN/formic acid, 10/90/0.1, v/v/v) over 60 min, then
to 90% solvent D over 10 min, flushing the column for 10 min at this
buffer composition, and finally decreasing to 100% solvent C in 3 min
to re-equilibrate the column for 20 min. The ten ions giving rise to the
highest signals in MS were selected for MS/MS. Spectra were recorded in MS between m/z 400 and 1500 in profile mode; target
resolution in MS was set to 70,000, the automatic gain control (AGC)
was 106 and the maximum injection time was 250 ms. MS/MS spectra
were acquired with a resolution set to 17,500, an AGC of 5⫻104, a
maximum injection time of 120 ms, a normalized collision energy of
30% and an isolation window of 2 m/z.
MS Data Interpretation—RAW data files acquired on phosphopeptide samples on the LTQ-Orbitrap XL ETD instrument were processed
using the software Proteome Discoverer 1.3 (Thermo Scientific) as
interface. Two different workflows were created to handle MSA or
ETD data separately. For ETD spectra interpretation, the workflow
included a nonfragment filter node that removed a 4-Da window
around the selected precursor ion, a 2-Da window around chargereduced precursors and a 2-Da window around known neutral losses
up to 120 Da in mass listed in (39). Database searches were performed with the Mascot server v2.2.07 while specifying the following
parameters: database TAIR10 (release 2010/12/14, 35386 sequences); enzymatic specificity: tryptic with two allowed missed cleavages;
fixed modification of cysteine residues (Methylthio(C)); possible phosphorylation of S, T, and Y residues; 5 ppm tolerance on precursor
masses and 0.6 Da tolerance on fragment ions. Fragment types
considered were those specified in the configuration “ESI-trap” in the
MSA workflow, and “ETD-trap” in the ETD workflow. The possible
oxidation of methionine residues was ignored, because we verified
that its addition did not allow increasing the number of unique phos-
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ambient temperature for 30 min. SDS-sample buffer was added to
stop the reaction followed by boiling at 95 °C for 10 min. Protein
samples were resolved by SDS-PAGE. The gel was stained with
SimplyBlue™ SafeStain (Novex cat. No. LC6065) and the band corresponding to the protein of interest was excised out, cut into small
pieces of 0.5 mm3 and destained with four successive washes of 15
min each with ACN and 100 mM NH4HCO3. Proteins were reduced
with 10 mM Tris(2-carboxyethyl)phosphine (TCEP, C-4706 Sigma) in
100 mM NH4HCO3 at 37 °C for 1 h followed by alkylation with 20 mM
S-Methyl methanethiosulfonate (MMTS, 64306 Sigma) at ambient
temperature for 30 min. Proteins were then digested with trypsin
(Porcine trypsin, Promega, Fitchburg, WI) at 37 °C overnight. The
digestion was stopped by the addition of 1% formic acid and the
peptides were recovered by incubating the gel pieces in ACN.
The recovered peptide solution was desalted using C18 ZipTip®
(Millipore, Burlington, MA, Cat. No. ZTC18S096) and analyzed by
LC-MS/MS. Briefly, peptide samples were separated on a C18 column (Acclaim PepMap C18, 25 cm length ⫻ 75 m I.D. ⫻ 3 m
particle size, 100 Å porosity, Dionex) connected to an LTQ-Orbitrap
Velos or a Q-Exactive HF instrument. The LC gradient ramped from
5% solvent B (water/ACN/formic acid, 20/80/0.1, v/v/v) to 45% solvent B over 45 min, then to 90% solvent B for 10 min. The MS
instrument acquired fragmentation spectra on the top 10 peptides
using CID fragmentation in the LTQ-Orbitrap or HCD in the Q-Exactive instrument. RAW data files obtained were converted to MGF files
using Proteome Discoverer interface (version 1.4). Database searches
were performed with the Mascot server v2.4 specifying the following
parameters: database TAIR10 (release 2010/12/14, 35386 sequences); enzymatic specificity: trypsin permitting two allowed missed
cleavages; fixed modification of cysteine residues (Methylthio(C));
possible variable modifications of phosphorylation on S, T, and Y
residues; 5 ppm tolerance on precursor masses and 0.5 Da tolerance
on fragment ions. The results were filtered based on Mascot scores
and MD-scores.
Bimolecular Fluorescence Complementation (BiFC)—To obtain the
expression vectors, coding sequences of candidate genes and
MAPKs (kindly provided by J. Colcombet) were cloned in fusion with
the N- and C-terminal parts of YFP, either as N- or C-terminal fusions,
under the control of the cauliflower mosaic virus 35S (CaMV-35S)
promoter in the pBIFC1,2,3 and 4 vectors. Appropriate positive and
negative controls were carried out for all combinations. Recombined
vectors were individually transformed in Agrobacterium tumefaciens
C58C1 strain by electroporation. Agrobacterium cultures from glycerol stocks were inoculated in 10 ml of LB medium with appropriate
antibiotics and incubated for 24 h at 28 °C with agitation. Each culture
was pelleted and resuspended in infiltration buffer (10 mM MgCl2, 10
mM MES pH 5.7, 150 M acetosyringone) to an OD600 of 1.5 and kept
in the dark for 3 h. The P19 viral suppressor of gene silencing was
coexpressed with each combination to prevent silencing of transiently
expressed proteins (48). 500 l of each bacterial culture were mixed
before infiltration. For fluorescence complementation, all eight possible combinations between a candidate gene and a MAPK were agroinfiltrated into 3-week-old Nicotiana benthamiana leaves. After 3
days, an upright LSM 710 Zeiss confocal microscope with a 20X
objective (Plan-Apochromat, NA 1.0) was used to visualize fluorescence. All images were acquired using Argon laser with 514-nm
excitation.
GST Pull-down Assays—His6-tagged or His6-MBP-tagged candidate proteins and constitutively active GST-tagged MAPKs were
expressed in E. coli BL21-AI or Rosetta strains. Ten g of GST-MAPK
protein lysates were incubated for 1 h at 4 °C with 50 l of glutathione
Sepharose 4B resin in 1 ml of binding buffer (25 mM Tris-HCl pH 7.4,
75 mM NaCl, 0.5 mM EDTA, 0.5 mM DTT and 0.01% Triton X-100)
supplemented with 1% protease inhibitor mixture. The resin was then
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ciated to a pep-z pair was considered individually. Indeed, even
though we could verify that the amplitude/direction of variation (on
flg22 treatment or change in genetic background) was comparable
among ionic species of different charge states corresponding to the
same identified phosphopeptide, the basal XIC areas were too different to allow considering the median of the areas associated to different charge states. Third, the median of the XIC areas detected for a
given pep-z pair in the five iterative LC-MS/MS analyses was attributed to that pep-z pair. Fourth, we applied a filter to leave aside
peptides for which XIC areas could not be measured reproducibly.
We required that, for at least six out of the eight genotype x treatment
combinations, a phosphopeptide be systematically detected (present) or nondetected (absent) in three biological repeats. A total of 804
phosphopeptide XICs out of 1608 quantified passed this filtering step.
To identify phosphopeptides displaying significant abundance
changes on flg22 treatment and to evidence their connections with
changes that fall within mapk mutants, we designed a 2-way analysis
of variance (ANOVA) using a linear model including the treatment and
the genetic background as main grouping factors. The model used
was: Yijk ⫽  ⫹ Ti ⫹ Mj ⫹ T ⫻Mij ⫹ ijk; where Yijk refers to individual
pep-z pair abundance value,  is the general mean, Ti is the treatment
effect (mock versus flg22), Mj is the mapk mutation effect (WT, mpk3,
mpk4, and mpk6), T ⫻Mij is the interaction effect of the main factors
and ijk is the residual. Phosphopeptides being flg22-dependent or
genotype-dependent were extracted at a p value below 0.01.
Bioinformatic Analyses of Phosphorylated Proteins—Phosphorylated sequences identified with confident phosphosites were submitted to motif-x (http://motif-x.med.harvard.edu/motif-x.html) (42) to
uncover over-represented phosphorylation patterns. Parameters set
for the width, occurrences, significance, and background were 13, 20,
10⫺6, and International Protein Index Arabidopsis proteome, respectively. These phosphorylated sequences were also submitted to
STRING (43). We discarded nonconnected protein entries. The represented network was obtained at a ⬍⬍ medium confidence ⬎⬎ in
data settings (min interaction score 0.4).
Putative MAPK docking sites were searched using the ELM program (http://elm.eu.org/) (44) with the UniProtKB identifier of the
proteins of interest.
Gene Synthesis and Gateway™ Cloning—The coding sequences
of AT3G29360 - UDP-GLUCOSE DEHYDROGENASE 2 (UGD2),
AT5G43830 - Aluminum induced protein with YGL and LRDR motifs
(AYL1), AT1G11360 - Adenine nucleotide alpha hydrolases-like superfamily protein or Universal Stress Protein A (USPA), AT1G50570 Calcium-dependent lipid-binding (CaLB domain) family protein
(CaLB), AT5G16880 - Target of Myb protein 1 (TOM1), AT4G00752 PUX9, UBX domain-containing protein (PUX9) and AT3G49010 BBC1, 60S ribosomal protein L13 (BBC1) were commercially synthesized from GenScript and cloned into the Gateway™ entry vector
pENTR-D/Topo (Invitrogen, Carlsbad, CA). The genes were then shuttled by Gateway™ LR Clonase reaction (Invitrogen) into pDEST17 or
pDEST-His-MBP for recombinant protein expression, into pBIFC1,
pBIFC2, pBIFC3 and pBIFC4 (45) for bimolecular fluorescence complementation (BiFC) assay, and into pGWB5 (46) for subcellular
localization.
Purification of Recombinant Proteins—His6-tagged or His6-MBPtagged proteins and constitutively active MAPKs (kindly provided by
J. Colcombet) (47) were expressed in Escherichia coli BL21-AI or
Rosetta strains, respectively, and purified under native conditions
using Ni-NTA agarose beads (Invitrogen Cat.No. R901–15) following
manufacturer’s instructions.
In Vitro Kinase Assays and Phosphosite Identification—Purified
recombinant proteins and constitutively active MAPKs were mixed
together in kinase reaction buffer (20 mM Tris-HCl pH 7.5, 10 mM
MgCl2, 5 mM EGTA, 1 mM DTT and 50 M ATP) and incubated at
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washed three times with binding buffer and incubated for 4 h at 4 °C
with 10 g of candidate protein lysates in 1 ml binding buffer. The
resin was then washed four times and bound proteins were eluted in
SDS-sample buffer, denatured for 10 min at 95 °C, and subjected to
SDS-PAGE followed by immunoblotting analysis, as described earlier, using anti-His antibody (Qiagen, Hilden, Germany, Penta-His
Antibody Cat. No 34660). Blots were stained with Ponceau-S for
visualization. E. coli protein lysates expressing GST alone were used
as negative controls.
Subcellular Localization—Coding sequences of candidate genes
were cloned in fusion with GFP at their C-terminal part under the
control of the CaMV-35S promoter, in the pGWB5 vector. Recombined vectors were transformed in A. tumefaciens C58C1 strain which
were subsequently infiltrated into N. benthamiana leaves, and GFP
fluorescence was visualized after 3 days, essentially as described
earlier for BiFC.
RESULTS
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Overview of Phosphoproteomes of WT and mapk Mutants—To identify phosphoproteins that exhibit changes in
phosphorylation levels in any of the mpk3, mpk4 and mpk6
mutants, we performed a phosphoproteomic analysis of at
least three independent biological repeats of WT plants and of
mpk3, mpk4, and mpk6 mutants after mock or 15 min treatment with flg22 (Fig. 1-A). Phosphopeptides were enriched
from cytoplasmic protein extracts using IMAC and identified
by LC-MS/MS. 1,279 different phosphopeptides differing in
amino acid sequence and/or number of phosphorylation sites
were identified, that corresponded to 731 unique proteins
(supplemental Table S1, Fig. 1A). Compared with the list of
phosphopeptide sequences present in the database PhosPhAt (21,646 phosphopeptides), we identified 193 novel
phosphopeptides (supplemental Table S1). When considering
the sequences with precise localization of phosphorylation,
the total of 1919 phosphosites were identified within 79.2% of
singly, 16.9% of doubly and 3.9% of ⱖ triply phosphorylated
peptides (Fig. 1B). They were additionally distributed into
80.4% Ser, 16.0% Thr and 3.6% Tyr residues (Fig. 1C).
To extract phosphorylation motifs from the dataset, the
phosphopeptides identified with precise phosphosites were
submitted to motif-x (49) (Fig. 1D, supplemental Table S1).
The combined low-stringency (S/T)*P and high-stringency
Px(S/T)*P MAPK motifs accounted for the largest peptide
population, followed by the casein kinase motif SxxS* and the
SnRK/CDPK “simple motif 1” (K/R)xx(S/T)* (50), which fits to
the involvement of CDPKs in flg22 and biotic stress signaling
(51, 52). However, the motifs S*DxE, S*ExE, S*xDD, S*xxE,
and S*xE correspond to unknown acidophilic kinases.
To identify the differentially phosphorylated peptides (supplemental Table S2) that depend on any one of the three
MAPKs in the absence of MAMP challenge (Fig. 1E) or in
response to MAMP treatment (Fig. 1F), we performed WT/
mapk pairwise comparisons for peptides that are absent in
any one condition (supplemental Table S3) as well as analyzed the entire dataset by a two-way ANOVA statistical test
for relative changes in phosphorylation levels (supplemental

Table S4). A total of 152 different phosphorylated sequences (corresponding to 138 proteins) were identified in
this way, of which 70 harbored an (S/T)*P site. The differentially phosphorylated peptides were grouped into two
categories: those that depend on the genetic background of
the three MAPKs under nonimmunity and those that depend
on flg22 (immunity-dependent).
Relative Abundance of (Phospho) Proteins in WT and mapk
Mutants—Because several hundred genes are differentially
expressed in mpk3, mpk4 and mpk6 mutants (31), it was
important to distinguish between changes in phosphorylation
stoichiometry and changes in protein amounts (53–55). We
therefore performed LC-MS/MS analyses of the total peptide
extracts (supplemental Table S5). Of the reproducibly quantified 1466 proteins, only two showed significant abundance
variations on flg22 treatment (p ⱕ 0.01), 137 varied among
genotypes (p ⱕ 0.01) and the abundance of 10 proteins
depended on both genotype and flg22 treatment (p ⱕ 0.05)
supplemental Table S5). More precisely, when comparing
pairwise mpki mutant plants to WT plants, 10, 25 and 54
proteins appeared specifically differentially present in mpk3,
mpk4, and mpk6 mutants, respectively, compared with WT. In
addition, 11 proteins were determined to be of affected abundance in all the mutants compared with WT plants. Interestingly, the genotype-dependent proteins were enriched in the
GO terms “response to abiotic or biotic stress” (14.8%) and
“response to stress” (16.1%) compared with the whole list of
identified proteins (8.1% and 9.3%, respectively).
The phosphopeptides whose abundance changed among
genotypes and/or by the treatment with flg22 (supplemental
Tables S3 and S4) corresponded to 138 proteins, of which 75
were also detected by nonmodified sequences indicative of
the whole protein amounts. Only six of these 75 proteins
showed a change that depended on the genotype. We then
compared the abundance of these six proteins and of their
phosphopeptides among the eight conditions examined. For
PGDH only, the protein abundance closely mirrors the variations in the F(stVGs)*DSDEYNPTLPKPR phosphopeptide levels: the lower amount of PGDH protein in mpk6 is therefore
the major factor for the apparent decrease in the S67TVGS71D
phosphorylation stoichiometry, which remains otherwise
unchanged. Overall, we conclude that the large majority of
phosphopeptide abundance changes observed are not because of variations in protein abundance but to differential
phosphorylation.
Identification of MAPK Targets in Nonimmune Processes—
All phosphopeptides quantified in the eight conditions are
listed in supplemental Table S2. To identify phosphorylation
events that depend on the respective MAPKs in nonimmune
processes, we compared the phosphoproteomes of WT and
mpk3, mpk4, and mpk6 under unchallenged conditions. We
obtained a total of 107 unique phosphopeptides corresponding to 102 proteins when comparing the mapk with the WT
data (Table I and supplemental Table S6, established from
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FIG. 1. A, Schematic representation of the phosphoproteomics experimental workflow and data analysis for the identification of
MAPK substrates. Phosphopeptides were enriched using IMAC from WT plants and three mapk mutants treated with and without flg22 and
analyzed by LC-MS/MS. Database searches were carried out using the program Mascot and phosphosite localization was ascertained using
FragMixer. Relative quantification was carried out using MassChroQ, followed by statistical analysis of quantitative data to highlight sequences
whose abundance was significantly modulated. The list of identified phosphopeptides was subjected to motif analysis using motif-x and ELM.
The phosphopeptides identified for each of the samples were hierarchially clustered. B, Number of phosphorylation sites per peptide. C,
Number of pS, pT and pY sites. D, Motifs enriched by Motif-X. E, Genotype-dependent phosphopeptides having a role in development and
other processes grouped into direct and indirect MPK3, MPK4 and MPK6 targets. F, flg22-induced phosphopeptides having a role in
MAMP-triggered immunity (MTI) grouped into MPK3-, MPK4- and MPK6-dependent and independent targets.
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MPK6

MPK4

MPK3

HPR(t)*PPTNASLDYPSADSEHVSKR
SKDNLYEQKPEEPVPVIPAA(s)*PTNDTSAAGSSFASR
(t)*PSRLAGMFSGTQDK or TP(s)*RLAGMFSGTQDK
RVHAFPL(s)*PTSLLR
SVETL(s)*PFQQK
HPR(t)*PPTNASLDYPSADSEHVSKR
ITS(s)*PKQEIGTGEATEQEEGKEQK
VHNPVVESSIQPQR(s)*PR
ASGSPPVPVMH(s)*PPRPVTVK
SAIPDTRPR(t)*PIHESAATGR (3ⴙ)
SAIPDTRPR(t)*PIHESAATGR (4ⴙ)
KVV(t)*PLREMTPER
RRP(s)*L(s)*PPPPYR
HVVDEPANEEKPSESSAAL(s)*PEK
FVYDK(s)*PEEVTGEEHGK
YSVDM(s)*PVK
R(s)*Y(s)*PGYEGAAAAAPDRDR
SY(s)*PGYEGAAAAAPDRDR
TTFVP(st)*PPALK TTFVP(s)*TPPALK
NVEKVEEIR(s)*PQTINK
HYSEDVGEVQASQEKPV(s)*PK
VVEEKPA(s)*PEPVKAEAEKPVEK
NTEEGEMVNNNV(s)*PMMHSR
SKDNLYEQKPEEPVPVIPAA(s)*PTNDTSAAGSSFASR
GMVSSGGPV(s)*PGPVYPGGRPGAGGLMPGMPGTR
SSWTSESYQLKPQSSFSGSHP(sGs)*PNAR
FKVTSADL(s)*PK
VLSL(s)*PSFRK
RY(s)*PPYYSPPR
TVANSPEALQ(s)*PHSSESAFALK
LSYPT(s)*PALPKPR
(t)*PSRLAGMFSGTQDK or TP(s)*RLAGMFSGTQDK
AEALAALTSAFNSSPSSK(s)*PPRR
DLSMNKFDWDHPLHLQPM(s)*PTTVK
RVHAFPL(s)*PTSLLR
HPR(t)*PPTNASLDYPSADSEHVSKR
(s)*PEHALFTKPVYDQTEQLPPAPWETQEPR
SMTGEQIQAP(ss)*PRDGEDISITQGHPKPPALK
KF(s)*EQNIGAPPSYEEAVSDSR(s)*PVYSER
NVEKVEEIR(s)*PQTINK
DAETVNQTSHPTEEEAQVTVSSNADVEDSHETV(s)*PR
TMEESETKPAD(t)*PDADKENTGEVQAEGAEDEDDEKEEK
KR(sAPt)*(t)*PINQNAAAAFAAVSEEER
VVEEKPA(s)*PEPVKAEAEKPVEK
DIQGSDNAIPL(s)*PQWLLSKPGENK

Phosphopeptide
AT1G15750
AT5G46750
AT2G39900
AT3G55270
AT1G07110
AT1G15750
AT1G19870
AT1G74690
AT1G77180
AT2G20960
AT2G20960
AT2G25430
AT2G27100
AT3G05900
AT3G16420/AT3G16430
AT3G26560
AT3G55460
AT3G55460
AT3G63460
AT4G01290
AT4G27430
AT5G35200
AT5G45190
AT5G46750
AT5G57870
AT5G61960
AT5G14720
AT1G70290
AT3G55460
AT5G43830
AT5G03040
AT2G39900
AT3G57410
AT3G29360
AT3G55270
AT1G15750
AT1G21380
AT1G30450
AT2G43160
AT4G01290
AT4G32330
AT4G32720
AT4G37870
AT5G35200
AT5G42950

Protein_AGI
WSIP1, TPL Transducin family protein/WD-40 repeat family protein
AGD9 ARF-GAP domain 9
GATA type zinc finger transcription factor family protein
MKP1, ATMKP1 mitogen-activated protein kinase phosphatase 1
F2KP, ATF2KP, FKFBP fructose-2,6-bisphosphatase
WSIP1, TPL Transducin family protein/WD-40 repeat family protein
iqd32 IQ-domain 32
IQD31 IQ-domain 31
SKIP chromatin protein family
pEARLI4 Arabidopsis phospholipase-like protein (PEARLI 4) family
pEARLI4 Arabidopsis phospholipase-like protein (PEARLI 4) family
epsin N-terminal homology (ENTH) domain-containing protein
S.E. C2H2 zinc-finger protein SERRATE (S.E.)
neurofilament protein-related
PBP1, JAL30 PYK10-binding protein 1
ATP-dependent RNA helicase, putative
SCL30, At-SCL30 SC35-like splicing factor 30
SCL30, At-SCL30 SC35-like splicing factor 30
transducin family protein/WD-40 repeat family protein
unknown protein
CIP7 COP1-interacting protein 7
ENTH/ANTH/VHS superfamily protein
Cyclin family protein
AGD9 ARF-GAP domain 9
eIFiso4G1 MIF4G domain-containing protein/MA3 domain-containing protein
AML1, ML1 MEI2-like protein 1
Protein kinase superfamily protein
ATTPS8, TPS8, ATTPSC trehalose-6-phosphatase synthase S8
SCL30, At-SCL30 SC35-like splicing factor 30
Aluminium induced protein with YGL and LRDR motifs
iqd2 IQ-domain 2
GATA type zinc finger transcription factor family protein
VLN3, ATVLN3 villin 3
UDP-glucose 6-dehydrogenase family protein
MKP1, ATMKP1 mitogen-activated protein kinase phosphatase 1
WSIP1, TPL Transducin family protein/WD-40 repeat family protein
Target of Myb protein 1
CCC1, ATCCC1, HAP5 cation-chloride co-transporter 1
ENTH/VHS family protein
unknown protein
TPX2 (targeting protein for Xklp2) protein family
AtLa1, La1 La protein 1
PCK1, PEPCK phosphoenolpyruvate carboxykinase 1
ENTH/ANTH/VHS superfamily protein
GYF domain-containing protein

Protein_Description
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MAPK

0.00
0.00
2.09
infinity
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.44
0.57
0.62
2.41
2.69
3.45
infinity
infinity
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

mpki/WT

TABLE I
This table lists all the (S/T)*P-containing phosphopeptides whose abundance was significantly diminished or increased in the considered mpki mutant compared to WT plants in mock
condition (from supplemental Table S3 and Table S4 associated to supplemental Fig. S2). They thus constitute probable MAPK direct substrates. In bold characters are indicated
phosphopeptides that were specifically non-detected in one mpki mutant; they thus constitute likely specific direct substrates of MPKi
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0.16
0.23
0.24
0.27
0.31
0.35
0.35
0.45
0.45
0.48
0.48
0.51
0.51
0.61
Protein of unknown function (DUF3550/UPF0682)
PCK1, PEPCK phosphoenolpyruvate carboxykinase 1
PCK1, PEPCK phosphoenolpyruvate carboxykinase 1
ATMIN7, BEN1 HOPM interactor 7
Target of Myb protein 1
VCS Transducin/WD40 repeat-like superfamily protein
Target of Myb protein 1
MKP1, ATMKP1 mitogen-activated protein kinase phosphatase 1
CCCH-type zinc finger protein with ARM repeat domain
Aluminium induced protein with YGL and LRDR motifs
VLN3, ATVLN3 villin 3
S-adenosyl-L-methionine-dependent methyltransferases superfamily protein
VCS Transducin/WD40 repeat-like superfamily protein
CCCH-type zinc finger protein with ARM repeat domain

0.00
0.00
0.00
0.00
0.00
0.14
0.15
Cyclin family protein
Cyclin family protein
AGD9 ARF-GAP domain 9
eIFiso4G1 MIF4G domain-containing protein/MA3 domain-containing protein
AML1, ML1 MEI2-like protein 1
ATBBC1, BBC1, RSU2 breast basic conserved
UDP-glucose 6-dehydrogenase family protein

YSLVLDPNLDAG(t)*PR
KTDGST(t)*PAYAHGQHHSIFSPATGAVSDSSLK
TDGST(tPAYAHGQHHSIFs)*PATGAVSDSSLK
SSVAEVTVPS(s)*PYKHEDPTEPDSREEESPALGAIR
NLSLNPTASAAPV(t)*PPKKDDKPEDILFK
SKDSNVTPDDDVSGMR(s)*PSAFFK
YEEMNKPSAPLTSHEPAMIPVAEEPDD(s)*PIHGREESLVR
FSSLSLLPSQT(s)*PK
FTDSALASAVF(s)*PTHK
TVANSPEALQ(s)*PHSSESAFALK
AEALAALTSAFNSSPSSK(s)*PPR
YVEEWVGPGSPMN(s)*PR
TLSYPTPPLNLQ(s)*PR
FTDSALASAVF(s)*PTHK

AT5G45190
AT5G45190
AT5G46750
AT5G57870
AT5G61960
AT3G49010
AT3G29360/AT5G15490/
AT5G39320
AT3G03570
AT4G37870
AT4G37870
AT3G43300
AT1G21380
AT3G13300
AT5G16880
AT3G55270
AT2G41900
AT5G43830
AT3G57410
AT1G36310
AT3G13300
AT2G41900
NTEEGEMVNNNV(s)*PMMHSR
NTEEGEMVNNNV(s)*PMMHSR
SKDNLYEQKPEEPVPVIPAA(s)*PTNDTSAAGSSFASR
GMVSSGGPV(s)*PGPVYPGGRPGAGGLMPGMPGTR
SSWTSESYQLKPQSSFSGSHP(sGs)*PNAR
AGDS(t)*PEELANATQVQGDYLPIVR
FDWDHPLHLQPM(s)*PTTVK

TABLE I—continued

Protein_AGI
Phosphopeptide
MAPK

68

supplemental Tables S3, S4 and supplemental Fig. S2). A
total of 51 peptides harbored one or two (S/T)*P motifs (Table
I), 25 peptides contained an acidophilic motif (e.g. S*D or S*E)
and 12 peptides the motif (K/R)xxS*, possibly corresponding
to the activity of CDPKs and SnRK2s (supplemental Table S6).
Among these sequences, phosphopeptides being absent in
one mapk mutant while detected in the three other genotypes
are clearly direct or indirect targets of the deleted MAPK.
Whereas no phosphopeptides were specifically absent in
mpk3, 34 and 14 phosphopeptides were undetectable in
mpk4 and mpk6 mutants, respectively (Tables I and supplemental Table S6). Among these, 16 and 7 contained an (S/T)*P
site (Table I), identifying them as putative direct substrates of
MPK4 or MPK6, respectively, involved in processes such as
various metabolic pathways, abiotic stress responses or plant
development. Among mapk genotypes, 41 phosphopeptides
from 38 proteins varied in abundance significantly (Tables I
and supplemental Table S6, established from supplemental
Table S4 and supplemental Fig. S2). Among these phosphopeptides, the majority showed reduced levels in a single
mapk, indicating their preferential direct or indirect phosphorylation by that MAPK. Among these proteins, most
were decreased in mpk6, with 16 bearing an (S/T)*P phosphosite (Table I) and 15 bearing other motifs, mostly acidic
ones ((S)*(D/E)) (supplemental Table S6). The 16 phosphopeptides thus appeared to be direct whereas the 15 indirect
MPK6 targets. Very few phosphopeptides exhibited decreased abundance in two mutants. For instance, TVANSPEALQ(s)*PHSSESAFAL from the Aluminum-induced protein
with YGL and LRDR motifs AT5G43830 (later called AYL1)
was less abundant in mpk4 and mpk6 mutants in untreated
conditions (Table I), suggesting that this S*P site is targeted
by both kinases.
Identification of flg22-induced Phosphorylation Targets and
Contribution of MAPKs—To identify proteins related to MTI,
we then looked for flg22-induced phosphorylated peptides in
WT and mpk3, mpk4, and mpk6 mutant plants and among
these for probable MAPK targets. First, the absence of the
dual phosphorylated activation loops TKSETDFM(t)*E(y)*
VVTR in mpk4 and VTSESDFM(t)*E(y)*VVTR in mpk6 when
compared with WT plants strengthened the robustness of our
approach. The MS detection of these phosphopeptides on
flg22 treatment correlated with the phosphorylation signals in
immunoblotting experiments using an anti-pTpY antibody
which recognizes the MAPKs in their activated form (supplemental Fig. S3).
A group of 19 phosphopeptides corresponding to 17 proteins were flg22-induced in a similar way in the four genotypes of WT and mpk3, mpk4 and mpk6 mutants (Table II,
established from supplemental Tables S3 and S4). Overall,
18 of these 19 sequences contained an (S/T)*P site, which
suggests that they are either targeted by MPK3, MPK4 or
MPK6 in a redundant fashion or by yet other MAMP-induced
MAPKs (21).
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mpki/WT

Shared and Specific Targets of Arabidopsis Immune MAPKs

Molecular & Cellular Proteomics 17.1
AT1G11360
AT1G11360
AT3G20250
AT5G46750
AT1G07110
AT1G21380
AT2G41900
AT2G41900
AT3G03570
AT3G13300
AT3G13300
AT3G15450
AT3G43300
AT3G54760
AT4G00752
AT4G01810
AT4G31160
AT4G31160
AT5G41950
AT5G43830
AT5G43830
AT5G57870
AT3G63460
AT1G06650
AT3G57410
AT1G30450
AT1G32400
AT1G34220
AT1G77180
AT2G43160
AT4G02510
AT4G22670
AT4G30890
AT4G32330
AT4G37870
AT5G09390
AT5G42950

KSPTVVTVQPS(s)*PRFPI(s)*TPTAGAQR

HSFLDELK(s)*PNAR
SKDNLYEQKPEEPVPVIPAA(s)*PTNDTSAAGSSFASR
SVETL(s)*PFQQK
NLSLNPTASAAPV(t)*PPKKDDKPEDILFK
FTDSALASAVF(sPt)*HK (2⫹)
FTDSALASAVF(sPt)*HK (3⫹)
YSLVLDPNLDAG(t)*PR
SKDSNVTPDDDVSGMR(s)*PSAFFK
TLSYPTPPLNLQ(s)*PR
AFAHPPEELN(s)*PASHFSGK
SSVAEVTVP(ssPYKHEDPt)*EPDSREEESPALGAIR
VSFAERP(s)*FK
YSLDNNPSSVL(s)*PR
(tPVPHsPPVVAs)**PIPPR
VHEGAPDTEVLLA(s)*PR (2⫹)
VHEGAPDTEVLLA(s)*PR (3⫹)
ELLSELKSEEGDG(t)*PHSSASPFSR
TVANSPEALQ(s)*PHSSESAFALK (2⫹)
TVANSPEALQ(s)*PHSSESAFALK (3⫹)
GMVSSGGPV(s)*PGPVYPGGRPGAGGLMPGMPGTR

TTFVP(st)*PPALK
LS(t)*PKPLPSDLLHLK

AEALAALTSAFNSSPS(s)*K(s)*PPR
SMTGEQIQAP(ss)*PRDGEDISITQGHPKPPALK
QAAPVTGVPVAPTLDQRP(s)*R
FPSMEKPQFDHQN(s)*SVSSYGDLPELQRPETSPLDR
ASGSPPVPVMH(s)*PPRPVTVK
KF(s)*EQNIGAPPSYEEAVSDSR(s)*PVYSER
ELDSS(sEAVsGNsDKVGADDLsDs)*EKEKPNLVGDGK
VEEEEEEDEIVE(s)*DVELEGDTVEPDNDPPQK
TDPIGLDNLSM(s)*DGESDPVYK
DAETVNQTSHPTEEEAQVTVSSNADVEDSHETV(s)*PR
KR(s)*APT(t)*PINQNAAAAFAAVSEEER
SAAND(tEMDDDs)*GNEKAGDDLSQDEIGVR
DIQGSDNAIPL(s)*PQWLLSKPGENK

Protein_AGI
Adenine nucleotide alpha hydrolases-like superfamily
protein
Adenine nucleotide alpha hydrolases-like superfamily
protein
APUM5, PUM5 pumilio 5
AGD9 ARF-GAP domain 9
F2KP, ATF2KP, FKFBP fructose-2,6-bisphosphatase
Target of Myb protein 1
CCCH-type zinc finger protein with ARM repeat domain
CCCH-type zinc finger protein with ARM repeat domain
Protein of unknown function (DUF3550/UPF0682)
VCS Transducin/WD40 repeat-like superfamily protein
VCS Transducin/WD40 repeat-like superfamily protein
Aluminium induced protein with YGL and LRDR motifs
ATMIN7, BEN1 HOPM interactor 7
dentin sialophosphoprotein-related
UBX domain-containing protein
Sec23/Sec24 protein transport family protein
DCAF1 DDB1-CUL4 associated factor 1
DCAF1 DDB1-CUL4 associated factor 1
Tetratricopeptide repeat (TPR)-like superfamily protein
Aluminium induced protein with YGL and LRDR motifs
Aluminium induced protein with YGL and LRDR motifs
eIFiso4G1 MIF4G domain-containing protein/MA3
domain-containing protein
transducin family protein/WD-40 repeat family protein
2-oxoglutarate (2OG) and Fe(II)-dependent oxygenase
superfamily protein
VLN3, ATVLN3 villin 3
CCC1, ATCCC1, HAP5 cation-chloride co-transporter 1
TOM2A tobamovirus multiplication 2A
Regulator of Vps4 activity in the MVB pathway protein
SKIP
ENTH/VHS family protein
TOC159, TOC86, PPI2, TOC160, ATTOC159
AtHip1, HIP1, TPR11 HSP70-interacting protein 1
UBP24 ubiquitin-specific protease 24
TPX2 (targeting protein for Xklp2) protein family
PCK1, PEPCK phosphoenolpyruvate carboxykinase 1
CD2-binding protein-related
GYF domain-containing protein

Protein_Description

de novo
1.19
1.24
0.79
1.11
0.59
0.72
0.67
1.08
1.08
1.16
0.85
0.71

4.71
de novo

de novo
1.96
3.43
1.76
1.25
1.44
1.41
1.79
2.12
4.82
1.47
2.17
1.99
17.75
1.53
2.49
1.87
2.33
2.22
2.59

de novo

de novo

Fold-change
WT
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SPTVVTVQPS(s)*PRFPI(s)*TPTAGAQR

Phosphopeptide

NA
1.28
0.86
0.00
1.05
0.99
1.35
2.90
0.00
2.04
0.85
1.07
2.70

0.66
de novo

de novo
de novo
3.97
1.97
1.29
1.28
1.56
2.21
1.65
4.51
1.94
1.65
1.91
de novo
2.20
2.13
1.69
1.95
1.76
1.65

de novo

de novo

Fold-change
mpk3

de novo
1.45
0.00
0.98
de novo
2.00
de novo
1.46
0.80
1.00
1.94
0.78
2.21

de novo
de novo

de novo
de novo
de novo
2.36
1.91
1.53
1.76
2.57
1.82
4.87
2.42
1.89
1.75
de novo
2.59
2.37
2.54
2.96
2.73
de novo

de novo

de novo

Fold-change
mpk4

de novo
de novo
de novo
de novo
1.26
de novo
1.71
de novo
de novo
de novo
de novo
de novo
de novo

1.42
NA

de novo
de novo
1.99
3.79
1.78
2.39
2.68
3.07
2.11
4.24
3.47
1.32
1.50
de novo
1.62
2.14
4.01
2.43
2.01
de novo

de novo

de novo

Fold-change
mpk6

TABLE II
This table lists all the flg22-induced phosphopeptides (from supplemental Table S3 and Table S4 associated to supplemental Figure S2). The fold-changes of phosphorylation upon
flg22 treatment are indicated for the four genotypes. “De novo” means that the phosphopeptides became de novo phosphorylated upon flg22 treatment. First, sequences becoming
more phosphorylated on flg22 treatment are indicated. Then phosphopeptides being absent in one mutant in mock condition and showing different responses to MAMP application
are listed
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plants. We then grouped the corresponding phosphoproteins
into a protein interaction network using the program STRING
(43) (Fig. 3). Networks could be retrieved for all three MAPKs
(Figs. 3A–3C), with MPK4 and MPK6 giving the most extensive signaling networks.
Interaction Network of the MPK4 Phosphoproteome—
MPK4 has a prominent role in cytoskeleton organization and
cytokinesis. The MPK4 network is clearly linked to several
microtubule-associated proteins (MAPs). Besides finding
MAP65, we also identified VHNPVVESSIQPQR(s356)*PR and
ITS(s680)*PKQEIGTGEATEQEEGKEQK as being absent in
mpk4, indicating that MPK4 phosphorylates IQD31 and
IQD32, respectively. Both proteins were reported to be MAPs
(57) and several members of the IQD family play roles in plant
development and basal defense response (58). MPK6 also
seems to be implicated in phosphorylating proteins involved
in the cytoskeleton. AEALAALTSAFNSSPSSK(s814)*PPR of
VILLIN3, which participates in actin filament bundling, was
affected in mpk6. In addition, a peptide containing S415P of
TPX2/WDL5, a MAP involved in the organization of the spindle
apparatus (59), is absent only in mpk6 in unchallenged conditions.
An interesting link also exists between MPK4 and the two
CDPKs CPK5 and CPK6, which are important regulators of
innate immunity and ROS production (51, 60). However, as
the phosphopeptide sequences do not correspond to MAPK
motifs but nonetheless depend on a functional MPK4, both
proteins are indirect targets of MPK4.
Splicing of mRNA is an important process in all eukaryotes,
and is also linked to stress responses in plants (61). Among
the splicing factors, SCL30 has previously been identified by
us to be phosphorylated in vitro by MPK3, MPK4, and MPK6
(62). Interestingly, SY(s206)*PGYEGAAAAAPDRDR, R(s)*Y(s206)
*PGYEGAAAAAPDRDR and RY(s5)*PPYYSPPR from SCL30
were absent or reduced in mpk4 (Fig. 4A). In the MPK4
network, SCL30 is connected to SKIP and the RNA helicase
DHX8/PRP22 (AT3G26560) and phosphopeptides corresponding to SKIP and DHX8/PRP22 are missing in mpk4,
suggesting that SCL30, SKIP, and DHX8/PRP22 are all in vivo
substrates of MPK4.
Interaction network of the MPK6 phosphoproteome—As
shown in Fig. 3B, MPK6 is linked to the dual specificity
phosphatase MKP1 which regulates MAPK activation levels
and is an important regulator of biotic and abiotic stress
responses (63, 64). Interestingly, T64, T109, and S558 of MKP1
were shown to be phosphorylated by MPK6 in vitro (65) and
MKP1 was suggested to be a substrate of MPK3, as MKP1
can still be phosphorylated in mpk6 mutant plants (66). Because VHAFPL(s295)*PTSLLR and RVHAFPL(s295)*PTSLLR
are both absent in mpk3 treated by flg22, MKP1 is an in vivo
target of MPK3 at S295. In addition, FSSLSLLPSQT(s558)*PK
from MKP1 is significantly less abundant in mpk6 (Fig. 4B and
supplemental Table S4), indicating that MPK6 phosphorylates
MKP1 at S558.
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Among phosphopeptides being absent in one mapk mutant
in unchallenged conditions (Table I), some remained nonphosphorylated in that mutant on flg22 treatment, but others
became phosphorylated. In the first category, the sequence
LS(t)*PKPLPSDLLHLK from the 2-oxoglutarate (2OG) and
Fe(II)-dependent oxygenase superfamily protein AT1G06650
became de novo phosphorylated in all studied genotypes on
flg22 stimulation except in mpk6 (Table II). This T*P site thus
appears to be a specific direct target of MPK6 both under
normal growth and MAMP signaling. In contrast, the second
category of phosphopeptides was phosphorylated during MTI
by another MAPK than the deleted one, maybe via a compensatory mechanism. One such example is SVETL(s)*PFQQK
from F2KP, which is absent in mpk4 mutant in mock condition, but is well detected on flg22 stimulation (Table II). Ten
phosphopeptides of Table II were not detected in the mpk6
mutant under mock conditions and showed no increase in
phosphorylation levels in WT plants on flg22 treatment. However, these peptides became modified in flg22-stimulated
mpk6 plants. The latter sites are therefore targeted by other
immune MAPKs when the plant needs to counteract a pathogen attack. Altogether, these observations highlight the interconnectivity of the MAPK cascades that contribute to MAMP
signaling robustness.
The interaction of MAPKs with their substrates usually requires the presence of a MAPK docking site (D-site) (56). We
thus searched for the possible presence of D-sites in the
sequence of the proteins harboring (S/T)*P-modified peptides
using the ELM program supplemental Table S3 and supplemental Table S4). The 67 phosphopeptides modulated in their
abundance among genotypes and/or on flg22 stimulation corresponded to 62 unique proteins, 8 of which harbored one
and 44 multiple MAPK D-sites.
Phosphopeptide Cluster Analyses Reveal Major Differences
in MAPK Targets—To obtain a global view on the different
mapk mutants, a cluster analysis was performed on the phosphopeptides exhibiting significant abundance variations between mutant and WT plants. As shown in supplemental Fig.
S4, the biggest differences in the phosphoproteomes are
found between mpk6 and the other mutants and WT plants.
Interestingly, most phosphopeptides are less abundant in
mpk6, irrespective of whether these are phosphorylated on
(S/T)*P or other motifs. Moreover, the phosphoproteome of
mpk3 is more closely related to that of mpk4 than to mpk6,
confirming our previous transcriptomic studies (31).
The global heat map of the nontreated and flg22-treated
samples together (Fig. 2) clearly shows that a lack of any of
the MAPKs strongly impacts the ability of the plant to respond
properly to the flg22 stimulus. Finally, compared with WT,
mpk3 and mpk4 mutants also show a partially overlapping
pattern on flg22 treatment.
We obtained the phosphoproteome of each mapk mutant
by collecting all phosphopeptides being significantly up- or
down-regulated in that mutant when compared with WT
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From the STRING-based analysis of the MPK6 phosphoproteome, a major network emerges linking MPK6 to two
histone deacetylases, which are important in gene regulation.
Because the corresponding HD1 and HD2A/HDA3 sequences
[WDPD(s)*DMDVDDDRKPIPSR] and [TPNIEPQGY(s)*EEEEEEEEEVPAGNAAK] are not MAPK motifs, these data indicate MPK6 as an upstream regulator of an HD1 and HD2A
kinase. A most prominent hub of 10 proteins comprises
exclusively ribosomal (BBC1, AT2G27710, AT1G01100/AT5G47700, AT2G27710/AT2G27720/AT3G44590, AT3G09200,
AT3G11250; we separated by a slash the proteins that shared
a phosphopeptide) or ribosome-associated proteins (NACA3
and AT3G12390). The phosphopeptide sequences of the 10
proteins do not correspond to MAPK motifs and hence are
indirect targets of MPK6. These results suggest that MPK6
might play an important role in translational control.
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On pathogen challenge, plants also modify their metabolism and MPK6 appears to be targeting several key metabolic
enzymes, including key enzymes in carbon metabolism such
as 3-phospho glycerate dehydrogenase (PGDH), sucrose
phosphate synthase 1F (SPS1F) or phosphoenolpyruvate carboxykinase (PEPCK). T122 phosphorylation of PEPCK by
MPK6 on flg22 challenge exemplifies its regulation (Fig. 4C
and supplemental Table S3). Carbon metabolism and cell wall
synthesis also seem to be targeted by MPK6, as shown by the
three UDP-glucose dehydrogenases UGD2, 3, and 4.
In addition, three probable direct MPK6 targets which
show up-regulation of their phosphosites on flg22 treatment
were Varicose (VCS) and the unknown function proteins
AT5G43830 and AT3G03570 (supplemental Table S4),
thereby constituting additional possible MAPK substrates
with a role in defense response.

71

Downloaded from http://www.mcponline.org/ by guest on February 3, 2019

FIG. 2. Heatmap showing the relative abundances among the eight studied conditions of phosphopeptides significantly affected by
the genotype and/or the flg22 treatment.
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FIG. 3. Protein interaction networks. All the targets obtained for each of the MAPKs were pooled and used to generate a network using
STRING (version 10.0). A, Network of targets of MPK4. B, Network of targets of MPK6. (C) Network of targets of MPK3.

Interaction Network of the MPK3 Phosphoproteome—The
MPK3 phosphoproteome was the smallest of all three MAPKs
(Fig. 3C). Nonetheless, several targets could be linked to
MPK3. Most prominently, MPK3 was linked to several substrates that also appeared in other networks, such as MKP1,
which was found in the MPK6 network. Similarly, CPK6 was
shared with MPK4, and three of the 60S ribosomal proteins
were shared with MPK6. However, two interesting MPK3specific targets could also be identified: one is the plasma
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membrane H⫹ ATPase AHA1, which is of major importance
for both abiotic and biotic stress conditions (67, 68) and the
other is the deubiquitinase UBP24, which was shown to be an
important regulator of ABA signaling (69). However, in both
cases, MPK3 functions as an indirect regulator, as the respective phosphosites do not match the MAPK signature.
Interaction of Immune MAPKs with Their Putative Substrates—The assessment of the quantitative phosphoproteomic data suggested complex kinase-substrate relation-
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FIG. 4. Boxplots showing the relative abundance of a few
phosphopeptides that exhibit a genotype-dependence. A, (1)
RY(s5)*PPYYSPPR (pep218) from SCL30; (2) Schematic representation showing the RNA Recognition motif (RRM) in purple and the
phosphorylation sites. B, (1) FSSLSLLPSQT(s558)*PK (pep558) from
MKP1; (2) Schematic representation showing the dual specificity
phosphatase catalytic domain in pink, the protein-tyrosine phosphatase active site in dark pink and the phosphorylation sites. C, (1)
(tDGsTt122)*PAYAHGQHHSIFSPATGAVSDSSLK (pep49) from PEPCK;
(2) Schematic representation showing the phosphoenolypyruvate carboxykinase domain in blue and the phosphorylation sites. Specific
phosphorylation sites are indicated with black arrows and preferential
phosphorylation sites are indicated with gray arrows.
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ships among MPK3, MPK4, and MPK6 and several tens of
proteins as substrates. To test our conclusions, we selected
seven proteins for further assays. These proteins were detected by (S/T)*P-containing phosphopeptides that belonged
to the different categories: absent in at least one mapk mutant
(Calcium-dependent lipid-binding family protein (CaLB) and
Adenine nucleotide alpha hydrolases-like superfamily protein,
also called Universal Stress Protein A (USPA)); induced by
flg22 (UBX domain-containing protein (PUX9)); mapk genotype-dependent (Target of Myb protein 1 (TOM1); 60S ribosomal protein L13 (BBC1) and UDP-glucose dehydrogenase 2
(UGD2)); and finally, both flg22-induced and mapk genotypedependent (Aluminum-induced protein with YGL and LRDR
motifs (AYL1)).
The interaction among the three MAPKs and their putative
targets was first tested in vivo by bimolecular fluorescence
complementation (BiFC) assays in N. benthamiana (Fig. 5A).
The interaction between AtMAP3K17 and AtMKK3 was used
as a positive control of interaction in the cytosolic compartment as shown by Danquah et al. (70). The interaction of the
candidate proteins with AtMAP3K17 was used as negative
control. All the positive and negative controls are shown in
supplemental Fig. S5. CaLB interacted with MPK3, MPK4,
and MPK6 exclusively in the cytoplasm. The interaction of
USPA and TOM1 with MPK3 and MPK4 was detected in the
cytoplasm whereas their interaction with MPK6 was detected
both in the cytoplasm and nucleus. The interaction of PUX9
with MPK3 was detected in the cytoplasm whereas the interaction with MPK4 and MPK6 was detected in both the cytoplasm and the nucleus. AYL1 interacted with MPK3 and
MPK6, but not MPK4, in both the cytoplasm and the nucleus.
UGD2 and BBC1 did not interact in these assays with any of
the three MAPKs tested.
The interaction among the three MAPKs and their putative
targets was also tested in vitro by GST pull-down assays (Fig.
5B). The interaction of the candidate proteins with GST alone
was used as negative control, as well as the interaction of the
three GST-MAPKs with His-MBP alone (Fig. 5C). TOM1 and
UGD2 interacted with all the three MAPKs. USPA interacted
specifically with MPK6. PUX9 and BBC1 did not interact with
any of the three MAPKs. The strong interaction of CaLB and

Shared and Specific Targets of Arabidopsis Immune MAPKs

AYL1 with GST alone did not allow drawing relevant conclusions as to their interaction with the three MAPKs.
Overall, the direct physical interaction among six candidate
proteins and the MAPKs was confirmed in at least one of the
interaction assays.
Validation of Novel In Vivo Phosphorylation Sites of MAPK
Substrates—The selected candidates were all phosphorylated in vivo on one or more (S/T)*P sites suggesting that they
were potential substrates of MAPKs. To test the capacity of
the MAPKs to phosphorylate these proteins at the given in
vivo sites, the seven proteins were produced as recombinant
proteins and tested by in vitro kinase assays (supplemental
Table S7). TOM1 and BBC1 were phosphorylated by both
MPK4 and MPK6; UGD2, AYL1, USPA, and PUX9 were phosphorylated by all three MAPKs. Except for CaLB, which was
not phosphorylated by any of the three MAPKs, the in vivo
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phosphosites were phosphorylated by the respective MAPKs
in vitro. In some cases, additional (S/T)*P sites were phosphorylated by the three immune MAPKs (supplemental Table S7).
Overall, these results suggest that six out of the seven tested
proteins represent true MAPK substrates.
Subcellular Localization of the MAPK Substrates—To further characterize the seven selected proteins, we examined
the subcellular localization of GFP-tagged proteins expressed
in N. benthamiana leaf epidermal cells by confocal microscopy (Fig. 6). Five of the candidate proteins, namely UGD2,
USPA, TOM1, CaLB, and PUX9 were localized exclusively to
the cytoplasm whereas AYL1 localized to both the cytoplasm
and nucleus. BBC1, however, was localized exclusively to the
nucleus. These subcellular localization data are overall in
good agreement with the BiFC results and with the fact that
these proteins were identified from a cytoplasmic fraction.
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FIG. 5. A, BiFC analysis of the seven tested MAPK candidate substrates with MPK3, MPK4 and MPK6 in N. benthamiana leaf
epidermal cells. YFP fluorescence was observed by laser scanning confocal microscopy. Scale bar ⫽ 20 m. B, Glutathione S-transferase
(GST) pull-down assays were performed by incubating bacterial lysates of GST (Lane1), MPK3-GST (Lane2), MPK4-GST (Lane3) and
MPK6-GST (Lane4) with GST beads followed by incubation with bacterial lysates candidate proteins tagged with His tag or His-MBP tag. The
pull-downs were probed with anti-His antibody (WB: anti-His) and the proteins were stained with Ponceau-S. C, A negative control for binding
of His-MBP with the three MAPKs.
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DISCUSSION

Expansion of the MAPK Substrate Repertoire—Given the
critical roles of MPK3, MPK4, and MPK6 in several processes,
including development and in responses to environmental
stresses, the identification of their substrates is of great interest. Here, we used a phosphoproteomic approach on WT
plants and the three mapk mutants in the absence or on
stimulation by the MAMP flg22 to identify putative in vivo
substrates of MPK3, MPK4 and MPK6. According to our
phosphoproteomic analyses, we identified 70 peptides as
putative targets of one or several of the three MAPKs. Previously, Hoehenwarter et al. published a phosphoproteomic
study on A. thaliana seedlings expressing tobacco NtMEK2DD
(32) to trigger the activation of MPK3 and MPK6. Among 35
putative MPK3/6 substrates, nine are found in our data set
and seven harbor the same phosphosites (Table S8). Likewise, Lassowskat et al. reported a phosphoproteomic study
on adult A. thaliana plants expressing the constitutively active
PcMKK5DD which activates MPK3 and MPK6 (33). The authors identified 538 probable phosphoproteins with altered
abundance downstream of MPK3/6 activation, of which 30
are found in our dataset (Table S8). Common putative MAPK
substrates were thus identified in these studies, although
plant age, growth conditions and the technical approaches
differed. Besides, we identified AT2G20760 (clathrin light
chain) which was shown to be phosphorylated by MPK3 and
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FIG. 6. Subcellular localization of the seven transiently expressed MAPK candidate substrates fused to GFP driven by 35S
promoter in N. benthamiana cells. The tagged proteins were expressed in 4-week-old tobacco plants and the localization was visualized between 48 and 72 h after infiltration by laser scanning confocal microscopy. Scale bar ⫽ 50 m.

MPK4 on protein microarrays (71), and AT1G11360 (adenine
nucleotide alpha hydrolases-like superfamily protein) and
AT1G30450 (CCC1) which were predicted to be MPK3 or
MPK6 substrates based on the experimentally determined
preferential phosphomotif of these kinases (72). However, no
overlap exists among our list of putative MAPK substrates and
the list of candidates obtained using protein microarrays incubated with MPK3 and MPK6 (73). Finally, one can note that
we did not identify known MAPK substrates of lower abundance, such as WRKY transcription factors. Several reasons
can account for this absence: we characterized every phosphopeptide using two fragmentation modes (CID and ETD),
which reduced the total number of fragmented peptides by a
factor of two, but increased the reliability of phosphosite
identification; we analyzed a cytoplasmic protein fraction,
which is of high complexity and is not expected to be the
subcellular compartment best suited to detect transcription
factors. Overall, our in vivo phosphoproteome results confirm
the identification of several previously proposed MAPK targets and largely expand the repertoire of MAPK substrates.
MAPKs May Target Several Proteins of the Same Complex/
Pathway—The protein interaction network analysis of phosphoproteins exhibiting modified phosphorylation levels highlighted that proteins belonging to the same complex or
pathway may be collectively targeted by immune MAPKs as
direct substrates and/or more indirectly by MAPKs acting as
upstream regulators of the responsible kinases. We identified
a number of proteins involved in translational control for both
MPK3 and MPK6 and several cytoskeleton regulatory proteins for MPK4. Interestingly, putative substrates of the human ERK1/2 MAPKs identified by phosphoproteomics also
appeared to group in protein complexes or functional pathways (74), which suggests the probable broad conservation of
this feature among eukaryotes.
Specific and Shared MAPK Substrates—Our previous genetic and transcriptomic analysis indicated that MPK3, MPK4
and MPK6 had specific targets but also closely collaborate as
kinase pairs or even as kinase triads to execute their functions
(31). For example, approximately half of the genes that were
differentially expressed in mpk3 displayed a similar regulation
in mpk4. Moreover, we observed that a knock out in mpk3 or
mpk6 affects the activation of the other two kinases in the
triad. Unfortunately, the basis for the interactive functioning of
the three MAPKs could not be revealed from transcriptome
data alone and further studies were necessary to unravel the
underlying mechanisms. Principally, the MPK3, MPK4 and
MPK6 phosphoproteomes largely confirm the previous observations, showing a highly complex pattern of phosphorylation
events for some targets. Some phosphopeptides are exclusively absent in a single mapk mutant, indicating their specific
direct or indirect modification by that MAPK. Others show a
diminished abundance in one mapk mutant, indicating their
favored but not exclusive phosphorylation by that MAPK.
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Our global phosphoproteomic analysis of WT plants and
mapk mutants suggests the existence of a high intricacy
between the immune-regulated MAPKs and their substrates.
A selection of putative MAPK substrates was analyzed to
assess the ability of immune MAPKs to both interact and
phosphorylate these candidates. BiFC and pull-down data
revealed interaction of these putative substrates with none up
to the three MAPKs. BBC1 did not interact with any of the
three MAPKs in these assays, and several candidate proteins
were shown to interact with the MAPKs only in BiFC or pulldown assays. These could be false negative interactions that
may arise for technical or biological reasons, for instance
because the fusion of the candidate protein to a tag may
result in aberrant protein folding or may sterically hinder the
protein-protein interaction (81). Kinase assays followed by MS
analysis confirmed the identification of the in vivo phosphosites and additional phosphorylated (S/T)*P sites were identified in some cases. The biological relevance of these new
phosphosites would deserve being studied during normal
development and in MAMP response. The phosphorylation of
a given (S/T)*P site by a MAPK has been described to depend
on several factors, among which are the presence and location of docking domains (82– 84) and the kinase preference for
the residues surrounding the phosphosite (72, 85). In line with
this, our observations encourage considering a putative
MAPK substrate at the level of each of its S*P or T*P phosphosites, anticipating that each site may be recognized and
phosphorylated by a given MAPK with different affinities.
Novel MAPK Substrates—USPs belong to a superfamily
and are found in bacteria, archaea, fungi, protozoa and plants.
They are induced by various stresses to alter gene expression
and resistance to stress (86, 87). Our work identified USPA to
be phosphorylated at SPTVVTVQPS(s)*PRFPI(s)*TPTAGAQR
in all mapk mutants in vivo on flg22 treatment. USPA interacted and was phosphorylated by all three MAPKs, suggesting that USPA is a shared in vivo substrate of MPK3, MPK4,
and MPK6. The Arabidopsis USPs AtPHOS32 and AtPHOS34
are also phosphorylated on elicitation with Phytophthora infestans, xylanase and flg22, and AtPHOS32 S21 was identified
as the flg22-triggered phosphosite (88, 89). In vitro kinase
assays and immunodepletion assays indicated that MPK3
and MPK6 were the predominant protein kinases phosphorylating AtPHOS32 S21 residue (89). Overall, these combined
data suggest that USPs might have an important role in plant
defense downstream of the immune MAPKs.
Phosphorylation of BBC1 (an Arabidopsis ortholog of human Breast Basic Conserved protein 1) was reduced especially in mpk6 (supplemental Fig. S2). In vitro, MPK4 and
MPK6 could phosphorylate BBC1, making it a shared MAPK
substrate.
TOM1 proteins in plants participate to the loading of the
ESCRT (Endosomal Sorting Complex Required for Transport)
machinery (90). We showed that TOM1 (AT5G16880) could
interact with all three MAPKs and was phosphorylated in vitro
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Finally, a few proteins, such as AYL1, clearly appeared in the
phosphoproteomics screen as shared targets of two MAPKs.
Regarding the question as to how different mapk mutants
might affect the other MAPK pathways, it was hypothesized
that phosphatases might play an important role. In fact, our
data revealed that the dual-specificity phosphatase MKP1,
which can regulate the activity of MPK3, MPK4 and MPK6 in
planta, is targeted by MPK3 and MPK6. Interestingly, the two
MAPKs target different sites in MKP1, as MPK3 phosphorylates S295 and MPK6 S558 (Fig. 4B). At present the biological
function of these two sites is not clear, but certainly strengthens the idea that MKP1 could be a central regulator of the
MAPK activation profiles. Another interesting factor of our
phosphoproteome analysis was the identification of the deubiquitinase UBP24 as MPK3-specific target. UBP24 is an
upstream regulator of ABI2 for ABA and salt stress (69) and
phosphorylation of UBP24 by MPK3 might influence protein
turnover of certain MAPK stress pathway components.
Besides identifying several direct known and novel MAPK
substrates, our analysis also identified several indirect targets
as downstream components of certain MAPKs. In addition to
MAPKs, CDPKs represent an important protein kinase family
involved in MAMP signaling. CPK4, CPK5, CPK6, and CPK11
were shown to be rapidly activated on flg22 treatment and are
involved in the flg22-triggered oxidative burst and transcriptional reprogramming (51, 52). Several studies reported links
between MAPKs and CDPKs, showing synergistic or antagonistic effects among these protein kinases (51, 75), but only
a few CDPK substrates have been identified to date, including
the plasma membrane-localized NADPH oxidase RBOHD as
a substrate of CPK5 (60). Our phosphoproteomic analysis
identified CPK5 and CPK6 to be phosphorylated indirectly via
MPK3, MPK4, and MPK6. Interestingly, among the set of
these indirect MAPK targets, we identified a number of
proteins with a (K/R)xx(S/T)* phosphorylation consensus motif
that could qualify as potential CDPK candidates. Among
these, we find MAP65 with KVQEQPHVEQESAFSTRPSPARPV(s)*AKK, DRM1 (Dormancy-related protein 1) with the sequence KIT(t)*QPINIR or LSRPG(s)*GSVSGLASQR of PSD3
(phosphatidylserine decarboxylase 3). The involvement of immune MAPKs in the ROS burst production is still controversial. Several works suggest that the ROS burst is independent
of MPK3/MPK6 or MPK4 (29, 76), whereas other works suggest that the ROS burst is at least partially dependent on
MPK3/MPK6 or MPK4 (47, 77). In the case where immune
MAPKs would contribute to the regulation of the MAMPinduced ROS burst, the MAPK-dependent regulation of CPK5
and CPK6 might constitute the underlying mechanism. Similarly, some of the acidophilic motifs detected in the genotypedependent group could be the targets of casein kinases (CKs)
(78). CK2 protein kinases are involved in multiple biological
processes and in particular in immunity (79, 80). Our study
might thus reveal new putative CDPK and CK targets that
work in conjunction with MAPKs.
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CONCLUSION

This work contributes to establishing a broader picture of
MAPK substrates in plants. In agreement with their partially
overlapping roles in plant defense, our results suggest that
immune MAPKs have both specific and shared substrates,
thereby contributing to the robustness of the defense signaling network. The intricate and exquisitely refined character of
the immune MAPK substrate network likely expands to the
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other MAPKs. Our results also underline the fact that the
entity to be defined as a specific or a shared substrate for
MAPKs is not a phosphoprotein but a particular (S/T)P
phosphorylation site in a given protein. This work also uncovers parts of the interplay between MAPKs and CDPKs.
Finally, the proteins identified in this work constitute valuable candidates to better understand the exact roles of
MAPKs and more generally the molecular mechanisms of
signaling networks.
Acknowledgments—We would like to thank Véronique Legros and
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by MPK4 and MPK6. Because TOM1 showed significantly
reduced phosphorylation in mpk6 (supplemental Fig. S2),
TOM1 appears to be mainly targeted by MPK6 in vivo. Another TOM1 (AT1G21380) showed absence of phosphorylation at (s)*PEHALFTKPVYDQTEQLPPAPWETQEPR in mpk6,
suggesting that this protein is also an in vivo substrate of
MPK6. These data would thus indicate that immune MAPKs,
predominantly MPK6, regulate the ESCRT machinery.
Arabidopsis has 15 UBX (ubiquitin-regulatory X-containing)
proteins that act as CDC48-interacting partners (91). PUX1
acts as a negative regulator of CDC48 regulating plant growth
and development (92, 93). Interestingly, pux2 showed reduced growth and reproduction of Golovinomyces orontii (91).
We identified PUX9 to be phosphorylated in the three mapk
mutants and in WT plants in response to flg22 treatment
(supplemental Fig. S2). PUX9 interacted with and was phosphorylated by MPK3, MPK4 and MPK6, suggesting that PUX9
is a shared substrate of the three MAPKs in vivo.
UDP-glucose dehydrogenases (UGDs) belong to a fourmembered family and provide cell wall precursors. A
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Milchevskaya, V., Schneider, M., Kühn, H., Behrendt, A., Dahl, S. L.,
Damerell, V., Diebel, S., Kalman, S., Klein, S., Knudsen, A. C., Mäder,
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Supplementary information
Materials and Methods
Plant growth conditions and treatments - Arabidopsis thaliana
seeds were surface sterilized and stratified for several days at 4 °C. Seedlings
were first grown for 5 days in liquid 1/2 MS medium (M6899, Sigma-Aldrich)
containing 0.5 g/L MES (M8250, Sigma-Aldrich) pH 5.7 and 1% (w/v) sucrose
(S5016, Sigma-Aldrich) in a culture chamber at 24 °C with a 16 h photoperiod.
Then, seedlings were transferred to Erlenmeyer flasks and grown under
shaking in the same medium, in the dark, at 25 °C for 1 month. We grew
plants in the dark to avoid high RuBisCo (ribulose-1,5-bisphosphate
carboxylase/oxygenase) content in the plant tissues as RuBisCo is the most
abundant protein in photosynthetic organisms (1). RuBisCo is located in the
chloroplasts, and these organelles often break when plant cells have been
frozen and ground in liquid nitrogen. Moreover, RuBisCo is phosphorylated in
vivo at several sites (2, 3) and can thus hinder in-depth analysis of plant
proteomes and phosphoproteomes (4). The culture in liquid medium allowed
applying the MAMP flg22 easily and on a large plant surface. Plants were
finally mock- or flg22-treated, harvested, blot dried with paper, flash-frozen in
liquid nitrogen, and stored at −80 °C. More precisely for the treatments, plants
were first left on the bench for 3 h before water (5) or 1 µM flg22 (final
concentration) was applied for 15 min to the plants. Plants were also kept in
the dark during the resting period and the treatment, by maintaining the flasks
wrapped in an aluminum foil except when promptly adding water or the flg22containing solution.
Immunoblotting
About 80−100 mg of plant ground in a mortar with liquid nitrogen were
resuspended in 200 µL of a buffer containing 50 mM Tris-HCl pH 7.5, 150 mM
NaCl, 0.1% NP40, 5 mM EGTA, 0.1 mM DTT (Sigma-Aldrich chemicals),
protease inhibitors (Complete cocktail, Roche, and 1 mM PMSF, SigmaAldrich), and phosphatase inhibitors (1 mM NaF, 0.5 mM Na3VO4, 15 mM βglycerophosphate,

15

mM

4-nitrophenyl

phosphate,

Sigma-

Aldrich

chemicals). The suspension was centrifuged at 20,000 g for 15 min at 4°C,
and the supernatant (150 µL) was collected. Protein quantification was carried
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out by Bradford method (B6916, Sigma-Aldrich), and the normalized protein
amounts of all samples were denatured with SDS-sample buffer by boiling
them at 95°C for 10 min. Protein samples were resolved by SDS-PAGE at a
constant amperage of 15 mA and transferred onto methanol-activated PVDF
membranes (GE Healthcare) for 1 h at a constant voltage of 100 V. Blots
were blocked with 5% BSA (A9647, Sigma-Aldrich) in 1x TBST for 1 h and
then

probed

with

Phospho-p44/42

MAPK

(Erk1/2)

(Thr202/Tyr204)

(D13.14.4E) XP rabbit monoclonal antibody (#4370, Cell Signaling), hereafter
referred to as anti-pTpY antibody, at a dilution of 1:1,500 in 5% BSA in 1x
TBST overnight at 4 °C. The membranes were washed three times with 1x
TBST. Goat anti-rabbit antibodies (at a dilution of 1:15,000 in 5% BSA in 1x
TBST) conjugated to horseradish peroxidase were used as secondary
antibodies. The membranes were washed again three times with 1x TBST,
and

the

antigen−antibody

interaction

was

detected

with

enhanced

chemiluminescence reagent (ECL Prime, GE Healthcare) using an imaging
system (ChemiDoc MP System, Bio-Rad). Coomassie blue staining of blots
was then carried out for protein visualization.
LC-MS/MS analyses of phosphopeptide samples
LC-MS/MS analyses of IMAC-enriched phosphopeptide samples were
performed exactly as detailed in (6). Briefly, a Dual Gradient Ultimate 3000
chromatographic system (Dionex) was interfaced to an LTQ-Orbitrap XL ETD
mass spectrometer (Thermo-Fisher Scientific). Phosphopeptide samples were
separated on a C18 capillary column (Acclaim PepMap C18, 15 cm length x
75 µm I.D. x 3 µm particle size, 100 Å porosity, Dionex) with a gradient
starting at 100% solvent A (water/ACN/formic acid, 95/5/0.1, v/v/v), ramping to
50% solvent B (water/ACN/formic acid, 20/80/0.1, v/v/v) over 60 min, then to
100% solvent B over 3 min (held 10 min), and finally decreasing to 100%
solvent A in 3 min. The Orbitrap was operated in positive ionization mode,
using the lock mass option (reference ion at m/z 445.120025) to ensure more
accurate mass measurements in FTMS mode. The Orbitrap cell recorded
signals between m/z 400 and 1,400 in profile mode with a resolution set to
30,000 in MS mode. When performing electron transfer dissociation (ETD)
analysis, a charge-state dependent reaction time was used according to the
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formula CS-depRT x 2/z ms, with z being the precursor charge state.
Supplemental activation was set to 20% in the Tune Page to increase ETD
fragmentation efficiency. A total of five LC-MS/MS analyses alternating
multistage activation (7) and ETD fragmentation spectra on the three
precursor ions giving highest signals in MS were acquired on each
phosphopeptide sample. After a first exploratory run targeting ionic species of
charge states 2, 3 or 4, the following analyses used an iteratively updated
exclusion list of the m/z values previously leading to peptide identifications.
The successive use of MSA and ETD was meant to maximize the success
rate of peptide identification, in particular in terms of precise phosphosite
assignment from the MS/MS spectra (6, 8). The acquired data were
interpreted using Mascot, followed by our in-house developed tool FragMixer
which allows (i) merging the phosphopeptide identifications provided by paired
MS/MS spectra and validating precise phosphosite positioning or maintaining
ambiguity on phosphate group localization based on the Mascot-Delta score
(MD-score) (9).
LC-MS/MS analyses of whole cytoplasmic protein digests
To estimate the impact of flg22 treatment and/or genetic background
on the relative abundance of whole proteins, we sought to identify them by
non-modified peptide sequences, by performing the analysis of total
cytoplasmic extracts after tryptic digestion. Protein samples were reduced,
alkylated and proteolyzed exactly as those prepared for phosphopeptide
enrichment. A capillary liquid chromatography (Dual Gradient Ultimate 3000
chromatographic system (Dionex)) system coupled to a Q-Exactive instrument
(Thermo-Fisher Scientific) was used to carry out LC-MS/MS analyses.
Peptides were separated using a gradient starting at 100% solvent C
(water/ACN/formic acid, 98/2/0.1, v/v/v), maintained for 5 min, then ramping
from 3% to 46% solvent D (water/ACN/formic acid, 10/90/0.1, v/v/v) over 60
min, then to 90% solvent D over 10 min, flushing the column for 10 min at this
buffer composition, and finally decreasing to 100% solvent C in 3 min to reequilibrate the column for 20 min. The ten ions giving rise to the highest
signals in MS were selected for MS/MS. Spectra were recorded in MS
between m/z 400 and 1,500 in profile mode; target resolution in MS was set to
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70,000, the automatic gain control (AGC) was 106 and the maximum injection
time was 250 ms. MS/MS spectra were acquired with a resolution set to
17,500, an AGC of 5.104, a maximum injection time of 120 ms, a normalized
collision energy of 30% and an isolation window of 2 m/z.
MS data interpretation
RAW data files acquired on phosphopeptide samples on the LTQOrbitrap XL ETD instrument were processed using the software Proteome
Discoverer 1.3 (Thermo Scientific) as interface. Two different workflows were
created to handle MSA or ETD data separately. For ETD spectra
interpretation, the workflow included a non-fragment filter node that removed
a 4-Da window around the selected precursor ion, a 2-Da window around
charge-reduced precursors and a 2-Da window around known neutral losses
up to 120 Da in mass listed in (10). Database searches were performed with
the Mascot server v2.2.07 while specifying the following parameters:
database TAIR10 (release 2010/12/14, 35386 sequences); enzymatic
specificity: tryptic with two allowed missed cleavages; fixed modification of
cysteine residues (Methylthio(C)); possible phosphorylation of S, T and Y
residues; 5 ppm tolerance on precursor masses and 0.6 Da tolerance on
fragment ions. Fragment types taken into account were those specified in the
configuration ‘ESI-trap’ in the MSA workflow, and ‘ETD-trap’ in the ETD
workflow. The possible oxidation of methionine residues was ignored,
because we verified that its addition did not allow increasing the number of
unique phosphopeptides identified at a fixed false discovery rate (FDR) (8).
The data was then processed using FragMixer (8), an in-house developed
computational tool that collates the information provided by the database
search engine Mascot, from two different spectra with respect to amino acid
sequence and location of phosphosite using two simple filtering rules relying
on the peptide scores and Mascot Delta scores (MD-scores). It is publically
available and can be downloaded from http://proteomics.fr/FragMixer.
FragMixer was used to reach an estimated FDR of 1% for all analyses and a
false localization rate (FLR) of phosphosites below 5%. We specified MDscore thresholds associated to a FLR below 5% according to (9).
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Relative phosphopeptide abundance was obtained using the program
MassChroQ (11) which integrates in all the compared runs the areas of the
extracted ion chromatograms (XICs) for every phosphopeptide identified in at
least one given run. The XIC areas reconstituted by MassChroQ were then
further handled as described in the paragraph “Statistical evaluation of relative
phosphopeptide quantification”.
LC-MS/MS analyses of cytoplasmic samples with the Q-Exactive
instrument were interpreted using MaxQuant. Search parameters were as
follows: database TAIR10; enzymatic specificity: tryptic with two allowed
missed cleavages; fixed modification of cysteine residues (Methylthio(C));
possible oxidation of Met residues and deamidation of Asn and Gln; 5 ppm
tolerance on precursor masses and 0.02 Da tolerance on fragment ions.
Proteins quantified by less than three peptides were rejected. We also
demanded that proteins be reproducibly quantified in at least six out of the
eight factor combinations to evaluate by an ANOVA their possible abundance
variation.
Statistical evaluation of relative phosphopeptide quantification
In a first step, we performed WT/mapk pairwise comparisons of the
phosphoproteomics data to identify phosphopeptides being completely nondetected in at least one condition. Phosphopeptide non-detection had to be
systematic in all biological repeats. In parallel, phosphopeptide detection was
deemed reproducible when an MS signal could be quantified in at least two
out of the three biological repeats for mutant plants or in at least three out of
the four repeats for WT plants. Non-reproducibly detected phosphopeptides
were discarded from the dataset.
To search for phosphopeptides exhibiting more subtle quantitative
variations that depend on treatment, genetic background or both, we handled
the data as follows. First, to compensate for the variable total peptide material
injected on–column, each chromatographic peak (XIC) area was corrected by
the median of the XICs measured in the considered run. Second, when a
phosphopeptide was identified from ions of different charge states (e.g. z = 2,
3 and 4), each XIC associated to a pep-z pair was considered individually.
Indeed, even though we could verify that the amplitude/direction of variation
5

(upon flg22 treatment or change in genetic background) was comparable
between ionic species of different charge states corresponding to the same
identified phosphopeptide, the basal XIC areas were too different to allow
considering the median of the areas associated to different charge states.
Third, the median of the XIC areas detected for a given pep-z pair in the five
iterative LC-MS/MS analyses was attributed to that pep-z pair. Fourth, we
applied a filter to leave aside peptides for which XIC areas could not be
measured reproducibly. We required that, for at least six out of the eight
genotype x treatment combinations, a phosphopeptide be systematically
detected (present) or non-detected (absent) in three biological repeats. A total
of 804 phosphopeptide XICs out of 1,608 quantified passed this filtering step.
To identify phosphopeptides displaying significant abundance changes upon
flg22 treatment and to evidence their connections with changes that fall within
mapk mutants, we designed a 2-way analysis of variance (ANOVA) using a
linear model including the treatment and the genetic background as main
grouping factors. The model used was: Yijk = µ + Ti + Mj + T ×Mij + εijk ; where
Yijk refers to individual pep-z pair abundance value, µ is the general mean, Ti
is the treatment effect (mock vs flg22), Mj is the mapk mutation effect (WT,
mpk3, mpk4 and mpk6), T ×Mij is the interaction effect of the main factors and
εijk is the residual. Phosphopeptides being flg22-dependent or genotypedependent were extracted at a p-value below 0.01.
Bioinformatic analyses of phosphorylated proteins
Phosphorylated sequences identified with confident phosphosites were
submitted to motif-x (http://motif-x.med.harvard.edu/motif-x. html) (12) to
uncover over-represented phosphorylation patterns. Parameters set for the
width, occurrences, significance, and background were 13, 20, 10−6, and
International Protein Index Arabidopsis proteome, respectively. These
phosphorylated sequences were also submitted to STRING (13). We
discarded non-connected protein entries. The represented network was
obtained at a « medium confidence » in data settings (min interaction score
0.4).
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Putative MAPK docking sites were searched using the ELM program
(http://elm.eu.org/) (14) with the UniProtKB identifier of the proteins of interest.
Gene synthesis and Gateway™ cloning
The

coding

sequences

of

AT3G29360

–

UDP-GLUCOSE

DEHYDROGENASE 2 (UGD2), AT5G43830 – Aluminium induced protein
with YGL and LRDR motifs (AYL1), AT1G11360 – Adenine nucleotide alpha
hydrolases-like superfamily protein or Universal Stress Protein A (USPA),
AT1G50570 – Calcium-dependent lipid-binding (CaLB domain) family protein
(CaLB), AT5G16880 - Target of Myb protein 1 (TOM1), AT4G00752 – PUX9,
UBX domain-containing protein (PUX9) and AT3G49010 - BBC1, 60S
ribosomal protein L13 (BBC1) were commercially synthesized from GenScript
and cloned into the Gateway™ entry vector pENTR-D/Topo (Invitrogen). The
genes were then shuttled by Gateway™ LR Clonase reaction (Invitrogen) into
pDEST17 or pDEST-His-MBP for recombinant protein expression, into
pBIFC1, pBIFC2, pBIFC3 and pBIFC4 (15) for bimolecular fluorescence
complementation (BiFC) assay, and into pGWB5 (16) for subcellular
localization.
Purification of recombinant proteins
His6-tagged or His6-MBP-tagged proteins and constitutively active
MAPKs (kindly provided by J. Colcombet) (17) were expressed in Escherichia
coli BL21-AI or Rosetta strains, respectively, and purified under native
conditions using Ni-NTA agarose beads (Invitrogen Cat.No. R901-15)
following manufacturer’s instructions.
In vitro kinase assays and phosphosite identification
Purified recombinant proteins and constitutively active MAPKs were
mixed together in kinase reaction buffer (20 mM Tris-HCl pH 7.5, 10 mM
MgCl2, 5 mM EGTA, 1 mM DTT and 50 mM ATP) and incubated at ambient
temperature for 30 min. SDS-sample buffer was added to stop the reaction
followed by boiling at 95°C for 10 min. Protein samples were resolved by
SDS-PAGE. The gel was stained with SimplyBlue™ SafeStain (Novex cat.
No. LC6065) and the band corresponding to the protein of interest was
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excised out, cut into small pieces of 0.5 mm3 and destained with four
successive washes of 15 min each with ACN and 100 mM NH4HCO3.
Proteins were reduced with 10 mM Tris(2-carboxyethyl)phosphine (TCEP, C4706 Sigma) in 100 mM NH4HCO3 at 37°C for 1 h followed by alkylation with
20 mM S-Methyl methanethiosulfonate (MMTS, 64306 Sigma) at ambient
temperature for 30 min. Proteins were then digested with trypsin (Porcine
trypsin, Promega) at 37°C overnight. The digestion was stopped by the
addition of 1% formic acid and the peptides were recovered by incubating the
gel pieces in ACN. The recovered peptide solution was desalted using C18
ZipTip® (Millipore Cat. No. ZTC18S096) and analyzed by LC-MS/MS. Briefly,
peptide samples were separated on a C18 column (Acclaim PepMap C18, 25
cm length x 75 µm I.D. x 3 µm particle size, 100 Å porosity, Dionex)
connected to an LTQ-Orbitrap Velos or a Q-Exactive HF instrument. The LC
gradient ramped from 5% solvent B (water/ACN/formic acid, 20/80/0.1, v/v/v)
to 45% solvent B over 45 min, then to 90% solvent B for 10 min. The MS
instrument acquired fragmentation spectra on the top 10 peptides using CID
fragmentation in the LTQ-Orbitrap or HCD in the Q-Exactive instrument. RAW
data files obtained were converted to MGF files using Proteome Discoverer
interface (version 1.4). Database searches were performed with the Mascot
server v2.4 specifying the following parameters: database TAIR10 (release
2010/12/14, 35386 sequences); enzymatic specificity: trypsin permitting two
allowed

missed

cleavages;

fixed

modification

of

cysteine

residues

(Methylthio(C)); possible variable modifications of phosphorylation on S, T
and Y residues; 5 ppm tolerance on precursor masses and 0.5 Da tolerance
on fragment ions. The results were filtered based on Mascot scores and MDscores.
Bimolecular fluorescence complementation (BiFC)
To obtain the expression vectors, coding sequences of candidate
genes and MAPKs (kindly provided by J. Colcombet) were cloned in fusion
with the N- and C-terminal parts of YFP, either as N- or C-terminal fusions,
under the control of the cauliflower mosaic virus 35S (CaMV-35S) promoter in
the pBIFC1,2,3 and 4 vectors. Appropriate positive and negative controls
were carried out for all combinations. Recombined vectors were individually
8

transformed in Agrobacterium tumefaciens C58C1 strain by electroporation.
Agrobacterium cultures from glycerol stocks were inoculated in 10 ml of LB
medium with appropriate antibiotics and incubated for 24 h at 28°C with
agitation. Each culture was pelleted and resuspended in infiltration buffer (10
mM MgCl2, 10 mM MES pH 5.7, 150 mM acetosyringone) to an OD600 of 1.5
and kept in the dark for 3 h. The P19 viral suppressor of gene silencing was
co-expressed with each combination to prevent silencing of transiently
expressed proteins (18). 500 ml of each bacterial culture were mixed before
infiltration. For fluorescence complementation, all eight possible combinations
between a candidate gene and a MAPK were agro-infiltrated into 3-week-old
Nicotiana benthamiana leaves. After 3 days, an upright LSM 710 Zeiss
confocal microscope with a 20X objective (Plan-Apochromat, NA 1.0) was
used to visualize fluorescence. All images were acquired using Argon laser
with 514-nm excitation.
Subcellular localization
Coding sequences of candidate genes were cloned in fusion with GFP
at their C-terminal part under the control of the CaMV-35S promoter, in the
pGWB5 vector. Recombined vectors were transformed in A. tumefaciens
C58C1 strain which were subsequently infiltrated into N. benthamiana leaves,
and GFP fluorescence was visualized after 3 days, essentially as described
for BiFC.
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Populations of the S- and T-centered motifs!

Figure S1. Phosphorylation motifs extracted from
the large-scale phosphoproteomics data using the
program motif-x. !

Figure S2. Boxplots showing the relative abundance of phosphopeptides whose
abundance was determined to be significantly affected by flg22 treatment and/or
the genotype. Non-overlapping letter sets (e.g. a and b, ab and c) indicate a
significant difference between a pair of conditions; overlapping letter sets (e.g. a
and ab) indicate non-significant differences.
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Figure S3. Immunoblotting analyses of Col-0, mpk3, mpk4 and mpk6 plants show the activation
of MPK3, MPK4 and MPK6 upon ﬂg22 treatment. An anti-pTpY antibody was used to detect
the activated forms of MPK3, MPK4 and MPK6 (arrows). C stands for an external Col-0
control sample treated with ﬂg22. Blots were stained with Coomassie blue for protein
visualization and showed equal loading of the samples.
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Figure S4. Heatmap showing the relative abundance of phosphopeptides signiﬁcantly
affected by the genotype considered in mock (A) and ﬂg22 induced (B) conditions.
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Figure S5. Positive and negative controls of all the BiFC analysis for the seven tested
MAPK candidate substrates with MPK3, MPK4 and MPK6 in N. benthamiana leaf epidermal
.cells. YFP ﬂuorescence was observed by laser scanning confocal microscopy
.Scale bar = 20 μm
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MS Spectra for kinase assays with MPK6

95

3.2 Role of Arabidopsis MPK3, MPK4 and MPK6 in PAMPtriggered phosphorylation of chromatin-associated proteins

Title
Role

of

Arabidopsis

MPK3,

MPK4

and

MPK6

in

PAMP-triggered

phosphorylation of chromatin-associated proteins
Running title
MAPK targets in nuclear signaling and chromatin modification
Naganand Rayapuram1#, Hanna Alhoraibi1,2#, Jean Bigeard3,4#, Aala Abulfaraj1,5,
Ronny Volz1, Emmanuelle Lastrucci6, Ludovic Bonhomme7, Delphine Pflieger6,8,9*
and Heribert Hirt1,10
1 Center for Desert Agriculture, 4700 King Abdullah University of Science and
Technology (KAUST), Thuwal 23955, Saudi Arabia
2 Department of Biochemistry, Faculty of Science, King Abdulaziz University, Jeddah
21551, Saudi Arabia
3 Institute of Plant Sciences Paris-Saclay IPS2, CNRS, INRA, Université Paris-Sud,
Université Evry, Université Paris-Saclay, Bâtiment 630, 91405 Orsay, France
4 Institute of Plant Sciences Paris-Saclay IPS2, Paris Diderot, Sorbonne Paris-Cité,
Bâtiment 630, 91405 Orsay, France
5 Department of Biology, Science and Arts College, Rabigh Campus, King Abdulaziz
University, Jeddah 21589, Saudi Arabia
6 Univ. Grenoble Alpes, CEA, Inserm, BIG-BGE, 38000 Grenoble, France.
7 UMR INRA/UBP Génétique, Diversité et Écophysiologie des Céréales, Université
de Clermont-Ferrand, 63039 Clermont-Ferrand, France
8 CNRS, BIG-BGE, F-38000 Grenoble, France
9 CNRS, LAMBE UMR 8587, Université d’Evry Val d’Essonne, Evry, France
10 Max Perutz Laboratories, University of Vienna, 1030 Vienna, Austria
# These authors contributed equally to this work
*Corresponding author: delphine.pflieger@cea.fr
1

Abstract
Pathogen-associated molecular pattern (PAMP) triggered phosphorylation events
mediate plant immunity and in Arabidopsis, the mitogen-activated protein kinases
(MAPKs) MPK3, MPK4 and MPK6 are key players of defense gene expression in
these pathways. To identify chromatin-associated phosphorylation targets, we
purified chromatin and nucleoplasmic fractions from isolated nuclei and performed
phosphoproteome analysis upon PAMP activation. To identify MAPK targets, we also
performed such analyses with mpk3, mpk4 and mpk6 mutant plants. A total of 165
proteins were identified to be differentially phosphorylated when comparing PAMPtreated MAPK mutants with wild-type plants. Signaling network analyses revealed
MPK3, MPK4 and MPK6 targets in chromatin organization and modification as well
as in RNA transcription and processing. Since several members of the so far
unknown family of AYLs (aluminium-induced YGL and LRDR motif proteins) show
PAMP-induced phosphorylation, we validated AT5G43830 (AYL1) as direct MAPK
target and showed that AYL1 is a positive regulator in plant immunity. Overall, the set
of nuclear targets identified provides the basis for future studies linking chromatinrelated events to PAMP-induced signaling.

Key words: Phosphoproteomics, Arabidopsis, MAPK signaling, Chromatin, Immunity
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Introduction
Plants usually encounter adverse environmental conditions of both biotic and abiotic
nature. They have thus evolved the capacity to efficiently recognize these conditions
and reprogram gene expression to implement mechanisms of stress resistance or
tolerance. A highly complex signaling network integrates the different constraints that
plants face. Deciphering the multiple signaling pathways and mechanisms involved in
signaling from the plasma membrane to the nucleus is a fascinating challenge.
Plants represent an important source of energy for diverse microbes specialized in
attacking plants. Although most microbes are unable to breach the preformed plant
defenses made up of the cuticle, the cell wall and constitutively synthesized
antimicrobial compounds, some pathogens developed means to overcome these
mechanisms. Parallely, plants also evolved an inducible immune system which
recognizes pathogen-associated molecular patterns (PAMPs) by plant patternrecognition receptors leading to PAMP-triggered immunity (Bigeard et al., 2015). To
induce plant disease, pathogens developed effectors to counteract PTI that results in
effector-triggered susceptibility. Resistant plant varieties recognize some of these
effectors by resistance proteins (R proteins) leading to effector-triggered immunity
(Huckelhoven, 2007; Cui et al., 2015). PTI and ETI trigger callose deposition to
strengthen the cell walls (Huckelhoven, 2007) and the synthesis of antimicrobial
compounds like the phytoalexin camalexin and PR proteins (van Loon et al., 2006;
Ahuja et al., 2012).
One particularly well studied PAMP is the flg22 peptide from the flagellin of
Pseudomonas aeruginosa, recognized by the FLS2 receptor complex (GomezGomez & Boller, 2000). Flg22 transiently activates several Arabidopsis mitogenactivated protein kinase (MAPK-Group.) modules that are essential components of
signal transduction in the eukaryote realm (MAPK-Group.; Bigeard et al., 2015).
MAPK modules are constituted of MAPK kinase kinases (MAPKKKs) which activate
MAPK kinases (MAPKKs) and in turn MAPKs. Activated MAPKs then phosphorylate
their substrates on serine or threonine residues of (S/T)P motifs, and this posttranslational modification may regulate protein activity, subcellular localization or
stability. In plants, MAPK modules are implicated in the signaling of developmental
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programs, as well as in biotic and abiotic stresses (Rodriguez et al., 2010; Meng &
Zhang, 2013; Komis et al., 2018). Upon flg22 perception, several MAPKs including
MPK3, MPK4 and MPK6 are transiently activated, with a peak of activity around 1015 min (Bethke et al., 2012; Frei dit Frey et al., 2014; Nitta et al., 2014). MPK3, MPK4
and MPK6 are part of two MAPK modules, MKK4/MKK5-MPK3/MPK6 (Asai et al.,
2002; Ren et al., 2002) and MEKK1-MKK1/MKK2-MPK4 (Gao et al., 2008; Qiu et al.,
2008). We determined the transcriptome changes occurring in mpk3, mpk4 and
mpk6 mutant plants upon flg22 perception, revealing the specific and cooperative
contributions of MPK3, MPK4 and MPK6 in transcriptional reprogramming during PTI
(Frei dit Frey et al., 2014).
Importantly, MPK3, MPK4 and MPK6 are not only involved in immunity, but also in
the tolerance to abiotic stresses and in development (Rodriguez et al., 2010; Komis
et al., 2018). Indeed, these three MAPKs are implicated in cold tolerance, where
MPK4 is a positive and MPK3/MPK6 are negative regulators (Teige et al., 2004; Li et
al., 2017; Zhao et al., 2017). Besides, MPK4 is involved in microtubule organization,
in the progression of cytokinesis, and in pollen development (Beck et al., 2010;
Kosetsu et al., 2010; Zeng et al., 2011). Likewise, MPK3 and MPK6 both play a role
in stomatal development and patterning (Wang et al., 2007; Zhang et al., 2015). In
addition, without being exhaustive, MPK3 regulates leaf development and MPK6
shoot branching (Jia et al., 2016).
A better understanding of MPK3, MPK4 and MPK6 functions requires the
identification of their substrates. Several large-scale in vivo approaches using
phosphoproteomics contributed to the identification of candidate substrates
(Hoehenwarter et al., 2013; Lassowskat et al., 2014; Huck et al., 2017; Rayapuram et
al., 2018). Nonetheless, these previous studies aimed at identifying putative MAPK
substrates from total protein extracts or from an enriched cytoplasmic fraction. We
recently highlighted that most of the currently known bona fide plant MAPK
substrates, i.e. more extensively validated MAPK targets, are transcription factors,
stressing the overriding involvement of plant MAPKs in nuclear signaling (Bigeard &
Hirt, 2018). This correlated with the fact that approximately one third of studied plant
MAPKs predominate in the nucleus, and two thirds are located in both cytosol and
nucleus. In particular, before and after activation, Arabidopsis MPK3, MPK4 and
MPK6 all show a cytoplasmic and nuclear localization (Bigeard & Hirt, 2018).
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To search for nuclear targets of MPK3, MPK4 and MPK6, we quantitatively compared
the chromatin and nucleoplasmic phosphoproteomes of wild-type and of mpk3,
mpk4, and mpk6 mutant plants in the absence and presence of flg22. We identified
216 differentially phosphorylated peptides, of which 128 possessed an (S/T)*P site
designating them as potential MPK3, MPK4 or MPK6 substrates. We validated
several of these candidates as direct MAPK targets, characterized the AYL gene
family and the involvement of AYL1 in PTI, a MAPK substrate that we initially
identified in our previous study (Rayapuram et al., 2018). Overall, our work
specifically identifies PAMP-targeted chromatin-associated proteins, some of which
are differentially phosphorylated by MAPKs during PTI.
Experimental Procedures
Plant material and culture conditions
Arabidopsis thaliana ecotype Columbia-0 and mapk knock-out mutants were used in
this study along with Nicotiana benthamiana. All the culture conditions and handling
of the plants are described in supplementary information.
Isolation of chromatin-associated proteins and LC-MS/MS analyses of
phosphopeptide samples
All the methods related to the isolation of chromatin-associated proteins, the
enrichment of phosphopeptides, LC-MS/MS analyses, relative quantification, data
interpretation and statistical analyses are detailed in supplementary information.

Gene cloning and recombinant protein production
Gene cloning for all the biochemical studies and recombinant protein production are
explained in detail in the experimental procedures section of supplementary
information.
Biochemical validation studies
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The procedures describing the in vitro phosphorylation assays, protein-protein
interaction studies by bimolecular fluorescence complementation (BiFC) and GST
pull down are described in supplementary information.
Pathogen related assays
Assays describing the PAMP-iduced and pathogen related methods such as ROS
production, Pseudomonas syringae growth assays, quantification of salicylic acid and
qPCR for pathogenesis marker genes are presented in supplementary information.

Results
Analysis of flg22-induced phosphoproteomes of chromatin-associated proteins
To identify PAMP-induced nuclear phosphorylation events, we performed a
phosphoproteomic analysis of chromatin-linked proteins isolated from WT Col-0
plants with and without a 15 min treatment with 1 µM flg22. Since MPK3, MPK4 and
MPK6 play a key role in flg22-triggered phosphorylation, we also analyzed mpk3,
mpk4 or mpk6 mutants in parallel. At least three independent biological repeats were
performed. The purified nuclei were further separated into a nucleoplasmic LSF and
a chromatin HSF protein fraction. The phosphopeptides were then enriched by IMAC
affinity chromatography and identified by LC-MS/MS (Figure 1A). Overall, the LSF
and HSF fractions contained 672 and 336 phosphopeptides, corresponding to 449
and 234 phosphoproteins, respectively (Table S1). A total of 208 phosphopeptide
sequences from 151 phosphoproteins were shared between the LSF and HSF
fractions. Figure 1B shows the distribution of singly, doubly, triply and multiply
modified phosphopeptide sequences. The phosphopeptides with precise modification
sites distributed into 76.4% Ser, 20.2% Thr and 3.4% Tyr phosphorylated residues
(Figure 1C). A number of phosphorylation motifs were identified by motif-x analysis
(Schwartz & Gygi, 2005) (Figure 1D). The low-stringency (S/T)*P MAPK motif
accounted for the largest peptide population, followed by the CDPK/SnRK “simple
motif 1” (K/R)xx(S/T)* (Harper & Harmon, 2005), in agreement with the involvement
of CDPKs in flg22 and biotic stress signaling (Boudsocq et al., 2010; Romeis &
Herde, 2014). A number of motifs were acidophilic showing S(D/E)x(D/E), with x
frequently being a D or E.
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The differentially phosphorylated proteins were separated into two groups: those that
depend on flg22 (immunity-dependent) and those that changed in any of the MAPK
mutants without flg22 treatment, suggesting that the latter group might play a role in
non-immune functions. The complete absence of a phosphopeptide in a given MAPK
mutant plants in mock or flg22 conditions was searched for by pairwise comparisons
(Table S2), and phosphopeptides showing a significant reduction in abundance were
identified using a two-way ANOVA from the whole phosphoproteomic dataset (Table
S3). Overall, a total of 216 differentially phosphorylated sequences corresponding to
165 phosphoproteins were thus identified, of which 128 possessed (S/T)*P sites.
Identification of MAPK targets with potentially non-immune functions
We first compared the phosphoproteomes of mpk3, mpk4 or mpk6 mutants with WT
plants in the absence of flg22 treatment. In the pooled HSF and LSF samples, a total
of 177 phosphopeptides corresponding to 143 proteins were less abundant in the
mapk mutants (Tables S2 and S3 associated to Figure S1). Among these, 98
phosphopeptides exhibited one or two (S/T)*P motifs, 46 an acidophilic motif (e.g.
S*(D/E) or S*X(D/E) and 17 the motif (K/R)XXS*. Among these phosphopeptides, the
absence in only one MAPK mutant but presence in the WT and other MAPK mutants
constituted evidence for being specifically regulated by the given MAPK in a direct or
indirect manner. While five phosphopeptides were identified in mpk3 and three in
mpk4, 66 were absent in mpk6 (Table S2). Among these phosphopeptides, 3, 1 and
38 contained an (S/T)*P site, potentially representing a specific substrate of MPK3,
MPK4 or MPK6, respectively, in processes not related to immunity (Table 1). Among
these, the transcriptional regulators TPL and RLT2 appeared to be specific targets of
MPK3 and MPK4, respectively.
In

addition, the

abundance

of 66 phosphopeptides corresponding to 55

phosphoproteins was significantly compromised in only one of the three MAPKs
(Table S3 and Figure S1). Again, most of these phosphoproteins were affected in
the mpk6 mutant, with 17 bearing an (S/T)*P phosphosite (Table 1) and 8 showing
other motifs, indicating that the latter phosphoproteins are likely indirect MPK6
targets. Finally, several phosphopeptides also showed lower levels in two mapk
mutants. For example, reduced phosphorylation of SPEKEEVQPETLATPTQ(s)*PSR
from the Nuclear Pore Anchor protein NUA (Table 1) were found in both mpk3 and
mpk6, suggesting that MPK3 and MPK6 might phosphorylate the same site in NUA.
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Identification of flg22-induced phosphorylation targets and contribution of
MAPKs
To identify proteins involved in PTI, we looked for peptides whose phosphorylation
levels changed upon flg22 treatment. 16 proteins were de novo phosphorylated in
WT plants after PAMP treatment (Table S2). Among these, nine proteins possessed
one or several (S/T)*P phosphosites (Table 2A). Four of these proteins were
compromised in their phosphorylation status in only one MAPK mutant. The
phosphorylation events that were exclusively dependent on one mapk mutant in
mock condition were further organized into two groups: those proteins that become
phosphorylated upon flg22 treatment and those that are compromised in
phosphorylation in a MAPK mutant (Table 2B). In the mpk6 mutant, 19 proteins were
compromised in flg22-induced phosphorylation, constituting specific MPK6 targets in
(Tables 2A and B).
A bi-factorial ANOVA test of the quantitative phosphoproteomic data identified a set
of 18 proteins whose flg22-induced phosphorylation levels partially changed.
Although 17 out of these 18 proteins were modified on an (S/T)*P motif (Tables 2C
and D, Table S3), 11 still showed flg22-induced phosphorylation in all three mpk
mutants (Table 2C). These proteins are either redundantly targeted by MPK3, MPK4
and MPK6, by other PAMP-induced MAPKs (such as MPK1, MPK11 or MPK13)
(Nitta et al., 2014; Rayapuram et al., 2018) or other proline-directed protein kinases.

Changes of protein amounts in WT and mapk mutants
We recently showed that several hundred genes are differentially expressed in mpk3,
mpk4 and mpk6 (Frei dit Frey et al., 2014). It was therefore important to distinguish
between changes in phosphorylation and changes in protein amounts. We therefore
performed LC-MS/MS analyses of the non-phosphorylated peptides which were not
retained on the IMAC resin (Table S4). Of the 322 and 390 protein family members
quantified in the HSF and LSF samples, respectively, none showed significant
changes in abundance upon flg22 treatment (p < 0.01). In contrast, the abundance of
54 and 41 proteins varied among mpk mutants (p < 0.01). Finally, the abundance of
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5 and 15 proteins depended on both genotype and PAMP treatment (p < 0.05). In
pairwise comparison to WT, 24, 26 and 32 HSF proteins, as well as 17, 4 and 35 LSF
proteins showed differential abundance levels in mpk3, mpk4 and mpk6,
respectively. In addition, 5 HSF and 2 LSF proteins showed variations in abundance
in all MAPK mutants compared with WT plants. Interestingly, the MAPK-dependent
proteins were enriched in the GO term “response to stress” (14.2%) compared with
the whole list of quantified proteins (11.1%). 165 phosphopeptide levels changed
abundance between genotypes and/or by the treatment with flg22 (Tables S2 and
S3). Among them, 26 were detected by non-modified sequences that were
distributed into 19 proteins in both HSF and LSF samples. This illustrates the fact that
the phosphoproteome can be very different from the proteome revealed by nonmodified

peptides,

precluding

a

systematic

phosphopeptide

abundance

normalization.

MAPK docking sites in the differentially phosphorylated proteins
The interaction of MAPKs with their substrates is usually facilitated by the presence
of one or more MAPK docking sites (D-sites) (MAPK-Group., 2002). We thus
searched for the presence of D-sites in the phosphoproteins using the ELM program
(Tables S2 and S3). Out of the 89 candidate MAPK-targeted proteins, 5 had one, 66
multiple and 16 no known D-sites. For two proteins, the ELM program did not display
any result. Remarkably, SPK1 (AT4G16340) was identified as a protein exhibiting the
most numerous D-sites.

Interaction networks and GO analyses highlight common roles for MPK3, MPK4
and MPK6
The three MAPK-dependent HSF and LSF phosphoproteomes were analyzed for
protein interaction networks using the program STRING (Franceschini et al., 2013)
within the Cytoscape environment. These interaction networks and GO analyses
showed a common role of MPK3, MPK4 and MPK6 in RNA processing, organelle
organization and development (Figure 2). We also performed GO analyses with
reference to the total nuclear proteome (Table S5), and retrieved almost the same
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GO terms as for the total proteome, with the exception of the GO term developmental
process for the MPK6 network.
To reveal the most robust features of the chromatin compartment, we restricted
ourselves to flg22-induced phosphorylation events that were dependent on a single
MAPK.

MPK3 phosphoproteome interaction network
The MPK3-dependent interaction network contained proteins involved in several
nuclear processes, such as transcriptional regulation and mRNA/rRNA biosynthesis
(Figures 2A and D(i)). For example, phosphorylation of the transcriptional
corepressor Topless (TPL) at AP(s)*PVNNPLLGGIPK is absent exclusively in mpk3
and hence part of the MPK3 network. Phosphorylation at VPEAQITNSA(tPtTt)*PR) of
the SAP domain-containing protein AT4G39680, that interacts with DNA, was absent
only in mpk3. Similarly, the HSF peptide DKKEEVIEEVA(s)*PK of NAP57, that
participates in mRNA and rRNA pseudouridine synthesis, was only absent in mpk3,
indicating a role of MPK3 in mRNA and rRNA synthesis. These (S/T)P sites are thus
either directly or indirectly targeted by MPK3. Finally, phosphorylation of the
transcription factor WRKY20 at ILLPEP(sPtt)*GSLFKPRPVHISASSSSYTGR (not
apparent in the shown network due to a lack of connections) was dramatically
reduced in all three MAPK mutants, suggesting that WRKY20 might be a shared
substrate of the three immune MAPKs.

MPK4 phosphoproteome interaction network
The MPK4 network is mostly composed of proteins involved in chromosome
organization and RNA processing, but also in reproduction and macromolecular
complex formation (Figures 2B and D(ii)). For example, phosphorylation at
ISLASPAE(ts)*PDKGDASASEAVPDVTDSK of the actin-related protein ARP9 was
only absent in mpk4. In addition, phosphorylation at L(ss)*RDFESLGSDGRPGPQR
of the protein Y14 (AT1G51510) a core component of the exon junction complex,
was strongly compromised in both mpk4 and mpk6.
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Besides, several peptides exhibited higher phosphorylation levels in mpk4 compared
to WT and the other MAPK mutants. The histone H1.2 is one such example,
phosphorylation at SIEEENVPTTVD(sGAADtTVKs)*PEKKPAAK was only detected
in mpk4. Similarly, flg22-induced phosphorylation of the splicing factor AT5G64270 at
GPM(t)*PEQLNMQR and VLDPPATYVPIR(t)*PAR was 2 - 2.5 times higher in mpk4
compared

to

WT.

In

addition,

flg22-induced

phosphorylation

at

LDAPRP(ttPKPPs)**PR from IQD14, NVDVGDALISQ(s)*PK from the cyclin family
protein

CYCT1;5

(AT5G45190)

and

GN(sPGDsGLILst)**DAKPR

from

the

transcription regulator MYR2 (AT3G04030), was 2.5 - 4 times higher in mpk4 than in
WT plants. Finally, phosphorylation at TTFG(s)*QILR from the chloride channel C
(AT5G49890) was only detected in mpk4.

MPK6 phosphoproteome interaction network
As indicated by the large number of phosphorylation events that were only absent in
mpk6, the MPK6 interaction network is larger than those identified for MPK3 and
MPK4, and contains proteins involved in chromatin modifications and chromosome
organization (Figures 2C and D(iii)). Proteins which are involved in the modification,
dynamic

architecture

and

maintenance

of

chromatin

include

histone

methyltransferase SU(VAR)3-9-RELATED protein 5 (SUVR5, AT2G23740) and Sadenosyl-L-methionine-dependent

methyltransferase

superfamily

protein

AT2G22400 as probable targets of MPK6. In contrast, the chromatin remodeling
factor PICKLE/CHR6, the histone deacetylases HD1 and HD2B and the cohesin
complex

components

SCC3

and

PDS5A

(AT5G47690)

all

correspond

to

phosphorylation motifs targeted by acidophilic kinases under the control of MPK6.
The proteins SUVR5, PICKLE, HD1, SCC3 and PDS5A are all connected by
experimentally determined interactions in the MPK6 network, highlighting the fact that
MPK6 co-regulates several proteins of the same process of histone modifications and
chromatid cohesion.
MPK6 also appears to play a key role in regulating transcription, pre-mRNA
processing and mRNA splicing. The transcriptional activator COP1-interacting protein
7 (CIP7) (not apparent in the network due to the absence of available connections)
was detected by an acidic phosphopeptide only absent in mpk6. In addition, the
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phospholipase-like protein pEARLI4, involved in gene expression regulation, and
another protein of the same family (AT4G38550), appear as probable targets of
MPK6. PRP40A and PRP40B, pre-mRNA-processing proteins that bind to the
carboxyl-terminal domain (CTD) of the largest subunit of RNA polymerase II, both
appear to be targeted by MPK6 at ANL(s387)*PAGDKANVEEPMVYATK and
QPASVPGSS(s349)*PVENVDR, respectively. Three splicing factors are specifically
targeted by MPK6: IGGSHAANHLE(s)*PSPSSL(s)*PPGR for the PWI domaincontaining protein AT2G29210, KLQQ(t)*PTPMA(t)*PGYVIPEENR for AT5G64270
and SDSVELDDDL(s)*PPR for the pre-mRNA splicing factor CWC26.
Several proteins implicated in rRNA processing and ribosome assembly also appear
to be controlled by MPK6, including Sas10/U3 ribonucleoprotein (Utp) family protein
AT2G43650 (EMB2777), U3 small nucleolar ribonucleoprotein AT5G66540 and
ribosome

biogenesis

co-factor

MTEAGPIDLIDDDN(s)*DEEGGIDK).

PWP2

(sequence

Phosphorylation

(stsss24)**PPPPPPSSSLPQQEQEQDQQQLPLRR

of

at

Serrate

and

FYMEPET(sDs)*GSMASGSMAR of AGO1, two proteins that are involved in the
biogenesis and loading of microRNAs also depend on MPK6.
Several phosphopeptides of LINC1, LINC3 and LINC4, which contribute to the
structure of the nucleus, were only absent in mpk6 under some conditions. Similarly,
KAKU4 (AT4G31430), involved in inner nuclear membrane organization, which was
identified

by

the

doubly

phosphorylated

sequence

HTSNGFPSS(sPss)**PAVMEGQPKPTPPEETK, was absent in mpk6. At least one of
the two probable S*P sites could be a specific direct target of MPK6.
Finally, in a study assessing the cytoplasmic phosphoproteomes of the three immune
MAPKs, we identified IQD31 and IQD32 as being specifically phosphorylated by
MPK4

on

the

sequences

VHNPVVESSIQPQR(s356)*PR

and

ITS(s680)*PKQEIGTGEATEQEEGKEQK, respectively. In the present study, the three
proteins IQD2, IQD5 and IQD30 (not visible in the network because they are not
connected) were fully absent in mpk6 in at least one condition. IQD2 was
phosphorylated at LKPQ(s)*PLGGTTQENEGFTDK, suggesting that it might be a
direct MPK6 substrate. By contrast, IQD5 and IQD30 were modified on non-(S/T)P
sites, suggesting that they are indirect MPK6 target. Interestingly, flg22-induced
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phosphorylation of IQD14 at LDAPRP(ttPKPPs)**PR increased in mpk4. Since
different members of the IQD family play roles in plant development and basal
defense, it seems likely that these proteins may be collectively regulated by MAPKs
in these processes (Abel et al., 2013).

Interaction of MAPKs with chromatin substrates
Among the proteins that showed changes in phosphorylation levels upon flg22
treatment and/or in a given MAPK mutant, we selected the four candidates AYL1,
Coilin, Serrate (Tables 1 and 2) and Med2 (Mediator-associated protein 2) (Table
S3) to be further tested by bimolecular fluorescence complementation (BiFC) assays
for interaction with the three immune MAPKs (Figure 3A). AYL1 interacted with
MPK3 and MPK6 in both the nucleus and cytoplasm whereas Serrate interacted only
with MPK3 in the nucleus but not with MPK4 and MPK6. The interaction of Serrate
with MPK3 was observed predominantly in the nucleus and to a lesser extent in the
cytoplasm. However, Coilin and Med2 did not interact with any of the three MAPKs.
The test of interaction between the nuclear factor Y, subunit C11 (AT3G12480; NFYC11) and nuclear factor Y, subunit B13 (AT5G23090; NF-YB13) was used as
positive control in the nuclear compartment. Similarly, the test of interaction of the
candidate proteins with one of the above proteins was used as the negative control
(Figure S2).
We further tested the interaction of the four candidates with the three MAPKs in vitro
by carrying out GST pull-down assays (Figure 3B). The interactions of the three
GST-MAPKs with His-MBP, or of the candidate proteins with GST alone were used
as negative controls. AYL1 interacted exclusively with MPK6. In contrast to the BiFC
experiments, Coilin interacted with MPK3 and MPK6 and to a lesser extent with
MPK4. However, Med2 did not interact with any of the three MAPKs both in the in
vitro pull-down and BiFC assays. As found in BiFC, Serrate interacted only with
MPK3 but not with MPK4 and MPK6.

Validation of in vivo phosphorylation sites as novel MAPK substrates
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Then we tested whether these four candidate substrates could be phosphorylated by
MPK3, MPK4 or MPK6. For this purpose, we expressed and purified the four
candidate substrates and the constitutively active MAPKs as MBP-fusion proteins
from bacteria and then performed in vitro protein kinase assays followed by LCMS/MS analysis to determine the phosphorylation sites in the candidate proteins. As
shown in Table S6 and Figure S3, AYL1 was phosphorylated by the three MAPKs
on the in vivo identified Ser18 site. Med2 was found to be phosphorylated in vitro by
all three MAPKs at the in vivo site. Although Coilin was phosphorylated in vivo at the
Ser187-Pro motif, the recombinant Coilin protein could not be phosphorylated by any
of the three MAPKs at this site. However, MPK6 was able to in vitro phosphorylate
Coilin at Thr542. Finally, Serrate was phosphorylated by MPK3 and MPK6 at Ser24
suggesting that it may be a shared substrate of these two MAPKs.

Subcellular localization of novel MAPK substrates
To further characterize these four proteins, we determined the localization of GFP
fusion proteins by transient expression in N. benthamiana leaf epidermal cells
followed by confocal microscopy (Figure 4). In agreement with their isolation as
nuclear and chromatin-associated proteins, all four proteins localized to different subnuclear compartments. Coilin, Med2 and Serrate were exclusively nuclear proteins.
However, whereas Coilin and Med2 localized predominantly to the nucleolus with
some diffuse signal in the nucleoplasm, Serrate was only present in the nucleoplasm.
Finally, AYL1 localized to both the cytoplasm and nucleus but was not found in the
nucleolus,

AYL family members in Arabidopsis
In Arabidopsis, the AYL family consists of five genes. All the members of the family
are characterized by the presence of two conserved stretches of amino acids termed
YGL and LRDR sequence motifs. In addition, they all possess a conserved DUF3700
domain related to the glutamine amidotransferase (GATase) enzyme domains.
Examination of the expression profiles of the AYL gene family during development
and different anatomical parts in Arabidopsis using Genevestigator revealed
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differences in the expression patterns of the five members (Figure S4). AYL1 is
expressed ubiquitously and its expression pattern does not vary too much in different
anatomical structures. AYL2 (AT3G22850) is expressed at very low levels compared
to other members of the family and its maximum expression is found in root
trichoblasts. In contrast, AYL3, AYL4 and AYL5 are expressed mostly in vegetative
parts, notably in the leaf lamina.
To understand the evolutionary relationship amongst the members of the AYL family,
we performed multiple alignment and generated an evolutionary tree (Figure 5A and
B). While all five members of the family show the conserved YGL and LRDR motifs,
AYL1, AYL4 and AYL5 show a putative MAPK SP phosphorylation motif at S18
(Figure 5C). Of these, both AYL1 S18 and AYL4 S18 are found here phosphorylated
after flg22 treatment whereas AYL1 phosphorylation at S18 is additionally dependent
on MPK6. AYL2 S216 and AYL5 S219 and S244 were also phosphorylated and
correspond to conserved RxxS sites which could be targeted by kinases of the SnRK
and CDPK families. Recently, we showed that AYL1 is phosphorylated in vivo and
that this phosphorylation is flg22- and MAPK -dependent (Rayapuram et al., 2018).
Moreover, we showed that AYL1 is phosphorylated in vitro by MPK3, MPK4 and
MPK6, and interacts in vivo with MPK3 and MPK6.

AYL1 mutants have altered PAMP-induced responses
To characterize the role of AYL1 in PTI, two T-DNA insertion mutants were isolated
with the insertions in the promoter region for ayl1-1 and in the 5’-UTR for ayl1-2
(Figure S5 A and B). The level of AYL1 transcripts in these mutants was evaluated
by qRT-PCR revealing that both lines were knockdown mutants (Figure S5 C). To
evaluate the global impact of AYL1 on PTI, we challenged the two ayl1 mutants with
the Pseudomonas syringae pv. tomato (Pst) DC3000 hrcC- bacterial strain which is
compromised in effector delivery, and therefore primarily induces PTI (Tsuda et al.,
2008). Bacterial titers of spray-inoculated plants showed significant increases in
bacteria in both ayl1 mutants compared to WT plants suggesting that AYL1 has a
positive role in PTI (Figure 6A). We then measured classical PTI responses such as
the PAMP-induced ROS burst, which is one of the earliest cellular responses (Ranf et
al., 2011). Both ayl1 mutants exhibited reduced ROS burst compared to WT plants,
15

suggesting that AYL1 positively regulates this PAMP-induced response (Figure 6B).
Since salicylic acid (SA) plays a crucial role in plant immunity, we quantified
endogenous SA levels in the two ayl1 mutants and found that both mutants have
significantly lower levels of SA compared to WT plants (Figure 6C). We then tested
the expression of three PAMP-specific early-defense genes, FLG22-INDUCED
RECEPTOR-LIKE KINASE 1 (FRK1), MYB51 and WRKY29 in WT and ayl1 mutants
treated with flg22. No significant changes in the transcript levels were observed for
WRKY29, but the induction of FRK1 and MYB51 expression was significantly
reduced in the ayl1 mutants when compared to the WT (Figure 6D).

Discussion
Comparison to previously identified MAPK substrates
MPK3, MPK4 and MPK6 are expressed ubiquitously in plant tissues and are involved
in numerous biological processes, ranging from developmental programs to
responses to environmental stresses. Despite their vital roles, a comprehensive
picture of their substrates is still lacking. Although a number of potential substrates
have been identified by several approaches, their precise phosphorylation sites and
the responsible MAPKs have often not been determined in vivo. In this study, we
used a robust quantitative phosphoproteomic approach to identify putative targets of
Arabidopsis MPK3, MPK4 and MPK6 among proteins loosely or tightly associated to
chromatin. Overall, we identified 216 differentially phosphorylated sequences,
corresponding to 165 proteins, whose abundance was dependent on flg22 treatment
and/or on a particular MAPK. Among these, 128 phosphopeptides possessed an
(S/T)*P site, corresponding to 89 unique proteins, designating them as potential
MPK3, MPK4 or MPK6 candidate substrates. Proteins with other phosphorylation
motifs that changed in the respective MAPK mutant are targeted by other
downstream protein kinases. Previous large-scale studies mainly identified MAPK
targets based on total protein extracts or enriched cytoplasmic fractions
(Hoehenwarter et al., 2013; Lassowskat et al., 2014; Huck et al., 2017; Rayapuram et
al., 2018). Because MPK3, MPK4 and MPK6 can be present in both the cytosol and
the nucleus, it is expected that at least some targets can be commonly identified in
our study and in previous reports (Bigeard & Hirt, 2018). We thus compared the
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identified MAPK targets to those reported in prior large-scale in vivo experiments.
Overall, 23 proteins were identified, but almost half of the phosphosites differed in
their annotation (Table S7). For example, the cyclin T-like protein CYCT1;5
(AT5G45190) was previously identified as NVDVGDALISQ(s)*PK, but in our present
work by the phosphopeptide NTEEGEMVNNNV(s)*PMMHSR. A possible explanation
may be that the corresponding proteins are targeted by different protein kinases in
the cytosol and in the nucleus. However, we cannot exclude the possibility that the
different data are actually due to the different protein sample composition, and more
particularly different complexities. Moreover, Hoehenwarter et al. reported a
phosphoproteomic study on Arabidopsis seedlings expressing the constitutively
active tobacco MEK2DD to activate Arabidopsis MPK3 and MPK6 (Hoehenwarter et
al., 2013). The authors identified 35 putative MPK3/6 substrates, in which eight were
also found in our work with two harboring the same phosphosites (Table S7).
Besides, Huck et al. identifiedin a phosphoproteomic approach 27 phosphorylated
peptides in Arabidopsis, 17 of which harbored an (S/T)*P site and changed upon
induction of the MKK7-MPK3/6 module (Huck et al., 2017), which is implicated in
regulating development and immunity. One protein with the same phosphosite is
present in our work (Table S7). Overall, a limited overlap of probable MAPK
substrates in these various studies reveals that MAPK-relayed signaling is still far
from complete. It also underlines that subcellular phosphoproteomics, such as done
here with chromatin and nucleoplasmic fractions, holds a great potential to identify
novel MAPK substrates and thus gain a unified view of the roles of MAPKs in plant
immunity.

Shared MAPK substrates
In accordance with our previous transcriptomic comparison of the three mutants (Frei
dit Frey et al., 2014),

STRING analysis of the identified MAPK-dependent

phosphorylation events revealed a number of specific but also shared substrates in
the MPK3, MPK4 and MPK6 networks. An overlap of the three MAPK networks is
notably found for RNA processing. In this category, splicing factors, such as SCL30,
was identified as a specific target of MPK6 for the doubly phosphorylated sequence
RY(s5)*PPYY(s10)*PPRR. However, in our former cytoplasmic study, phosphorylation
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at RY(s5)*PPYYSPPR was compromised in mpk4 (Rayapuram et al., 2018). These
combined results indicate that SCL30 might be modified in different compartments by
MPK4 and MPK6, in agreement with the fact that SCL30 can be phosphorylated in
vitro by MPK3, MPK4 and MPK6 (de la Fuente van Bentem et al., 2008).
Another interesting example for a shared substrate is the Nuclear Pore Anchor NUA,
which was phosphorylated at four sequences on (S/T)*P motifs, corresponding to
Ser1688, Thr1946, Ser1950, and Ser2044, which are all located in the C-terminal
part of the protein where the vast majority of (S/T)P sites reside. Phosphorylation at
S1950 was compromised in both mpk3 and mpk6, indicating a shared
phosphorylation site by the two kinases. In contrast, phosphorylation at S1688 is
absent only in mpk6 , revealing its specific phosphorylation by MPK6. Similarly,
phosphorylation at S2044 and T1946 are only partially reduced in mpk6, suggesting
that these sites are phosphorylated not only by MPK6, but also other kinases. In
conclusion, NUA appears to be targeted by several MAPKs and other kinases in a
complex fashion.

Novel MAPK substrates
Overall, from our phosphoproteomic approach we identified numerous novel targets
that were either compromised in phosphorylation in mapk mutants or upon PAMP
treatment. Amongst these AYL1, Med2, Coilin and Serrate were further characterized
by different biochemical and cellular analyses.
The flg22-induced MPK6-dependent phosphorylation of AYL1 on S18 was identified
in cytosolic (Rayapuram et al., 2018) but not nuclear fractions MPK6 (Figure
7A).GFP-tagged AYL1 localized to both the nucleus and the cytoplasm of tobacco
cells. In BiFC assays, AYL1 interacted with MPK3 and MPK6, but not with MPK4,
and only with MPK6 in GST pull-down assays. Moreover, AYL1 was phosphorylated
in vitro on S18 by all MPK3, MPK4 and MPK6.
Med2 is part of the large multiprotein Mediator complex that is conserved in all
eukaryotes. The plant Mediator complex is composed of up to 34 subunits
(Backstrom et al., 2007), where each Mediator subunit recognizes and binds to
transcription factors, activators and repressors and recruits the Mediator complex to
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promoters to regulate transcription (Malik & Roeder, 2005). The Mediator complex
facilitates transcription by acting as a bridge between transcription factors and the
RNA polymerase II complex by interacting with the C-terminal domain (CTD) of the
largest Pol II subunit (Kim et al., 1994; Koleske & Young, 1994). Mediator genes
have roles in regulating development and stress-specific gene expression in rice
(Oryza sativa) and Arabidopsis (Mathur et al., 2011). We found that Med2 is
phosphorylated by all the three MAPKs in vitro at the site identified to be
phosphorylated in vivo. Phosphorylation at SMFSGFTETP(s)*PK mostly depended
on MPK6 in vivo (Figure 7B), but Med2 did not interact with any of the three MAPKs
in BiFC, possibly due to structural constraints of using fusion proteins that obstruct
interaction (Kudla & Bock, 2016).
Coilin was identified among a number of factors that are involved in RNA processing.
Coilin is part of the Cajal bodies (CBs), sub-nuclear structures found in both animals
and plants that are implicated in diverse RNA metabolic processes. Coilin acts as a
scaffold protein which promotes CB formation, assembly and activity (Makarov et al.,
2013), but mutants in Arabidopsis show no phenotypic abnormalities (Collier et al.,
2006) indicating that CBs are not essential for plant survival (Rajendra et al., 2010).
Human coilin is constitutively phosphorylated and the level of phosphorylation
increases during mitosis (Carmo-Fonseca et al., 1993) and phosphorylation of coilin
affects its homodimerization and localization. Phosphorylation and methylation of
coilin could also play a role in stress-induced redistribution. Indeed, coilin
phosphorylation, as well as coilin demethylation, affect its association properties and
its nucleolar accumulation (Hebert, 2010; Tapia et al., 2010; Toyota et al., 2010). In
plants, groundnut rosette virus (GRV) infection results in the reorganization of CBs
into CB-like structures containing the viral protein ORF3, which

fuse with the

nucleolus and form viral RNP particles that are essential for systemic infection,
suggesting that the RNA processing machinery in CBs is hijacked by viruses (Kim et
al., 2007). Additionally, Arabidopsis coilin was shown to interact with viral movement
proteins following virus infection (Semashko et al., 2012). We show that
phosphorylation of coilin at S187 is reduced in the absence of MPK3 or MPK6
(Figure 7C). Consistent with observations in plants and other organisms, we
localized coilin in the nuclear compartment. In GST pull-down assays, it showed
interaction predominantly with MPK3 and MPK6 and to a lesser extent with MPK4. In
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BiFC, however, coilin did not interact with any of the three MAPKs and all three
immune MAPKs failed to phosphorylate coilin in vitro at the in vivo detected site,
although phosphorylation was observed with MPK6 at another site, namely T542.
These different results might be due to a number of technical factors and further
studies are necessary to clarify these findings.
An interesting set of candidate MAPK substrates is related to mRNA and sRNA
processing. Among these, we could validate Serrate as a MAPK substrate. Serrate is
a C2H2 zinc finger protein that is conserved in both animals and plants. It is
important for proper pri-miRNA processing in Arabidopsis which mediates gene
silencing. Serrate forms a complex with the nuclear enzyme DICER-LIKE1 (DCL1)
and the double strand RNA-binding proteins HYPONASTIC LEAVES1 (HYL1) and
TOUGH (TGH) that processes pri-miRNAs in the nucleus to pre-miRNAs and
eventually to mature miRNAs in Arabidopsis (Dong et al., 2008; Liu et al., 2012).
Mutants deficient in Serrate show a defect in miRNA biogenesis by accumulating less
miRNA and more pri-miRNA than WT plants (Finnegan et al., 2003). Since plant
development is strongly regulated by several miRNAs, serrate mutants suffer from a
large range of developmental abnormalities including a serrated leaf phenotype
(Clarke et al., 1999; Prigge & Wagner, 2001), altered silique arrangement, ABA
hypersensitivity and a late-flowering phenotype (Lu & Fedoroff, 2000; Koiwa et al.,
2002; Xiong et al., 2002; Bezerra et al., 2004; Zhang et al., 2008). In vivo, the doubly
phosphorylated peptide STS(s)*(s)*PPPPPPSSSLPQQEQEQDQQQLPLRR was
absent in mpk6, suggesting a possible direct, and at least an indirect phosphorylation
of these sites by MPK6 (Figure 7D). Interestingly, our in vitro assays indicated that
Serrate was phosphorylated by MPK3 and MPK6, and interacted with MPK3,
suggesting that Serrate may be a shared substrate of MPK3 and MPK6.
AYL1 is involved in defense responses
Our phosphoproteomic analysis revealed AYL1 (Aluminum-induced protein with YGL
and LRDR motif) as a chromatin-associated protein that is phosphorylated in
response to flg22. AYL1 belongs to a five-membered gene family of aluminiuminduced protein with YGL and LRDR motifs (AT5G43830-AYL1, AT3G22850-AYL2,
AT5G19140-AYL3, AT3G15450-AYL4 and AT4G27450-AYL5) that is extremely
conserved in all plant families, but no homologs are found in any other phyla.
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Nonetheless, all AYLs show significant similarity to the N-terminus of asparagine
synthases in bacteria, fungi and animals. However, since the similarity is restricted to
only part of the highly conserved glutamine amido-transferase enzymes, the
biochemical function of AYLs remains unclear.
Four AYLs exhibited phosphopeptide levels that were induced by flg22 treatment
and/or dependent on one of the three immune MAPKs. Interestingly, expression
analysis of the four genes with Genevestigator indicated that AYL1 and AYL4 are
strongly upregulated upon flg22 and SA treatment. Induction of effector-triggered
defense also induced AYL1 and AYL5. These results connect AYL1 to plant
immunity. Since no role for AYLs has been proposed so far, we characterized the
function

of AYL1 in

PAMP-triggered

cellular

responses.

Two

independent ayl1 knockdown mutants showed enhanced disease susceptibility to Pst
DC3000 hrcC- indicating a positive role for AYL1 in plant innate immunity. Further
investigation showed that the two mutants exhibited a reduced flg22-induced ROS
burst

and

reduced

endogenous

levels

of

the

plant

hormone

SA.

In

addition, ayl1 mutants showed lower expression of the PTI marker genes FRK1
and MYB51 in response to flg22 treatment. Interestingly, another member of
the AYL family, AYL2, was found to be phosphorylated in response to ABA (Kline et
al., 2010). The idea that AYLs might be involved in both biotic and abiotic stress
responses is also supported by finding expression of the genes for AYL3 upon cold
and AYL5 upon hypoxia stress according to Genevestigator analysis.
AYLs might not only function in the nuclear compartment since our recent
phosphoproteomic analysis also identified AYL1 and AYL4 as flg22-induced
phosphorylated cytoplasmic proteins, suggesting that AYLs might play a role in both
the cytoplasmic and the nuclear compartments. BiFC assays supported this
assumption for AYL1, by showing interaction with MPK3 and MPK6 in both the
cytoplasm and the nucleus. AYL regulation might also occur through more than one
MAPK as flg22-induced S18 phosphorylation of AYL1 was observed in mpk3, mpk4
and mpk6, and as AYL1 was phosphorylated in vitro by the three MAPKs on the in
vivo identified S18 site (Rayapuram et al., 2018).
Conclusions
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The phosphoproteomic analysis of chromatin-associated proteins in the three MAPK
mutants of mpk3, mpk4 and mpk6 revealed a set of putative MAPK substrates linking
MAPK signaling to different chromatin-related events. In particular, we identified a
number of putative MAPK substrates functioning in chromatin organization, RNA
metabolism, mRNA and sRNA processing. In agreement with previous studies, we
could also confirm that the three MAPKs have both specific and shared substrates,
which may explain a number of discrepancies in the literature on the roles and
specificities of some of these substrates in MAPK signaling. Overall, the identification
of the substrates and their phosphorylation sites provides the basis for future
functional studies on the role of these proteins.
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Figure legends
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Figure 1. Experimental workflow and data analysis. (A) Schematic representation of
the phosphoproteomics experimental workflow and data analysis for the identification
of MAPK substrates. Phosphopeptides were enriched using IMAC from WT plants
and three mapk mutants treated with and without flg22 and analyzed by LC-MS/MS.
Database searches were carried out using the program Mascot and phosphosite
localization was ascertained using FragMixer. Relative quantification was carried out
using MassChroQ, followed by statistical analysis of quantitative data to highlight
sequences whose abundance was significantly modulated. The list of identified
phosphopeptides was subjected to motif analysis using motif-x. (B) Number of
phosphorylation sites per peptide. (C) Distribution of phosphorylated amino acids. (D)
Motifs enriched by motif-x.
Figure 2. Protein interaction networks. All the targets obtained for each of the
MAPKs were pooled and used to generate a network using STRING (version 10.0)
within the Cytoscape environment. (A) Network of targets of MPK3. (B) Network of
targets of MPK4. (C) Network of targets of MPK6. Two clusters with shared targets
between the three MAPKs involved in RNA processing/splicing/metabolism are
highlighted in beige and those involved in nuclear structure and chromosome
organization proteins are highlighted in pale pink. (D) Selected GO enrichment terms
for targets of MPK3 (i), MPK4 (ii) and MPK6 (iii) are shown.
Figure 3. BiFC and GST pull–down assays of the four candidates with MPK3, MPK4
and MPK6. (A) BiFC analysis of the four candidate proteins with MPK3, MPK4 and
MPK6 in epidermal cells of Agrobacterium-infiltrated N. benthamiana. YFP
fluorescence was detected with a confocal microscope 72 h after infiltration. Scale
bar = 20 µm. The enlarged nuclei for each interaction are boxed with a white box and
shown as an inset within each image. (B) In vitro GST pull-down assays were
performed using the His6-tagged lysates of the four candidates and GST-MPK3,
GST-MPK4 or GST-MPK6. Glutathione beads containing GST-MAPK were incubated
with the His6-tagged proteins. The proteins were probed with anti-His antibody. GST
served as control.
Figure 4. Subcellular localization of GFP-tagged candidate proteins. Tagged proteins
were expressed under the control of the 35S promoter in N. benthamiana leaves and
were collected 72 h after Agrobacterium infiltration. Images were taken in dark field
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for GFP and CFP, bright field for cell morphology and in combination (merged),
respectively. Serrate-CFP is a control for nuclear localization (Yang et al., 2006).
Scale bar = 20 µm for left images and 5 µm for zoomed images. The nuclei
corresponding to the zoomed images are indicated with a white box.
Figure 5. (A) Amino acid sequence alignment of the five AYL proteins in Arabidopsis
thaliana. (B) The phylogenetic tree of the five AYL members generated using MEGA7
software. (C) Schematic representation of the AYL proteins showing the YGL and
LRDR motifs, and the phosphosites.
Figure 6. Role of AYL1 in PTI responses. (A) ayl1 mutants challenged with Pst
DC3000 hrcC-. Four-week-old Arabidopsis plants were spray inoculated with Pst
DC3000 hrcC-. Bacterial numbers were determined at 3 hpi and 72 hpi. The data are
shown as means ± se in Average log10 of colony-forming units (cfu), n=10 plants.
The above experiments were repeated three times with similar results. (B) Flg22triggered ROS burst assay in the ayl1 mutants. 4 mm leaf discs were treated with 1
µM flg22 over 40 min. Values are means ± se (standard error), n=12 leaf discs from
six plants in relative light units (RLU). (C) Quantification of endogenous SA levels in
14-day-old seedlings of WT and ayl1 mutant plants. Values represent SEM from
three independent experiments. (D) The level of expression of FRK1, MYB51 and
WRKY29 upon 1 h treatment with flg22. Transcript levels were determined by qPCR
and normalized to ACTIN 2 and UBIQUITIN 10. Data are the mean ± se of three
independent biological replicates.
Figure 7. Boxplots showing the relative abundance of four phosphopeptides used for
validation experiments. (A) (i) TVANSPEALQ(s18)*PHSSESAFALK (Pep100_3) from
AYL1; (A) (ii) Schematic representation showing the YGL and LRDR motifs and the
phosphorylation site S18. (B) (i) SMFSGFTETPK(s)*PK (Pep49_2) from Med2; (B)
(ii) Schematic representation showing the phosphorylation site S173. (C) (i)
LDTTEE(s)*PDERENTAVVSNVVK (Pep87_3) from Coilin; (C) (ii) Schematic
representation showing the four MAPK docking sites and the phosphorylation site
S187. (D) (i) (stsss)**PPPPPPSSSLPQQEQEQDQQQLPLRR (Pep177_3) from
Serrate; (D) (ii) Schematic representation showing the Zinc finger domain in lilac,
three MAPK docking sites and the phosphorylation site S24. MAPK docking sites are
indicated in blue. In vivo phosphorylation sites are indicated in pink.
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Table 1. List of probable direct MAPK substrates in normal development. The table
lists all the (S/T)*P-containing phosphopeptides whose abundance significantly
changed in one mapk mutant compared to WT plants in mock (normal development)
condition. The abundance ratios "mapki/WT mock" are all significantly different from
1. We further indicate the abundance ratios of these phosphopeptides upon flg22
treatment as "mapki/WT flg22": this allows observing whether phosphorylation at
these sites remains impaired in the mutant during PTI, or another kinase
phosphorylates the site. NA indicates that a ratio could not be calculated because no
signal was detected in the samples from WT plants.
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MAPK

MPK3

MPK4

MPK6

AGI

Protein Description

Phosphopeptide

mpk/WT
mock

mpk/WT
flg22

Chrom
atin
fraction

AT3G57150

NAP57, AtNAP57, CBF5, AtCBF5

DKKEEVIEEVA(s)*PK

0.00

0.36

LSF

AT1G07970

Cytochrome B561-related, N-terminal

FT(t)*PPKKGEGDFPNPMSLER

0.00

1.35

HSF

AT1G15750

WSIP1, TPL

AP(s)*PVNNPLLGGIPK

0.00

1.19

HSF

AT1G79280

NUA, AtTPR | nuclear pore anchor

SPEKEEVQPETLATPTQ(s)*PSR

0.37

0.62

HSF

AT3G02880

Leucine-rich repeat protein kinase
family protein

LIEEVSHSSG(s)*PNPVSD

0.39

0.59

HSF

AT5G44180

Homeodomain-like transcriptional
regulator, RLT2

TELGLPL(t)*PSLPEEMK

0.00

NA

HSF

AT3G47210

Plant protein of unknown function
(DUF247)

YS(sPss)*PPPSFYR

0.29

1.64

LSF

AT2G46630

Serine/arginine repetitive matrix
protein

GAVMEILR(s)*PQGNK

0.36

1.70

LSF

AT1G79280

NUA | nuclear pore anchor

RAP(s)*PGGGSSTIVTLADR

1.70

0.85

HSF

AT2G30620

winged-helix DNA-binding transcription SIEEENVPTTVDSGAADTTVK(s)*P
factor family protein=histone H1.2
EKKPAAK

3.05

2.01

HSF

AT1G72790

hydroxyproline-rich glycoprotein family
protein

VPSAPP(yIPs)*PPP(s)*PPRPPPAK

0.00

0.22

HSF

AT5G24630

BIN4 | double-stranded DNA binding

TEDKDTDTTIAEQVTPEK(s)*PK

0.00

0.22

HSF

AT2G46630

Serine/arginine repetitive matrix
protein

SSYT(s)*PP(s)*PKEVQEALPPR

0.00

0.00

LSF

AT5G15680

ARM repeat superfamily protein

VPFG(ysPADPRTPs)**YSK (2+)

0.00

0.00

LSF

AT5G15680

ARM repeat superfamily protein

VPFG(ysPADPRTPs)**YSK (3+)

0.00

0.00

LSF

AT5G64270

splicing factor, putative

VL(s)*PDRVDAFAMGDK(t)*PDASV
R

0.00

0.00

LSF

AT1G13030

sphere organelles protein-related,
Coilin

LDTTEE(s)*PDERENTAVVSNVVK

0.00

0.58

LSF

AT2G29210

splicing factor PWI domain-containing
protein

IGGSHAANHLE(sPsPSSLs)**PPGR

0.00

0.00

LSF

AT5G47430

DWNN domain, a CCHC-type zinc
finger

(s)*PPVVVSDVSEDKLR

0.00

0.49

HSF

AT3G55460

SCL30, At-SCL30 | SC35-like splicing
factor 30

RY(s)*PPYY(s)*PPRR

0.00

0.00

LSF

AT3G60600

VAP27-1, VAP, (AT)VAP, VAP27 |
vesicle associated protein

VTYVAPPRPP(sPVHEGSEEGss)**
PR

0.00

0.00

LSF

AT1G44910

ATPRP40A, PRP40A | pre-mRNA-

ANL(s)*PAGDKANVEEPMVYATK

0.00

1.04

LSF
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processing protein 40A

(2+)

AT5G53440

LOW protein: zinc finger CCCH
domain protein

KGANDGEEAEADDGDGDGSVVVG 0.00
DV(s)*PK

0.00

LSF

AT1G79280

NUA, AtTPR | nuclear pore anchor

VPSSTPLIK(s)*PVATTQQLPK

0.00

0.67

LSF

AT1G72790

hydroxyproline-rich glycoprotein family
protein

VPSAPPYIP(s)*PPP(s)*PPRPPPAK

0.00

0.00

LSF

AT5G47430

DWNN domain, a CCHC-type zinc
finger

YAR(s)*PPVVVSDVSEDKLR

0.00

NA

LSF

AT4G31430

KAKU4

HTSNGFPSS(sPss)**PAVMEGQPK
PTPPEETK

0.00

0.00

LSF

AT3G58640

Mitogen activated protein kinase
kinase kinase-related

AI(s)*LPS(s)*PQNYR

0.00

0.00

LSF

AT1G79280

NUA, AtTPR | nuclear pore anchor

VPSSTPLIK(s)*PVATTQQLPK

0.00

0.00

HSF

AT5G64270

splicing factor, putative

KLQQ(t)*PTPMA(t)*PGYVIPEENR

0.00

0.00

LSF

AT2G27100

SE | C2H2 zinc-finger protein
SERRATE (SE)

ST(sss)**PPPPPPSSSLPQQEQEQ
DQQQLPLRR

0.00

0.00

LSF

AT5G64270

splicing factor, putative

KLQQTPTPMA(t)*PGYVIPEENR;
KLQQ(t)*PTPMATPGYVIPEENR

0.00

0.67

LSF

AT5G23150

HUA2 | Tudor/PWWP/MBT domaincontaining protein

(tts)*PVSESLEHSSFDPK

0.00

NA

LSF

AT2G43650

EMB2777 | Sas10/U3
ribonucleoprotein (Utp) family protein

VVKEDQLT(s)*PVSDSVDR (3+)

0.00

0.00

LSF

AT4G35230

BSK1 | BR-signaling kinase 1

KQEEAPS(t)*PQRPLSPLGEACSR

0.00

NA

LSF

AT5G67385

Phototropic-responsive NPH3 family
protein, NCH1

TSSSTISTNPS(s)*PISTASTGKPPL
PR

0.00

NA

LSF

AT2G20960

pEARLI4 | Arabidopsis phospholipaselike protein (PEARLI 4) family

SK(t)*PEPQPTYFEPSSR

0.00

0.00

LSF

AT2G23740

nucleic acid binding;sequence-specific
DNA binding transcription factors;zinc
ion binding, SUVR5

SLGTEGNTEAGV(s)*PPLDDSR
(3+)

0.00

0.00

LSF

AT3G48530

KING1 | SNF1-related protein kinase
regulatory subunit gamma 1

VEDLWDEQKPQL(s)*PNEK

0.00

0.00

LSF

AT1G31870

Pre-mRNA splicing factor CWC26

SDSVELDDDL(s)*PPR

0.00

0.00

LSF

AT2G43650

EMB2777 | Sas10/U3
ribonucleoprotein (Utp) family protein

VVKEDQLT(s)*PVSDSVDR (2+)

0.00

0.00

LSF

AT4G38550

Arabidopsis phospholipase-like protein
(PEARLI 4) family

NS(s)*PP(s)*PFHPAAYK

0.00

0.00

LSF

AT3G19670

ATPRP40B, PRP40B | pre-mRNAprocessing protein 40B

QPASVPGSS(s)*PVENVDR

0.00

0.00

LSF

27

AT5G02850

hydroxyproline-rich glycoprotein family
protein, MED4

LGLTGPG(s)*PSVQNPTPTR

0.00

NA

LSF

AT2G46630

Serine/arginine repetitive matrix
protein

VL(s)*PYSLPASLLHSER

0.00

NA

LSF

AT4G18120

AML3, ML3 | MEI2-like 3

SPIFGNL(s)*PTK

0.00

NA

LSF

AT5G03040

iqd2 | IQ-domain 2

LKPQ(s)*PLGGTTQENEGFTDK

0.00

0.00

LSF

AT3G56860

UBA2A | UBP1-associated protein 2A

LKQ(t)*PEEEQQLVIK

0.00

NA

LSF

AT4G16340

SPK1 | guanyl-nucleotide exchange
factors;GTPase binding;GTP binding

LEG(t)*PDNGYLWQR

0.00

NA

LSF

AT1G09060

Zinc finger, RING-type;Transcription
factor jumonji/aspartyl betahydroxylase, JMJ24

(syRt)*PPSVAVMDPTR

0.00

NA

LSF

AT5G58950

Protein kinase superfamily protein

SV(s)*PSPQMAVPDVFK

0.00

NA

LSF

AT1G79280

NUA, AtTPR | nuclear pore anchor

AP(s)*PGGGSSTIVTLADR

0.16

0.49

HSF

AT1G60200

splicing factor PWI domain-containing
protein / RNA recognition motif (RRM)containing protein, RBM25

ILSGQAAIGSETVQT(s)*PIENDHK

0.23

0.54

LSF

AT2G46630

Serine/arginine repetitive matrix
protein

GAVMEILR(s)*PQGNK

0.30

0.55

LSF

AT1G79280

NUA, AtTPR | nuclear pore anchor

RAP(s)*PGGGSSTIVTLADR (2+)

0.32

0.83

LSF

AT3G47210

Plant protein of unknown function
(DUF247)

YS(sPss)*PPPSFYR

0.32

1.16

LSF

AT1G79280

NUA, AtTPR | nuclear pore anchor

RAP(s)*PGGGSSTIVTLADR (3+)

0.34

0.86

LSF

AT4G24680

MOS1 | modifier of snc1

SSLNAWGTSSL(s)*PR

0.35

0.63

LSF

AT1G44910

ATPRP40A, PRP40A | pre-mRNAprocessing protein 40A

ANL(s)*PAGDKANVEEPMVYATK
(3+)

0.36

0.45

LSF

AT5G64270

splicing factor, putative

VDAFAMGDK(t)*PDASVR

0.37

0.63

LSF

AT1G79280

NUA, AtTPR | nuclear pore anchor

SPEKEEVQPETLATPTQ(s)*PSR

0.38

0.46

HSF

AT1G48120

hydrolases;protein serine/threonine
phosphatases, MAIL3

FQPLEAV(s)*PRPK

0.42

0.58

LSF

AT4G35785

RNA-binding (RRM/RBD/RNP motifs)
family protein

(tPt)*PGHYLGLK

0.45

0.82

LSF

AT2G23740

nucleic acid binding;sequence-specific
DNA binding transcription factors;zinc
ion binding, SUVR5

SLGTEGNTEAGV(s)*PPLDDSR
(2+)

0.45

0.77

LSF

AT1G31870

Pre-mRNA splicing factor CWC26

SFGSNADL(s)*PPGR

0.45

0.65

LSF

AT1G31870

Pre-mRNA splicing factor CWC26

YLSEDL(s)*PPR

0.48

0.77

LSF

28

AT2G33620

AT hook motif DNA-binding family
protein, AHL10

VAPTQVLMTPS(s)*PQSR

0.48

0.53

HSF

AT2G32910

DCD (Development and Cell Death)
domain protein

N(s)*PDPPDSAVTLDSYR

0.50

0.63

LSF

AT1G31870

Pre-mRNA splicing factor CWC26

(sDsVELDDDLs)**PPR

NA

0.00

HSF

Table 2. List of probable direct MAPK substrates in immunity. The table lists all the
(S/T)*P-containing phosphopeptides the abundance of which varied upon flg22
treatment. A. Proteins that were de novo phosphorylated upon flg22 treatment in WT
plants. B. Proteins that were not phosphorylated in a single mapk mutant in mock
conditions, and were de novo phosphorylated or absent (NA) in that mutant upon
flg22 treatment. C. Proteins which showed flg22-dependent phosphorylation in a
similar way in the four genotypes. D. Proteins that showed changes in
phosphorylation levels upon flg22 treatment in a variable manner in the four
genotypes.

Protein
class

AGI

Protein Description

Phosphopeptide

A

AT5G43500

ATARP9, ARP9 | actinrelated protein 9
dentin sialophosphoproteinrelated
PLDGAMMA1, MEE54 |
phospholipase D gamma 1
splicing factor, putative

ISLASPAE(ts)*PDKGDASAS
EAVPDVTDSK
VGVGAE(s)*PAAATDCSK

AT3G54760
AT4G11850
AT5G64270
AT1G31870
AT1G79280
AT2G30620
AT5G65770/
AT5G65780
AT5G43830
B

AT3G57150
AT1G07970
AT1G15750
AT1G79280
AT5G47430
AT1G13030
AT5G64270

AT5G24630
AT1G44910
AT2G46630

Flg22
foldchange
WT
de novo

Flg22
foldchange
mpk3
2.43

Flg22
foldchange
mpk4
NA

Flg22
foldchange
mpk6
de novo

Chrom
atin
fractio
n
HSF

de novo

de novo

de novo

de novo

HSF

EVPVGTVSVYN(s)*PR

de novo

5.44

2.64

1.34

HSF

VL(s)*PDRVDAFAMGDK(t)*
PDASVR
(sDsVELDDDLs)**PPR

de novo

1.92

0.97

1.18

HSF

de novo

de novo

0.32

NA

HSF

SPEKEEVQPETLATPTQ(s)*
PSR
SIEEENVPTTVD(sGAADttVK
s)*PEK

de novo

NA

de novo

NA

HSF

de novo

de novo

0.56

NA

HSF

SERFPI(t)*PSTAATNR

de novo

de novo

2.22

NA

LSF

Aluminium induced protein
with YGL and LRDR motifs
NAP57, AtNAP57, CBF5,
AtCBF5
Cytochrome B561-related,
N-terminal
WSIP1, TPL

TVANSPEALQ(s)*PHSSESA
FALK
DKKEEVIEEVA(s)*PK

de novo

de novo

de novo

NA

LSF

2.19

de novo

0.79

1.43

LSF

FT(t)*PPKKGEGDFPNPMSL
ER
AP(s)*PVNNPLLGGIPK

0.77

de novo

1.71

0.60

HSF

0.65

de novo

1.06

0.65

HSF

NUA, AtTPR | nuclear pore
anchor
DWNN domain, a CCHCtype zinc finger
sphere organelles proteinrelated, Coilin
splicing factor, putative

VPSSTPLIK(s)*PVATTQQLP
K
(s)*PPVVVSDVSEDKLR

2.14

2.61

2.42

LSF

1.27

1.13

0.88

LDTTEE(s)*PDERENTAVVS
NVVK
KLQQTPTPMA(t)*PGYVIPE
ENR;
KLQQ(t)*PTPMATPGYVIPE
ENR
BIN4 | double-stranded DNA TEDKDTDTTIAEQVTPEK(s)*
binding
PK
ATPRP40A, PRP40A | pre- ANL(s)*PAGDKANVEEPMV
mRNA-processing protein
YATK
40A
Serine/arginine repetitive
SSYT(s)*PP(s)*PKEVQEALP

0.82

0.74

1.05

0.81

0.00

0.63

de
novo
de
novo
de
novo
de
novo

0.79

0.44

1.35

0.59

0.76

1.21

1.60

2.48

0.70

Pre-mRNA splicing factor
CWC26
NUA, AtTPR | nuclear pore
anchor
winged-helix DNA-binding
transcription factor family
protein = histone H1.2
LINC4 | little nuclei4

HSF
LSF
LSF

de
novo
de
novo

HSF

NA

LSF

29

LSF

AT2G27100
AT5G64270
AT3G60600
AT4G38550
AT2G20960
AT3G58640
AT2G29210
AT3G55460
AT5G53440
AT5G64270
AT2G43650

PR

SE | C2H2 zinc-finger
protein SERRATE (SE)
splicing factor, putative

ST(sss)**PPPPPPSSSLPQQ
EQEQDQQQLPLRR
KLQQ(t)*PTPMA(t)*PGYVIP
EENR
VTYVAPPRPP(sPVHEGSEE
Gss)**PR

1.35

2.47

2.99

NA

LSF

1.34

2.21

0.64

NA

LSF

1.30

0.70

2.36

NA

LSF

NS(s)*PP(s)*PFHPAAYK

1.26

1.29

1.37

NA

LSF

SK(t)*PEPQPTYFEPSSR

1.21

1.01

1.08

NA

LSF

AI(s)*LPS(s)*PQNYR

1.18

1.20

1.08

NA

LSF

1.16

0.71

1.68

NA

LSF

1.09

1.15

1.43

NA

LSF

KGANDGEEAEADDGDGDG
SVVVGDV(s)*PK
VL(s)*PDRVDAFAMGDK(t)*
PDASVR
VVKEDQLT(s)*PVSDSVDR
(2+)

1.09

0.49

1.08

NA

LSF

1.02

9.72

0.71

NA

LSF

1.00

0.76

1.20

NA

LSF

VPFG(ysPADPRTPs)**YSK
(3+)
VEDLWDEQKPQL(s)*PNEK

0.92

0.94

1.26

NA

LSF

0.91

1.84

0.96

NA

LSF

LKPQ(s)*PLGGTTQENEGFT
DK
HTSNGFPSS(sPss)**PAVM
EGQPKPTPPEETK
SLGTEGNTEAGV(s)*PPLDD
SR

0.90

0.67

1.02

NA

LSF

0.86

1.48

1.00

NA

LSF

0.86

1.08

0.36

NA

LSF

SDSVELDDDL(s)*PPR

0.84

0.77

0.96

NA

LSF

VVKEDQLT(s)*PVSDSVDR
(3+)

0.80

1.23

1.52

NA

LSF

VPFG(ysPADPRTPs)**YSK
(2+)
VPSAPPYIP(s)*PPP(s)*PPR
PPPAK
QPASVPGSS(s)*PVENVDR

0.72

0.39

1.85

NA

LSF

0.60

0.92

1.11

NA

LSF

0.60

1.14

1.15

NA

LSF

LDTTEE(s)*PDERENTAVVS
NVVK
RY(s)*PPYY(s)*PPR

3.87

1.79

1.08

1.94

HSF

3.57

2.73

1.32

2.16

HSF

(ysPSIAYs)**PSNAR

2.40

1.99

1.79

1.37

HSF

VLEFLE(s)*PKETR

1.90

2.22

1.32

1.00

HSF

YLSEDL(s)*PPR

1.82

1.54

0.93

1.50

HSF

AIAPPEL(s)*PR

1.54

1.70

1.77

1.47

LSF

NVDVGDALISQ(s)*PK

1.47

1.68

1.12

0.97

HSF

EVPVGTVSVYN(s)*PR

1.47

1.42

2.67

1.65

LSF

SPEKEEVQPETLATPTQ(s)*
PSR

1.39

2.33

1.27

1.68

HSF

VAP27-1, VAP, (AT)VAP,
VAP27 | vesicle associated
protein
Arabidopsis phospholipaselike protein (PEARLI 4)
family
pEARLI4 | Arabidopsis
phospholipase-like protein
(PEARLI 4) family
Mitogen activated protein
kinase kinase kinase-related
splicing factor PWI domaincontaining protein
SCL30, At-SCL30 | SC35like splicing factor 30
LOW protein: zinc finger
CCCH domain protein
splicing factor, putative

AT5G03040

EMB2777 | Sas10/U3
ribonucleoprotein (Utp)
family protein
ARM repeat superfamily
protein
KING1 | SNF1-related
protein kinase regulatory
subunit gamma 1
iqd2 | IQ-domain 2

AT4G31430

KAKU4

AT2G23740

nucleic acid
binding;sequence-specific
DNA binding transcription
factors;zinc ion binding,
SUVR5
Pre-mRNA splicing factor
CWC26
EMB2777 | Sas10/U3
ribonucleoprotein (Utp)
family protein
ARM repeat superfamily
protein
hydroxyproline-rich
glycoprotein family protein
ATPRP40B, PRP40B | premRNA-processing protein
40B
sphere organelles proteinrelated, Coilin
SCL30, At-SCL30 | SC35like splicing factor 30
NRPB1, RPB1| RNA
polymerase II large subunit
DEK domain-containing
chromatin associated
protein, DEK2
Pre-mRNA splicing factor
CWC26
nucleic acid binding;zinc ion
binding;DNA binding, NERD
Cyclin family protein,
CYCT1;5
PLDGAMMA1, MEE54 |
phospholipase D gamma 1
NUA, AtTPR | nuclear pore
anchor

AT5G15680
AT3G48530

AT1G31870
AT2G43650
AT5G15680
AT1G72790
AT3G19670
C

matrix protein

AT1G13030
AT3G55460
AT4G35800
AT5G63550
AT1G31870
AT2G16485
AT5G45190
AT4G11850
AT1G79280

IGGSHAANHLE(sPsPSSLs)*
*PPGR
RY(s)*PPYY(s)*PPRR

30

AT3G10530
AT5G64270
AT3G02880
D

AT4G31880
AT2G43680
AT1G76850
AT3G47210
AT2G46630
AT2G46630

Transducin/WD40 repeatlike superfamily protein
splicing factor, putative

VLPPVEQE(s)*DVELETK

1.33

1.53

1.10

1.21

HSF

VDAFAMGDK(t)*PDASVR

1.09

1.25

1.38

1.83

LSF

Leucine-rich repeat protein
kinase family protein
Tudor/PWWP/MBT
superfamily protein, PDS5C
IQD14 | IQ-domain 14

LIEEVSHSSG(s)*PNPVSD

0.55

0.83

0.78

0.97

HSF

TSGDETANVS(s)*PSMAEEL
PEQSVPK
LDAPRP(ttPKPPs)**PR

2.71

1.25

1.05

0.85

HSF

0.76

0.89

4.04

0.46

LSF

SEC5A | exocyst complex
component sec5
Plant protein of unknown
function (DUF247)
Serine/arginine repetitive
matrix protein
Serine/arginine repetitive
matrix protein

VALTSLQ(s)*LPR

0.39

0.84

1.83

1.85

LSF

YSSPS(s)*PPPSFYR

0.27

0.82

1.56

1.00

LSF

GAVMEILR(s)*PQGNK (2+)

0.51

0.65

2.45

0.95

LSF

GAVMEILR(s)*PQGNK (3+)

0.45

0.77

2.33

0.71

LSF
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Figure 1. Experimental workflow and data analysis. (A) Schematic representation of the
phosphoproteomics experimental workflow and data analysis for the identification of MAPK
substrates. Phosphopeptides were enriched using IMAC from WT plants and three mapk
mutants treated with and without flg22 and analyzed by LC-MS/MS. Database searches
were carried out using the program Mascot and phosphosite localization was ascertained
using FragMixer. Relative quantification was carried out using MassChroQ, followed by
statistical analysis of quantitative data to highlight sequences whose abundance was
significantly modulated. The list of identified phosphopeptides was subjected to motif
analysis using motif-x. (B) Number of phosphorylation sites per peptide. (C) Distribution of
phosphorylated amino acids. (D) Motifs enriched by motif-x.

Figure 2. Protein interaction networks. All the targets obtained for each of the MAPKs
were pooled and used to generate a network using STRING (version 10.0) within the
Cytoscape environment. (A) Network of targets of MPK3. (B) Network of targets of
MPK4. (C) Network of targets of MPK6. Two clusters with shared targets between the
three MAPKs involved in RNA processing/splicing/metabolism are highlighted in beige
and those involved in nuclear structure and chromosome organization proteins are
highlighted in pale pink. (D) Selected GO enrichment terms for targets of MPK3 (i), MPK4
(ii) and MPK6 (iii) are shown.

Figure 3. BiFC and GST pull–down assays of the four candidates with MPK3, MPK4
and MPK6. (A) BiFC analysis of the four candidate proteins with MPK3, MPK4 and
MPK6 in epidermal cells of Agrobacterium-infiltrated N. benthamiana. YFP
fluorescence was detected with a confocal microscope 72 h after infiltration. Scale bar
= 20 μm. The enlarged nuclei for each interaction are boxed with a white box and
shown as an inset within each image. (B) In vitro GST pull-down assays were
performed using the His6-tagged lysates of the four candidates and GST-MPK3, GSTMPK4 or GST-MPK6. Glutathione beads containing GST-MAPK were incubated with
the His6-tagged proteins. The proteins were probed with anti-His antibody. GST served
as control.

Figure 4. Subcellular localization of GFP-tagged candidate proteins. Tagged proteins
were expressed under the control of the 35S promoter in N. benthamiana leaves and
were collected 72 h after Agrobacterium infiltration. Images were taken in dark field
for GFP and CFP, bright field for cell morphology and in combination (merged),
respectively. Serrate-CFP is a control for nuclear localization (98). Scale bar = 20 μm
for left images and 5 µm for zoomed images. The nuclei corresponding to the
zoomed images are indicated with a white box.

Figure 5. (A) Amino acid sequence alignment of the five AYL proteins in Arabidopsis
thaliana. (B) The phylogenetic tree of the five AYL members generated using MEGA7
software. (C) Schematic representation of the AYL proteins showing the YGL and
LRDR motifs, and the phosphosites.

Figure 6. Role of AYL1 in PTI responses. (A) ayl1 mutants challenged with Pst DC3000
hrcC-. Four-week-old Arabidopsis plants were spray inoculated with Pst DC3000 hrcC-.
Bacterial numbers were determined at 3 hpi and 72 hpi. The data are shown as means ±
se in Average log10 of colony-forming units (cfu), n=10 plants. The above experiments
were repeated three times with similar results. (B) Flg22-triggered ROS burst assay in the
ayl1 mutants. 4 mm leaf discs were treated with 1 μM flg22 over 40 min. Values are means
± se (standard error), n=12 leaf discs from six plants in relative light units (RLU). (C)
Quantification of endogenous SA levels in 14-day-old seedlings of WT and ayl1 mutant
plants. Values represent SEM from three independent experiments. (D) The level of
expression of FRK1, MYB51 and WRKY29 upon 1 h treatment with flg22. Transcript levels
were determined by qPCR and normalized to ACTIN 2 and UBIQUITIN 10. Data are the
mean ± se of three independent biological replicates.

Figure 7. Boxplots showing the relative abundance of four phosphopeptides used for
validation experiments. (A) (i) TVANSPEALQ(s18)*PHSSESAFALK (Pep100_3) from
AYL1; (A) (ii) Schematic representation showing the YGL and LRDR motifs and the
phosphorylation site S18. (B) (i) SMFSGFTETPK(s)*PK (Pep49_2) from Med2; (B) (ii)
Schematic representation showing the phosphorylation site S173. (C) (i)
LDTTEE(s)*PDERENTAVVSNVVK (Pep87_3) from Coilin; (C) (ii) Schematic
representation showing the four MAPK docking sites and the phosphorylation site S187.
(D) (i) (stsss)**PPPPPPSSSLPQQEQEQDQQQLPLRR (Pep177_3) from Serrate; (D)
(ii) Schematic representation showing the Zinc finger domain in lilac, three MAPK
docking sites and the phosphorylation site S24. MAPK docking sites are indicated in
blue. In vivo phosphorylation sites are indicated in pink.

Supplementary Information
Experimental Procedures
Plant material and culture conditions
For phosphoproteomic analyses, Arabidopsis thaliana ecotype Columbia-0 (Col-0)
was used as wild-type plant. The three mapk knock-out mutants were mpk3–1
(SALK_151594) (Nakagami et al., 2006), mpk4–2 (SALK_056245) (Kosetsu et al.,
2010), and mpk6–2 (SALK_073907) (Nakagami et al., 2006) which were generated
in the Col-0 genetic background. Plant growth, treatment and harvest were done as
described before in (Rayapuram et al., 2018).
Two T-DNA insertion mutants were obtained from the SALK collection for the
functional characterization of AT5G43830 gene (AYL1): SALK_128626 and
SALK_127556 referred to as ayl1-1 and ayl1-2, respectively. Primers used for the
genotyping of ayl1-1 and ayl1-2 mutants are listed in the Table S8. Plants were
grown in long day conditions (16 h light/8 h dark) on soil for genotyping and seed
production, while they were grown in Petri plates on ½ MS medium for extraction of
RNA. Arabidopsis thaliana Col-0 was used as WT plant for the functional
characterization of AYL1. Three biological repeats were prepared for all experiments.
Within each biological repeat, one sample was treated for 15 min with water and
another sample for the same duration with 1 µM flg22 (final concentration).
Nicotiana benthamiana plants were grown in the greenhouse at 28°C under 70%
humidity and 16 h/8 h light conditions. Four-week-old plants were used for transient
leaf transformation by agroinfiltration to carry out bimolecular fluorescence
complementation (BiFC) and subcellular localization assays.
Isolation of chromatin-associated proteins and phosphopeptide enrichment
Nuclear and chromatin-associated proteins were isolated exactly as described
previously in (Bigeard et al., 2014). Briefly, the plants were ground with liquid nitrogen
and resuspended in extraction buffer #1 (0.4 M sucrose, 10 mM Tris-HCl pH 8.0, 10
mM MgCl2, 5 mM β-mercaptoethanol, protease inhibitors (Complete cocktail, Roche),
and

phosphatase

inhibitors

(1

mM

NaF,

0.5

mM

Na3VO4,

15

mM

β-

glycerophosphate, 15 mM 4-nitrophenyl phosphate)). After incubation on ice and
filtration with Miracloth, the samples were centrifuged for 20 min at 3,400 g at 4°C.
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The pellets were resuspended in extraction buffer #2 (0.25 M sucrose, 10 mM TrisHCl pH 8.0, 10 mM MgCl2, 5 mM β-mercaptoethanol, 1% v/v Triton X-100, and
protease and phosphatase inhibitors), incubated on ice, and centrifuged for 10 min at
12,000 g at 4°C. The pellets were resuspended in extraction buffer #3 (1.7 M
sucrose, 10 mM Tris-HCl pH 8.0, 2 mM MgCl2, 5 mM β-mercaptoethanol, 0.15% v/v
Triton X-100, and protease and phosphatase inhibitors), layered on the same volume
of extraction buffer #3, and centrifuged for 30 min at 16,000 g at 4°C. The previous
step was repeated a second time. The obtained nuclei were then resuspended in
low-salt buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 1 mM NaCl, 1 mM βmercaptoethanol, and protease and phosphatase inhibitors), incubated at 4°C, and
centrifuged for 15 min at 16,000 g at 4°C. The supernatants, referred to as low-salt
fraction (LSF), were collected. The pellets were then resuspended in high-salt buffer
(10 mM Tris-HCl pH 7.5, 1 mM EDTA, 500 mM NaCl, 1 mM β-mercaptoethanol, and
protease and phosphatase inhibitors), incubated at 4°C, and centrifuged for 15 min at
16,000 g at 4°C. The supernatants, referred to as high-salt fraction (HSF), were also
collected. Proteins from LSF and HSF samples were finally precipitated with a
trichloroacetic acid/acetone-containing solution.
HPLC grade acetonitrile (ACN), normapur grade formic acid, and acetic acid were
purchased from VWR. LSF and HSF samples were resuspended in 100 µL of buffer
containing 1 M urea in 100 mM triethylammonium bicarbonate pH 8.5 (T7408, SigmaAldrich).

Proteins

were

then

reduced

by

addition

of

10

mM

Tris

(2-

carboxyethyl)phosphine (C-4706, Sigma- Aldrich) and incubation at 37°C for 1 h, and
then alkylated by addition of 20 mM methyl methanethiosulfonate (Sigma-Aldrich)
and incubation at ambient temperature for 15 min. Proteolysis was performed by
adding trypsin (sequencing-grade modified porcine trypsin, V511, Promega) at an
enzyme/substrate ratio of 1:50 w/w and overnight incubation at 37°C. Proteolytic
peptides were then acidified with acetic acid to reach a pH of about 3 and desalted
on C18 ultramicrospin columns (74–7206, Harvard Apparatus). They were eluted
from the C18 phase with 100 µL of 60% v/v ACN and 3% v/v acetic acid to which 100
µL of water were added to reach a composition of 30% v/v ACN and 1.5% v/v acetic
acid compatible with phosphopeptide enrichment on the IMAC resin. Ten microliters
of packed IMAC resin (PHOS-Select Iron Affinity Gel, Sigma-Aldrich) were washed
three times with 200 µL of solution 1 (1.5% acetic acid, 30% ACN in water, v/v), prior
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to adding the peptide samples. Phosphopeptide enrichment was obtained by 2 h
incubation with IMAC beads at 15 rpm on a rotating wheel placed at RT.
Subsequently, the IMAC resin was pelleted to remove the supernatant or flowthrough. The IMAC resin was then washed three times with 200 µL of solution 1 (2
min incubation each time) and once with 200 µL of ultra-pure water. The IMAC resin
was finally placed on a spin column (SigmaPrep spin column SC1000, Sigma Aldrich)
and incubated for 3 min in 50 µL of 400 mM ammonium hydroxide to elute
phosphopeptides. After centrifuging, the IMAC eluate was mixed with 10 µL of 10%
v/v acetic acid to reach a pH of about 6–7. IMAC eluates were dried completely in a
speed-vac and stored at −80°C until LC-MS/MS analysis.
Experimental design and statistical rationale
Our objective was to identify substrates of MPK3, MPK4 and MPK6 in both normal
growth conditions and after challenge with a simulated pathogen attack. Four
biological repeats were obtained for WT plants and three were prepared for mpk3,
mpk4 and mpk6 mutant plants. Within each biological replicate and for each
genotype, one sample was treated for 15 min with 1 µM of the peptide flg22 while
another one had been mock-treated with water.
LC-MS/MS analyses of phosphopeptide samples and of non-modified peptides
Two LC-MS/MS runs were usually acquired on the phosphopeptide samples enriched
from LSF and HSF samples. The second run excluded from fragmentation the m/z
ratios of ions having led to peptide identification in the first analysis. The LC-MS
coupling consisted of a Dual Gradient Ultimate 3000 chromatographic system
(Dionex) interfaced to an LTQ-Orbitrap XL mass spectrometer (Thermo-Fisher
Scientific). Phosphopeptide samples were separated on a C18 capillary column
(Acclaim PepMap C18, 15 cm length x 75 µm I.D. x 3 µm particle size, 100 Å
porosity, Dionex) with a gradient starting at 100% solvent A (water/ACN/formic acid,
95/5/0.1, v/v/v), ramping to 50% solvent B (water/ACN/formic acid, 20/80/0.1, v/v/v)
over 60 min, then to 100% solvent B over 3 min (held 10 min), and finally decreasing
to 100% solvent A in 3 min. The Orbitrap was operated in positive ionization mode,
using the lock mass option (reference ion at m/z 445.120025). The Orbitrap cell
recorded signals between m/z 400 and 1,400 in profile mode with a resolution set to
30,000 in MS mode. Peptide ions of charge states >1 were fragmented by CID in the
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linear ion trap. The non-phosphorylated peptides not retained on the IMAC resin
were also analyzed by LC-MS/MS using the same conditions, to get an estimate of
the total protein amounts in the different samples. The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via the PRIDE
(Vizcaino et al., 2016) partner repository with the dataset identifier PXD009823 and
10.6019/PXD009823.
MS/MS data interpretation, phosphopeptide and relative protein quantification
The MS/MS data acquired on phosphopeptides were interpreted using the Mascot
server v2.2.07 (matrixscience.com), followed by our in-house developed tool
FragMixer which allows (i) filtering phosphopeptide identifications to be at an
estimated 1% FDR and validating precise phosphosite positioning or maintaining
ambiguity on phosphate group localization based on the Mascot-Delta score (MDscore) to be at an estimated False Localization Rate of 5% (Vandenbogaert et al.,
2012). Mascot searches were performed while specifying the following parameters:
database TAIR10 (release 2010/12/14, 35386 sequences); enzymatic specificity:
tryptic with two allowed missed cleavages; fixed modification of cysteine residues
(Methylthio(C)); possible phosphorylation of S, T and Y residues; 5 ppm tolerance on
precursor masses and 0.6 Da tolerance on fragment ions. The MS/MS data obtained
on the non-phosphorylated peptides were interpreted with similar parameters, except
that the only specified variable modification was methionine oxidation.
Statistical evaluation of the raw relative phosphopeptide abundance was provided by
the program MassChroQ (Valot et al., 2011) and performed as follows. To
compensate for the variable total peptide material injected on–column, each
Extracted Ion Chromatogram (XIC) area was corrected by the median of the XICs
measured in the considered run. Next, when a phosphopeptide was identified from
ions of different charge states (e.g. z = 2, 3 and 4), each XIC associated to a pair
(identified peptide sequence, z), later written in the format pepxxx_z, was considered
individually. Because samples were analyzed twice by LC-MS/MS, we attributed to
each pepxxx_z the median of the XICs measured in the two runs. To extract from the
dataset phosphopeptides being fully absent in at least one condition, we performed
pairwise comparisons between WT plants and each mutant, while demanding in the
four (genotype, treatment) combinations either reproducible absence of signal or
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signal detection in at least two biological repeats. To determine the other
phosphopeptides whose abundance was significantly modulated by the treatment
and/or the genotype using a two-way ANOVA, we left aside peptides for which XIC
areas could not be measured reproducibly. We thus demanded that, for at least
seven (for HSF samples) or eight (for LSF samples) out of the eight conditions, a
phosphopeptide be detected in at least two biological repeats. To estimate the
relative abundance of total proteins in the different samples, label-free quantification
was performed using the program Proline (http://www.profiproteomics.fr/proline/) that
sums the intensities of tryptic peptides of a given protein. Only proteins quantified by
at least three peptides were considered for inter-sample comparisons. A two-way
ANOVA was performed to identify proteins whose abundance was affected by flg22
treatment and/or the absence of a particular MAPK.
The

mass

spectrometry

proteomics

data

have

been

deposited

to

the

ProteomeXchange Consortium via PRIDE (Vizcaino et al., 2016) partner repository
with the dataset identifier PXD009823 and 10.6019/PXD009823.
Bioinformatic analyses
The lists of phosphopeptides identified with precise phosphosites were submitted to
the program motif-x (Chou & Schwartz, 2011) to identify enriched phosphorylation
motifs. String networks were generated using the STRING: functional protein
association networks (Version 10.5) tool (Franceschini et al., 2013) within the
Cytoscape environment (Shannon et al., 2003). AgriGO (agriGO v2.0) was used for
all gene ontology (GO) analyses (Tian et al., 2017). The enrichment of GO terms in
relation to total nuclear proteome was also searched with AgriGO, using as
customized reference the genes predicted by SUBAcon predictor to code for proteins
with nuclear localization and the genes for which there is an experimental evidence
that the corresponding proteins are located in the nucleus (Hooper et al., 2014;
Hooper et al., 2017). Putative MAPK docking sites were searched using the ELM
program (http://elm.eu.org/) (Dinkel et al., 2016) with the UniProtKB identifier of the
proteins of interest.
Multiple alignment and evolutionary analysis were conducted using the MEGA7
software (Kumar et al., 2016). Briefly, the evolutionary history was inferred using the
Neighbor-Joining method (Saitou & Nei, 1987). The optimal phylogenetic tree with
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the sum of branch length = 1.52854743 is shown. The tree is drawn to scale, with
branch lengths in the same units as those of the evolutionary distances used to infer
the phylogenetic tree. The evolutionary distances were computed using the Poisson
correction method (Zuckerkandl & Pauling, 1965) and are in the units of the number
of amino acid substitutions per site. All positions containing gaps and missing data
were eliminated.

Gene cloning and GatewayTM cloning
The coding sequence of AT5G43830-Aluminum induced protein with YGL and LRDR
motif (AYL1) was commercially synthesized by GenScript whereas the coding
sequences of AT5G64680-Mediator-associated protein 2 (Med2), AT2G27100Serrate and AT1G13030-Coilin were amplified from RIKEN cDNA clones - PDA12016, PDA-01799 and PDA-9201, respectively, by PCR and cloned into pENTRD/TOPO vector. For functional studies, the genes were recombined using Gateway™
LR Clonase reaction (Invitrogen) following the manufacturer’s instructions into
destination vectors pDEST17 or pDEST-His-MBP for recombinant protein expression
and GST pull-down assays, pBIFC1, pBIFC2, pBIFC3 and pBIFC4, for bimolecular
fluorescence

complementation

(BiFC)

assays,

and

pGWB5

for

subcellular

localization. All the primers and plasmids used in this study are listed in Table S8.
Recombinant protein production and purification
Protein expression was performed as previously described (Rayapuram et al., 2018).
In brief, the four proteins and constitutively active MAPKs, carrying mutations in the
ATP binding pocket (Berriri et al., 2012), were His6-tagged or His6-MBP-tagged, and
were expressed in Escherichia coli BL21-AI or Rosetta strains, respectively. Proteins
were purified using Ni-NTA agarose beads (Invitrogen Cat.No. R901-15) following the
manufacturer’s indications.
In vitro phosphorylation assays and phosphosite localization
Phosphorylation assays were performed as previously reported (Rayapuram et al.,
2018). Briefly, purified recombinant proteins and constitutively active MAPKs were
mixed together in the kinase reaction buffer. After 30 min, the reaction was stopped
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by adding SDS-sample buffer and protein samples were resolved on SDS-PAGE gel
and stained with SimplyBlue™ SafeStain (Novex cat. No. LC6065). After excising
and destaining of the band that corresponds to the protein of interest from the gel,
the proteins were reduced, alkylated and digested with trypsin sequentially. The
digested peptides were desalted using C18 ZipTip® (Millipore Cat. No. ZTC18S096)
and analyzed by LC-MS/MS using a Q-Exactive HF instrument. Finally, the RAW
data files were converted to MGF files using Proteome Discoverer interface (version
1.5) and database searches were performed with the Mascot server v2.4.
Bimolecular fluorescence complementation (BiFC) assays
The four chromatin candidate genes and MPK3, MPK4 and MPK6 were cloned into
BiFC vectors tagged with N- or C-terminal split YFP tags either as N- or C-terminal
fusions under the CaMV 35S promoter as described in Table S8. The vectors were
transformed into Agrobacterium tumefaciens C58C1 strain which were then coinfiltrated into 4-week-old N. benthamiana leaves as previously described
(Rayapuram et al., 2018). All eight possible combinations between a chromatin
candidate and a MAPK were tested with appropriate positive and negative controls.
Three days after the infiltration, images were obtained using a Zeiss LSM880 laser
scanning confocal microscope.
In vitro GST pull-down assays
Protein lysates of E. coli expressing MAPKs tagged with GST as baits were preincubated with glutathione agarose 4B Beads (GE healthcare) in incubation buffer for
4 h at 4°C. After washing the beads in the incubation buffer, the His6-tagged or His6MBP-tagged candidate protein lysates were added to the beads and incubated for
another 1 h. The beads were washed and bound proteins were eluted by boiling in
SDS-sample buffer, separated by SDS-PAGE, and detected by immunoblotting with
anti-His antibody (Qiagen Penta-His Antibody Cat. No 34660). Blots were visualized
by Ponceau-S staining. Protein lysates expressing GST alone were used as negative
controls for this study.
Subcellular localization in Nicotiana benthamiana
To monitor the subcellular localization of the four candidate proteins, we generated
GFP fusions of the genes under CaMV 35S promoter. They were transformed into N.
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benthamiana along with P19, viral suppressor of gene silencing, by Agrobacterium
infiltration into the leaf epidermal cells. Subcellular localization was visualized three
days after transformation using a Zeiss LSM880 laser scanning confocal microscope.
ROS assay
ROS burst measurements were carried out as described earlier (Smith & Heese,
2014). Twelve leaf discs of 4 mm diameter each were made from leaves of 4-weekold plants and put in water with their adaxial side up in 96-well plates. Plates were
kept in constant light for 20-24 h at 22°C before elicitation. H2O2 production was
detected using a luminol–HRP-based chemiluminescence assay. Water was
removed from the plates and 100 µl of reaction mixture (HRP and luminol with or
without 1 µM flg22) were added into each well. Plates were immediately placed into a
96-well luminescence counter (Tecan Infinite M200Pro) where light emission was
monitored. Each plate was read for 40 cycles. Kinetics of H2O2 production was
determined by plotting the average chemiluminescence counts from all the 12 leaf
discs under the same condition over the reading period. The measurements were
repeated three times.
Pseudomonas syringae growth assays
Pathogen assays were carried out essentially as described earlier (García et al.,
2010). Four-week-old plants grown in short day conditions (8 h/16 h) were sprayinoculated with Pseudomonas syringae pv. tomato DC3000 hrcC mutant bacterial
suspensions at OD600=0.2 in 10 mM MgCl2 with 0,04% (v/v) Silwet L-77. In planta,
bacterial titers were determined 3 h post inoculation (hpi) and 72 hpi by shaking three
leaf discs from a single plant in 10 mM MgCl2 with 0,01% (v/v) Silwet L-77 at 28°C for
1 h. Ten plants per genotype were used for each sampling. Bacterial numbers were
compared between WT and mutant lines using a two-tailed Student’s t-test.
Quantification of salicylic acid
Arabidopsis WT and ayl1 mutant 14-day-old seedlings were harvested into liquid
nitrogen, freeze dried, and ground to a fine powder. Salicylic acid was extracted and
quantified by LC-MS/MS based on a comparison with the standards as previously
described (Forcat et al., 2008).
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RNA extraction, RT-PCR and qPCR analysis
For RT-PCR, total RNA was extracted using NucleoSpin RNA plant kits (Macherey
Nagel). Reverse transcription was performed with 1–2 µg of total RNA using
SuperScriptIII™ (Invitrogen). Reactions were diluted 1:5 and 2 µl were used for PCR
reactions on a Bio-Rad Thermocycler. qPCR reactions were carried out in 10 µl final
volume containing 100 nM final concentration of each primer and SYBR FAST
Universal qPCR kit (Invitrogen). ACTIN 2 (AT3G18780) and UBIQUITIN 10
(AT4G05320) were used as reference genes. All reactions were done in a CFX96
TouchTM Real-Time PCR Detection System (BIO-RAD) as follows: 95°C for 30 s;
40x (95°C for 5 s and 60°C for 20 s); and a dissociation step to validate the PCR
products. All reactions were performed with three technical replicates. All the primers
used are listed in the Table S8. To check flg22-induced defense gene expression,
Arabidopsis WT and ayl1 mutant seedlings were grown on 1⁄2 MS agar for two weeks
and then transferred to liquid 1⁄2 MS overnight before flg22 treatment. Seedlings
were treated with either 1 µM flg22 or water for 1 h. Total RNA was extracted using
NucleoSpin® Plant RNA kit and first-strand complementary DNA was synthesized
from 1 µg of total RNA using SuperScript® III First-Strand Synthesis SuperMix kit
(Invitrogen). Quantitative RT-PCR (qRT-PCR) analysis was performed using
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad). Data were analyzed using
Bio-Rad CFX manager software. ACTIN 2 (AT3G18780) and UBIQUITIN 10
(AT4G05320) were used as reference genes for normalization of gene expression
levels in all samples. Normalized gene expression was expressed relative to WT
controls in each experiment (expression level = 1). Primers are listed in Table S8.
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Boxplots showing the relative abundance of LSF phosphopeptides
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Boxplots showing the relative abundance of HSF phosphopeptides
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Figure S2: BiFC interaction of the four candidate proteins with MPK3, MPK4 and MPK6
in N. benthamiana in the left panel. The interaction between the four proteins and YB13
or YC11 served as negative controls in the middle panel. The interaction between YB13
and YC11 served as positive controls in the right panel. Scale bar = 20 μm.

MS/MS spectra for Kinase Assay with MPK3

Mascot Search Results: Peptide View

Mascot Search Results
Peptide View
MS/MS Fragmentation of LDTTEESPDERENTAVVSNVVK
Found in AT1G13030.1 in Arabidopsis, AT1G13030.1 | Symbols: | sphere organelles protein-related | chr1:4444284-4447278 REVERSE
LENGTH=608
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Match to Query 7602: 2431.168308 from(1216.591430,2+) intensity(13401.9043) rtinseconds(1162) scans(3055) index(2428)
Title: Spectrum2633 scans: 3055,
Data file C:\Users\Proteomics\Desktop\raw files\20170207_Nag\20151125_rerun\20151125_3_N1.mgf
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m/z
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Label all possible matches

Label matches used for scoring

Monoisotopic mass of neutral peptide Mr(calc): 2431.1714
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Ions Score: 41 Expect: 0.00013
Matches : 21/212 fragment ions using 34 most intense peaks
(help)

#
1

a
86.0964

a++
43.5519

a*

a*++

b
114.0913

b++
57.5493

b*

b*++

Seq.
L

y

y++

y*

y*++

#
22

2 201.1234 101.0653

229.1183 115.0628

D 2319.0947 1160.0510 2302.0681 1151.5377 21

3 302.1710 151.5892

330.1660 165.5866

T 2204.0677 1102.5375 2187.0412 1094.0242 20

4 403.2187 202.1130

431.2136 216.1105

T 2103.0200 1052.0137 2085.9935 1043.5004 19

5 532.2613 266.6343

560.2562 280.6318

E 2001.9724 1001.4898 1984.9458 992.9765 18

6 661.3039 331.1556

689.2988 345.1531

E 1872.9298 936.9685 1855.9032 928.4552 17

7 748.3359 374.6716

776.3309 388.6691

S 1743.8872 872.4472 1726.8606 863.9339 16

8 845.3887 423.1980

873.3836 437.1954

P 1656.8551 828.9312 1639.8286 820.4179 15

9 960.4156 480.7115

988.4106 494.7089

D 1559.8024 780.4048 1542.7758 771.8916 14

10 1089.4582 545.2328

1117.4532 559.2302

E 1444.7754 722.8914 1427.7489 714.3781 13

11 1245.5594 623.2833 1228.5328 614.7700 1273.5543 637.2808 1256.5277 628.7675 R 1315.7328 658.3701 1298.7063 649.8568 12
12 1374.6019 687.8046 1357.5754 679.2913 1402.5969 701.8021 1385.5703 693.2888 E 1159.6317 580.3195 1142.6052 571.8062 11
13 1488.6449 744.8261 1471.6183 736.3128 1516.6398 758.8235 1499.6132 750.3103 N 1030.5891 515.7982 1013.5626 507.2849 10
14 1589.6926 795.3499 1572.6660 786.8366 1617.6875 809.3474 1600.6609 800.8341 T

916.5462 458.7767 899.5197 450.2635 9

15 1660.7297 830.8685 1643.7031 822.3552 1688.7246 844.8659 1671.6980 836.3527 A

815.4985 408.2529 798.4720 399.7396 8

16 1759.7981 880.4027 1742.7715 871.8894 1787.7930 894.4001 1770.7664 885.8869 V

744.4614 372.7343 727.4349 364.2211 7
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17 1858.8665 929.9369 1841.8399 921.4236 1886.8614 943.9343 1869.8349 935.4211 V

645.3930 323.2001 628.3665 314.6869 6

18 1945.8985 973.4529 1928.8720 964.9396 1973.8934 987.4504 1956.8669 978.9371 S

546.3246 273.6659 529.2980 265.1527 5

19 2059.9414 1030.4744 2042.9149 1021.9611 2087.9364 1044.4718 2070.9098 1035.9585 N

459.2926 230.1499 442.2660 221.6366 4

20 2159.0099 1080.0086 2141.9833 1071.4953 2187.0048 1094.0060 2169.9782 1085.4928 V

345.2496 173.1285 328.2231 164.6152 3

21 2258.0783 1129.5428 2241.0517 1121.0295 2286.0732 1143.5402 2269.0466 1135.0270 V

246.1812 123.5942 229.1547 115.0810 2

22

147.1128

K

74.0600 130.0863

65.5468 1

NCBI BLAST search of LDTTEESPDERENTAVVSNVVK
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

41.4 2431.1714 -0.0031 LDTTEESPDERENTAVVSNVVK
Mascot: http://www.matrixscience.com/
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Peptide View
MS/MS Fragmentation of SMFSGFTETPKSPK
Found in AT5G64680.1 in Arabidopsis, AT5G64680.1 | Symbols: | unknown protein; FUNCTIONS IN: molecular_function unknown;
INVOLVED IN: biological_process unknown; LOCATED IN: nucleolus; EXPRESSED IN: 23 plant structures; EXPRESSED DURING: 13
growth stages; Has 114 Blast hits to 110 pro
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Match to Query 6021: 1638.698468 from(820.356510,2+) intensity(18814.5703) rtinseconds(1056) scans(2255) index(1609)
Title: Spectrum1828 scans: 2255,
Data file C:\Users\Proteomics\Desktop\raw files\20170207_Nag\20151125_rerun\20151125_3_N7.mgf
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Label matches used for scoring

Monoisotopic mass of neutral peptide Mr(calc): 1638.7001
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Variable modifications:
M2
: Oxidation (M), with neutral losses 0.0000(shown in table), 63.9983
S12
: Phospho (ST), with neutral losses 0.0000(shown in table), 97.9769
Ions Score: 62 Expect: 1.7e-006
Matches : 25/260 fragment ions using 41 most intense peaks
(help)

#
1

a

a++

60.0444 30.5258

a*

a*++

b

b++

88.0393 44.5233

b*

b*++

Seq.
S

y

y++

y*

y*++

#
14

2 207.0798 104.0435

235.0747 118.0410

M 1552.6753 776.8413 1535.6488 768.3280 13

3 354.1482 177.5777

382.1431 191.5752

F 1405.6399 703.3236 1388.6134 694.8103 12

4 441.1802 221.0938

469.1751 235.0912

S 1258.5715 629.7894 1241.5450 621.2761 11

5 498.2017 249.6045

526.1966 263.6019

G 1171.5395 586.2734 1154.5129 577.7601 10

6 645.2701 323.1387

673.2650 337.1362

F

1114.5180 557.7626 1097.4915 549.2494 9

7 746.3178 373.6625

774.3127 387.6600

T

967.4496 484.2284 950.4231 475.7152 8

8 875.3604 438.1838

903.3553 452.1813

E

866.4019 433.7046 849.3754 425.1913 7

9 976.4081 488.7077

1004.4030 502.7051

T

737.3593 369.1833 720.3328 360.6700 6

10 1073.4608 537.2341

1101.4557 551.2315

P

636.3117 318.6595 619.2851 310.1462 5

11 1201.5558 601.2815 1184.5292 592.7683 1229.5507 615.2790 1212.5242 606.7657 K

539.2589 270.1331 522.2323 261.6198 4

12/7/2017 3:35 PM

Mascot Search Results: Peptide View

2 of 2

http://pc-kw-14456/mascot/cgi/peptide_view.pl?file=../data/20170209/F...

12 1368.5541 684.7807 1351.5276 676.2674 1396.5491 698.7782 1379.5225 690.2649 S

411.1639 206.0856 394.1374 197.5723 3

13 1465.6069 733.3071 1448.5804 724.7938 1493.6018 747.3046 1476.5753 738.7913 P

244.1656 122.5864 227.1390 114.0731 2

14

147.1128 74.0600 130.0863 65.5468 1

K

NCBI BLAST search of SMFSGFTETPKSPK
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

Site Analysis

61.5 1638.7001 -0.0016 SMFSGFTETPKSPK Phospho S12 99.97%
22.4 1638.7001 -0.0016 SMFSGFTETPKSPK Phospho T9 0.01%
22.2 1638.7001 -0.0016 SMFSGFTETPKSPK Phospho T7 0.01%
21.0 1638.7001 -0.0016 SMFSGFTETPKSPK Phospho S4 0.01%
14.4 1638.7001 -0.0016 SMFSGFTETPKSPK Phospho S1 0.00%
Mascot: http://www.matrixscience.com/
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Peptide View
MS/MS Fragmentation of GGPAPFLLSPAFR
Found in AT2G27100.1 in Arabidopsis, AT2G27100.1 | Symbols: SE | C2H2 zinc-finger protein SERRATE (SE) |
chr2:11572587-11576357 FORWARD LENGTH=720
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Match to Query 1271: 1408.691868 from(705.353210,2+) intensity(47595.8125) rtinseconds(1993) scans(5547) index(4541)
Title: Spectrum4927 scans: 5547,
Data file \\noorcifs.kaust.edu.sa\rcsdata\bclp\ProtUsers\HHirt\Ronny\20150622Ronny\Ronny-mgf_20150701
\20150622RV2.mgf
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Monoisotopic mass of neutral peptide Mr(calc): 1408.6904
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Variable modifications:
S9
: Phospho (ST), with neutral losses 0.0000(shown in table), 97.9769
Ions Score: 87 Expect: 2.6e-008
Matches : 26/144 fragment ions using 24 most intense peaks
(help)

#

a

a++

b

b++

Seq.

58.0287 29.5180 G

y

y++

y*

y*++

#

1

30.0338 15.5206

2

87.0553 44.0313 115.0502 58.0287 G 1352.6763 676.8418 1335.6497 668.3285 12

13

3 184.1081 92.5577 212.1030 106.5551 P 1295.6548 648.3310 1278.6282 639.8178 11
4 255.1452 128.0762 283.1401 142.0737 A 1198.6020 599.8046 1181.5755 591.2914 10
5 352.1979 176.6026 380.1928 190.6001 P 1127.5649 564.2861 1110.5384 555.7728 9
6 499.2663 250.1368 527.2613 264.1343 F 1030.5121 515.7597 1013.4856 507.2464 8
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7 612.3504 306.6788 640.3453 320.6763 L

883.4437 442.2255 866.4172 433.7122 7

8 725.4345 363.2209 753.4294 377.2183 L

770.3597 385.6835 753.3331 377.1702 6

9 892.4328 446.7201 920.4277 460.7175 S

657.2756 329.1414 640.2491 320.6282 5

10 989.4856 495.2464 1017.4805 509.2439 P

490.2772 245.6423 473.2507 237.1290 4

11 1060.5227 530.7650 1088.5176 544.7625 A

393.2245 197.1159 376.1979 188.6026 3

12 1207.5911 604.2992 1235.5860 618.2967 F

322.1874 161.5973 305.1608 153.0840 2

13

175.1190 88.0631 158.0924 79.5498 1

R

NCBI BLAST search of GGPAPFLLSPAFR
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

86.9 1408.6904 0.0014 GGPAPFLLSPAFR
5.7

1408.6963 -0.0044 TTLEDLIQIQR

5.7

1408.6963 -0.0044 TTLEDLIQIQR

5.1

1408.6936 -0.0017 SPVRSASRGSLGR

1.9

1408.6976 -0.0058 SPPVLHRSPSPR

1.9

1408.6976 -0.0058 SPPVLHRSPSPR

1.0

1408.6976 -0.0057 LVHYRRTEQK
Mascot: http://www.matrixscience.com/
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MS/MS Fragmentation of RPSLSPPPPYR
Found in AT2G27100.1 in Arabidopsis, AT2G27100.1 | Symbols: SE | C2H2 zinc-finger protein SERRATE (SE) |
chr2:11572587-11576357 FORWARD LENGTH=720
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Match to Query 1049: 1345.652188 from(673.833370,2+) intensity(104391.3672) rtinseconds(852) scans(1943) index(1433)
Title: Spectrum1651 scans: 1943,
Data file \\noorcifs.kaust.edu.sa\rcsdata\bclp\ProtUsers\HHirt\Ronny\20150622Ronny\Ronny-mgf_20150701\20150622RV2.mgf
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Monoisotopic mass of neutral peptide Mr(calc): 1345.6544
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Variable modifications:
S5
: Phospho (ST), with neutral losses 0.0000(shown in table), 97.9769
Ions Score: 27 Expect: 0.0045
Matches : 55/184 fragment ions using 110 most intense peaks
(help)

#

a

a++

a*

a*++

b

b++

b*

b*++

Seq.

1 129.1135 65.0604 112.0869 56.5471 157.1084 79.0578 140.0818 70.5446 R

y

y++

y*

y*++

#
11

2 226.1662 113.5868 209.1397 105.0735 254.1612 127.5842 237.1346 119.0709 P 1190.5606 595.7839 1173.5340 587.2706 10
3 313.1983 157.1028 296.1717 148.5895 341.1932 171.1002 324.1666 162.5870 S 1093.5078 547.2575 1076.4812 538.7443 9
4 426.2823 213.6448 409.2558 205.1315 454.2772 227.6423 437.2507 219.1290 L 1006.4758 503.7415 989.4492 495.2282 8
5 593.2807 297.1440 576.2541 288.6307 621.2756 311.1414 604.2491 302.6282 S

893.3917 447.1995 876.3651 438.6862 7

6 690.3335 345.6704 673.3069 337.1571 718.3284 359.6678 701.3018 351.1545 P

726.3933 363.7003 709.3668 355.1870 6

7 787.3862 394.1967 770.3597 385.6835 815.3811 408.1942 798.3546 399.6809 P

629.3406 315.1739 612.3140 306.6607 5

8 884.4390 442.7231 867.4124 434.2099 912.4339 456.7206 895.4073 448.2073 P

532.2878 266.6475 515.2613 258.1343 4

9 981.4917 491.2495 964.4652 482.7362 1009.4867 505.2470 992.4601 496.7337 P

435.2350 218.1212 418.2085 209.6079 3

10 1144.5551 572.7812 1127.5285 564.2679 1172.5500 586.7786 1155.5234 578.2654 Y

338.1823 169.5948 321.1557 161.0815 2

11

175.1190 88.0631 158.0924 79.5498 1

R
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NCBI BLAST search of RPSLSPPPPYR
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

Site Analysis

26.5 1345.6544 -0.0022 RPSLSPPPPYR Phospho S5 88.00%
17.8 1345.6544 -0.0022 RPSLSPPPPYR Phospho S3 11.84%
11.1 1345.6544 -0.0022 RPSLSPPPPYR
1.4

1345.6544 -0.0022 LIYQFRSPSR

1.4

1345.6465 0.0057 IASVGLKMFER

0.8

1345.6520 0.0002 RTELSLAIKR
Mascot: http://www.matrixscience.com/
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Peptide View
MS/MS Fragmentation of STSSSPPPPPPSSSLPQQEQEQDQQQLPLRR
Found in AT2G27100.1 in Arabidopsis, AT2G27100.1 | Symbols: SE | C2H2 zinc-finger protein SERRATE (SE) | chr2:11572587-11576357
FORWARD LENGTH=720
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Match to Query 5675: 3505.638942 from(1169.553590,3+) intensity(18354.4395) rtinseconds(1084) scans(2778) index(2156)
Title: Spectrum2410 scans: 2778,
Data file \\noorcifs.kaust.edu.sa\rcsdata\bclp\ProtUsers\HHirt\Ronny\20150622Ronny\Ronny-mgf_20150701\20150622RV2.mgf
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Monoisotopic mass of neutral peptide Mr(calc): 3505.6474
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Variable modifications:
S5
: Phospho (ST), with neutral losses 0.0000(shown in table), 97.9769
Ions Score: 64 Expect: 1.8e-006
Matches : 58/472 fragment ions using 114 most intense peaks
(help)

#

a

a++

a*

a*++

b

b++

b*

b*++

Seq.

60.0444

30.5258

88.0393

44.5233

S

2 161.0921

81.0497

189.0870

1

y

y++

y*

y*++

#
31

95.0471

T 3419.6227 1710.3150 3402.5962 1701.8017 30

3 248.1241 124.5657

276.1190 138.5631

S 3318.5750 1659.7912 3301.5485 1651.2779 29

4 335.1561 168.0817

363.1510 182.0792

S 3231.5430 1616.2751 3214.5165 1607.7619 28

5 502.1545 251.5809

530.1494 265.5783

S 3144.5110 1572.7591 3127.4844 1564.2459 27

6 599.2072 300.1073

627.2022 314.1047

P 2977.5126 1489.2600 2960.4861 1480.7467 26

7 696.2600 348.6336

724.2549 362.6311

P 2880.4599 1440.7336 2863.4333 1432.2203 25

8 793.3128 397.1600

821.3077 411.1575

P 2783.4071 1392.2072 2766.3805 1383.6939 24

9 890.3655 445.6864

918.3605 459.6839

P 2686.3543 1343.6808 2669.3278 1335.1675 23

10 987.4183 494.2128

1015.4132 508.2102

P 2589.3016 1295.1544 2572.2750 1286.6411 22

11 1084.4711 542.7392

1112.4660 556.7366

P 2492.2488 1246.6280 2475.2223 1238.1148 21

12 1171.5031 586.2552

1199.4980 600.2526

S 2395.1960 1198.1017 2378.1695 1189.5884 20

13 1258.5351 629.7712

1286.5300 643.7687

S 2308.1640 1154.5856 2291.1375 1146.0724 19

14 1345.5672 673.2872

1373.5621 687.2847

S 2221.1320 1111.0696 2204.1054 1102.5564 18

15 1458.6512 729.8292

1486.6461 743.8267

L 2134.1000 1067.5536 2117.0734 1059.0403 17
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16 1555.7040 778.3556

http://pc-kw-14456/mascot/cgi/peptide_view.pl?file=../data/20171212/F...

1583.6989 792.3531

P 2021.0159 1011.0116 2003.9893 1002.4983 16

17 1683.7626 842.3849 1666.7360 833.8716 1711.7575 856.3824 1694.7309 847.8691 Q 1923.9631 962.4852 1906.9366 953.9719 15
18 1811.8211 906.4142 1794.7946 897.9009 1839.8161 920.4117 1822.7895 911.8984 Q 1795.9046 898.4559 1778.8780 889.9426 14
19 1940.8637 970.9355 1923.8372 962.4222 1968.8586 984.9330 1951.8321 976.4197 E 1667.8460 834.4266 1650.8194 825.9134 13
20 2068.9223 1034.9648 2051.8958 1026.4515 2096.9172 1048.9622 2079.8907 1040.4490 Q 1538.8034 769.9053 1521.7768 761.3921 12
21 2197.9649 1099.4861 2180.9383 1090.9728 2225.9598 1113.4835 2208.9333 1104.9703 E 1410.7448 705.8760 1393.7183 697.3628 11
22 2326.0235 1163.5154 2308.9969 1155.0021 2354.0184 1177.5128 2336.9918 1168.9996 Q 1281.7022 641.3547 1264.6757 632.8415 10
23 2441.0504 1221.0288 2424.0239 1212.5156 2469.0453 1235.0263 2452.0188 1226.5130 D 1153.6436 577.3255 1136.6171 568.8122 9
24 2569.1090 1285.0581 2552.0824 1276.5449 2597.1039 1299.0556 2580.0774 1290.5423 Q 1038.6167 519.8120 1021.5901 511.2987 8
25 2697.1676 1349.0874 2680.1410 1340.5742 2725.1625 1363.0849 2708.1359 1354.5716 Q

910.5581 455.7827 893.5316 447.2694 7

26 2825.2262 1413.1167 2808.1996 1404.6034 2853.2211 1427.1142 2836.1945 1418.6009 Q

782.4995 391.7534 765.4730 383.2401 6

27 2938.3102 1469.6587 2921.2837 1461.1455 2966.3051 1483.6562 2949.2786 1475.1429 L

654.4410 327.7241 637.4144 319.2108 5

28 3035.3630 1518.1851 3018.3364 1509.6719 3063.3579 1532.1826 3046.3313 1523.6693 P

541.3569 271.1821 524.3303 262.6688 4

29 3148.4470 1574.7272 3131.4205 1566.2139 3176.4420 1588.7246 3159.4154 1580.2113 L

444.3041 222.6557 427.2776 214.1424 3

30 3304.5482 1652.7777 3287.5216 1644.2644 3332.5431 1666.7752 3315.5165 1658.2619 R

331.2201 166.1137 314.1935 157.6004 2

31

175.1190

R

88.0631 158.0924

79.5498 1

NCBI BLAST search of STSSSPPPPPPSSSLPQQEQEQDQQQLPLRR
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

Site Analysis

63.8 3505.6474 -0.0085 STSSSPPPPPPSSSLPQQEQEQDQQQLPLRR Phospho S5 64.38%
55.4 3505.6474 -0.0085 STSSSPPPPPPSSSLPQQEQEQDQQQLPLRR Phospho S4 9.33%
55.4 3505.6474 -0.0085 STSSSPPPPPPSSSLPQQEQEQDQQQLPLRR Phospho S3 9.33%
54.4 3505.6474 -0.0085 STSSSPPPPPPSSSLPQQEQEQDQQQLPLRR Phospho T2 7.43%
54.4 3505.6474 -0.0085 STSSSPPPPPPSSSLPQQEQEQDQQQLPLRR Phospho S1 7.43%
48.1 3505.6474 -0.0085 STSSSPPPPPPSSSLPQQEQEQDQQQLPLRR Phospho S12 1.72%
41.0 3505.6474 -0.0085 STSSSPPPPPPSSSLPQQEQEQDQQQLPLRR Phospho S13 0.34%
33.6 3505.6474 -0.0085 STSSSPPPPPPSSSLPQQEQEQDQQQLPLRR Phospho S14 0.06%
2.4

3505.6299 0.0090 NPSDEVFSGSICKQGEIEAIVIATGVHTFFGK

1.9

3505.6478 -0.0088 SSLKILLLDGTSIKTMPQLPSVQYLCLSR
Mascot: http://www.matrixscience.com/
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MS/MS spectra for Kinase Assay with MPK4
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Mascot Search Results
Peptide View
MS/MS Fragmentation of LDTTEESPDERENTAVVSNVVK
Found in AT1G13030.1 in Arabidopsis, AT1G13030.1 | Symbols: | sphere organelles protein-related | chr1:4444284-4447278 REVERSE
LENGTH=608
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y1
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y1
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y1
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y1
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Match to Query 30360: 2431.171842 from(811.397890,3+) intensity(451772.3125) rtinseconds(1028) scans(11025) index(7292)
Title: File290 Spectrum8478 scans: 11025
Data file C:\Users\Proteomics\Desktop\raw files\20170207_Nag\20150907KA1.mgf
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Monoisotopic mass of neutral peptide Mr(calc): 2431.1714
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Ions Score: 74 Expect: 8.4e-007
Matches : 20/212 fragment ions using 23 most intense peaks
(help)

#
1

a
86.0964

a++
43.5519

2 201.1234 101.0653

a*

a*++

b
114.0913

b++
57.5493

b*

b*++

Seq.
L

y

y++

y*

y*++

#
22

229.1183 115.0628

D 2319.0947 1160.0510 2302.0681 1151.5377 21

3 302.1710 151.5892

330.1660 165.5866

T 2204.0677 1102.5375 2187.0412 1094.0242 20

4 403.2187 202.1130

431.2136 216.1105

T 2103.0200 1052.0137 2085.9935 1043.5004 19

5 532.2613 266.6343

560.2562 280.6318

E 2001.9724 1001.4898 1984.9458 992.9765 18

6 661.3039 331.1556

689.2988 345.1531

E 1872.9298 936.9685 1855.9032 928.4552 17

7 748.3359 374.6716

776.3309 388.6691

S 1743.8872 872.4472 1726.8606 863.9339 16

8 845.3887 423.1980

873.3836 437.1954

P 1656.8551 828.9312 1639.8286 820.4179 15

9 960.4156 480.7115

988.4106 494.7089

D 1559.8024 780.4048 1542.7758 771.8916 14

10 1089.4582 545.2328

1117.4532 559.2302

E 1444.7754 722.8914 1427.7489 714.3781 13

11 1245.5594 623.2833 1228.5328 614.7700 1273.5543 637.2808 1256.5277 628.7675 R 1315.7328 658.3701 1298.7063 649.8568 12
12 1374.6019 687.8046 1357.5754 679.2913 1402.5969 701.8021 1385.5703 693.2888 E 1159.6317 580.3195 1142.6052 571.8062 11
13 1488.6449 744.8261 1471.6183 736.3128 1516.6398 758.8235 1499.6132 750.3103 N 1030.5891 515.7982 1013.5626 507.2849 10
14 1589.6926 795.3499 1572.6660 786.8366 1617.6875 809.3474 1600.6609 800.8341 T

916.5462 458.7767 899.5197 450.2635 9

15 1660.7297 830.8685 1643.7031 822.3552 1688.7246 844.8659 1671.6980 836.3527 A

815.4985 408.2529 798.4720 399.7396 8

16 1759.7981 880.4027 1742.7715 871.8894 1787.7930 894.4001 1770.7664 885.8869 V

744.4614 372.7343 727.4349 364.2211 7
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17 1858.8665 929.9369 1841.8399 921.4236 1886.8614 943.9343 1869.8349 935.4211 V

645.3930 323.2001 628.3665 314.6869 6

18 1945.8985 973.4529 1928.8720 964.9396 1973.8934 987.4504 1956.8669 978.9371 S

546.3246 273.6659 529.2980 265.1527 5

19 2059.9414 1030.4744 2042.9149 1021.9611 2087.9364 1044.4718 2070.9098 1035.9585 N

459.2926 230.1499 442.2660 221.6366 4

20 2159.0099 1080.0086 2141.9833 1071.4953 2187.0048 1094.0060 2169.9782 1085.4928 V

345.2496 173.1285 328.2231 164.6152 3

21 2258.0783 1129.5428 2241.0517 1121.0295 2286.0732 1143.5402 2269.0466 1135.0270 V

246.1812 123.5942 229.1547 115.0810 2

22

147.1128

K

74.0600 130.0863

65.5468 1

NCBI BLAST search of LDTTEESPDERENTAVVSNVVK
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

74.0 2431.1714 0.0004 LDTTEESPDERENTAVVSNVVK
14.4 2431.1605 0.0114 TRNHTTANPGLTAGASLEKQER
14.4 2431.1605 0.0114 TRNHTTANPGLTAGASLEKQER
13.6 2431.1705 0.0013 LMDEYTQLELEEAVGTKVKR
13.6 2431.1705 0.0013 LMDEYTQLELEEAVGTKVKR
12.1 2431.1719 -0.0001 ELSQMWGGLVNHTSPSGIGLIR
12.1 2431.1719 -0.0001 ELSQMWGGLVNHTSPSGIGLIR
12.1 2431.1719 -0.0001 ELSQMWGGLVNHTSPSGIGLIR
10.7 2431.1753 -0.0034 ATRMSGIQNFSLSEMGLKPLR
10.7 2431.1753 -0.0034 ATRMSGIQNFSLSEMGLKPLR
Mascot: http://www.matrixscience.com/
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Peptide View
MS/MS Fragmentation of EKSMFSGFTETPKSPK
Found in AT5G64680.1 in Arabidopsis, AT5G64680.1 | Symbols: | unknown protein; FUNCTIONS IN: molecular_function unknown;
INVOLVED IN: biological_process unknown; LOCATED IN: nucleolus; EXPRESSED IN: 23 plant structures; EXPRESSED DURING: 13
growth stages; Has 114 Blast hits to 110 pro

OX

y1

y3
y2

y5
y4

y6

y8
y7

Match to Query 14688: 1895.837742 from(632.953190,3+) intensity(477864.9688) rtinseconds(1105) scans(7017) index(3554)
Title: File9241 Spectrum3642 scans: 7017
Data file C:\Users\Proteomics\Desktop\BSA\20180125_QE_04_MED_2.mgf
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Monoisotopic mass of neutral peptide Mr(calc): 1895.8376
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Variable modifications:
M4
: Oxidation (M), with neutral losses 0.0000(shown in table), 63.9983
S14
: Phospho (ST), with neutral losses 97.9769(shown in table), 0.0000
Ions Score: 29 Expect: 0.014
Matches : 19/380 fragment ions using 31 most intense peaks
(help)

#

a

a++

1 102.0550 51.5311

a*

a*++

b

b++

130.0499 65.5286

b*

b*++

Seq.
E

y

y++

y*

y*++

#
16

2 230.1499 115.5786 213.1234 107.0653 258.1448 129.5761 241.1183 121.0628 K 1669.8254 835.4163 1652.7989 826.9031 15
3 317.1819 159.0946 300.1554 150.5813 345.1769 173.0921 328.1503 164.5788 S 1541.7305 771.3689 1524.7039 762.8556 14
4 464.2173 232.6123 447.1908 224.0990 492.2123 246.6098 475.1857 238.0965 M 1454.6984 727.8529 1437.6719 719.3396 13
5 611.2858 306.1465 594.2592 297.6332 639.2807 320.1440 622.2541 311.6307 F 1307.6630 654.3352 1290.6365 645.8219 12
6 698.3178 349.6625 681.2912 341.1493 726.3127 363.6600 709.2862 355.1467 S

1160.5946 580.8009 1143.5681 572.2877 11

7 755.3393 378.1733 738.3127 369.6600 783.3342 392.1707 766.3076 383.6574 G 1073.5626 537.2849 1056.5360 528.7717 10
8 902.4077 451.7075 885.3811 443.1942 930.4026 465.7049 913.3760 457.1917 F 1016.5411 508.7742 999.5146 500.2609 9
9 1003.4553 502.2313 986.4288 493.7180 1031.4503 516.2288 1014.4237 507.7155 T

869.4727 435.2400 852.4462 426.7267 8

10 1132.4979 566.7526 1115.4714 558.2393 1160.4929 580.7501 1143.4663 572.2368 E

768.4250 384.7162 751.3985 376.2029 7

11 1233.5456 617.2764 1216.5191 608.7632 1261.5405 631.2739 1244.5140 622.7606 T

639.3824 320.1949 622.3559 311.6816 6
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12 1330.5984 665.8028 1313.5718 657.2896 1358.5933 679.8003 1341.5667 671.2870 P

538.3348 269.6710 521.3082 261.1577 5

13 1458.6933 729.8503 1441.6668 721.3370 1486.6883 743.8478 1469.6617 735.3345 K

441.2820 221.1446 424.2554 212.6314 4

14 1527.7148 764.3610 1510.6883 755.8478 1555.7097 778.3585 1538.6832 769.8452 S

313.1870 157.0972 296.1605 148.5839 3

15 1624.7676 812.8874 1607.7410 804.3741 1652.7625 826.8849 1635.7359 818.3716 P

244.1656 122.5864 227.1390 114.0731 2

16

147.1128 74.0600 130.0863 65.5468 1

K

NCBI BLAST search of EKSMFSGFTETPKSPK
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

Site Analysis

29.0 1895.8376 0.0001 EKSMFSGFTETPKSPK

Phospho S14 96.70%

11.0 1895.8376 0.0001 EKSMFSGFTETPKSPK

Phospho S3 1.54%

8.7

1895.8318 0.0059 KNTDEEIFIKLGSDK

8.4

1895.8376 0.0001 EKSMFSGFTETPKSPK

7.3

1895.8287 0.0091 ASKLIQVQSKACEASK

7.2

1895.8414 -0.0037 HENDSLRFENSDLLK

6.6

1895.8376 0.0001 EKSMFSGFTETPKSPK

5.5

1895.8390 -0.0012 RMSFQFVEEGKWTR

5.4

1895.8345 0.0033 TTQKVMTVADKCFNGK

5.4

1895.8345 0.0033 TTQKVMTVADKCFNGK

Phospho T11 0.86%

Phospho S6 0.56%

Mascot: http://www.matrixscience.com/
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MS/MS Fragmentation of SMFSGFTETPKSPK
Found in AT5G64680.1 in Arabidopsis, AT5G64680.1 | Symbols: | unknown protein; FUNCTIONS IN: molecular_function unknown;
INVOLVED IN: biological_process unknown; LOCATED IN: nucleolus; EXPRESSED IN: 23 plant structures; EXPRESSED DURING: 13
growth stages; Has 114 Blast hits to 110 pro
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Match to Query 14020: 1638.702848 from(820.358700,2+) intensity(465089.8750) rtinseconds(1323) scans(8712) index(4815)
Title: File9241 Spectrum4930 scans: 8712
Data file C:\Users\Proteomics\Desktop\BSA\20180125_QE_04_MED_2.mgf
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Monoisotopic mass of neutral peptide Mr(calc): 1638.7001
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Variable modifications:
M2
: Oxidation (M), with neutral losses 0.0000(shown in table), 63.9983
S12
: Phospho (ST), with neutral losses 97.9769(shown in table), 0.0000
Ions Score: 49 Expect: 0.00018
Matches : 19/260 fragment ions using 25 most intense peaks
(help)

#
1

a

a++

a*

a*++

b

b++

60.0444 30.5258

88.0393 44.5233

b*

b*++

Seq.
S

y

y++

y*

y*++

#
14

2 207.0798 104.0435

235.0747 118.0410

M 1454.6984 727.8529 1437.6719 719.3396 13

3 354.1482 177.5777

382.1431 191.5752

F 1307.6630 654.3352 1290.6365 645.8219 12

4 441.1802 221.0938

469.1751 235.0912

S

1160.5946 580.8009 1143.5681 572.2877 11

5 498.2017 249.6045

526.1966 263.6019

G 1073.5626 537.2849 1056.5360 528.7717 10

6 645.2701 323.1387

673.2650 337.1362

F 1016.5411 508.7742 999.5146 500.2609 9

7 746.3178 373.6625

774.3127 387.6600

T

869.4727 435.2400 852.4462 426.7267 8

8 875.3604 438.1838

903.3553 452.1813

E

768.4250 384.7162 751.3985 376.2029 7

9 976.4081 488.7077

1004.4030 502.7051

T

639.3824 320.1949 622.3559 311.6816 6

10 1073.4608 537.2341

1101.4557 551.2315

P

538.3348 269.6710 521.3082 261.1577 5

11 1201.5558 601.2815 1184.5292 592.7683 1229.5507 615.2790 1212.5242 606.7657 K

441.2820 221.1446 424.2554 212.6314 4

29/01/2018 4:12 PM

Mascot Search Results: Peptide View

2 of 2

http://pc-kw-14456/mascot/cgi/peptide_view.pl?file=../data/20180128/F...

12 1270.5773 635.7923 1253.5507 627.2790 1298.5722 649.7897 1281.5456 641.2764 S

313.1870 157.0972 296.1605 148.5839 3

13 1367.6300 684.3186 1350.6035 675.8054 1395.6249 698.3161 1378.5984 689.8028 P

244.1656 122.5864 227.1390 114.0731 2

14

147.1128 74.0600 130.0863 65.5468 1

K

NCBI BLAST search of SMFSGFTETPKSPK
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

Site Analysis

49.0 1638.7001 0.0028 SMFSGFTETPKSPK Phospho S12 95.81%
35.4 1638.7001 0.0028 SMFSGFTETPKSPK Phospho T9 4.15%
14.8 1638.7001 0.0028 SMFSGFTETPKSPK Phospho T7 0.04%
8.5

1638.7096 -0.0067 SSSPKWIEGFITK

8.5

1638.7096 -0.0067 SSSPKWIEGFITK

5.4

1638.7089 -0.0060 MEKKALTTAESVR

3.5

1638.7048 -0.0019 WTQGMIARLMHPS

2.8

1638.7001 0.0028 SMFSGFTETPKSPK Phospho S4 0.00%

2.5

1638.7096 -0.0067 SSSPKWIEGFITK

2.4

1638.7015 0.0013 GTIVDKSRSSASGSK
Mascot: http://www.matrixscience.com/
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Mascot Search Results
Peptide View
MS/MS Fragmentation of DRSPLPPPRR
Found in AT2G27100.1 in Arabidopsis, AT2G27100.1 | Symbols: SE | C2H2 zinc-finger protein SERRATE (SE) |
chr2:11572587-11576357 FORWARD LENGTH=720

y1

y5
y4
y3

Match to Query 7672: 1269.631872 from(424.217900,3+) intensity(96248.0000) rtinseconds(514) scans(3015) index(960)
Title: File9243 Spectrum1034 scans: 3015
Data file C:\Users\Proteomics\Desktop\BSA\20180125_QE_07_SE.mgf
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5.0e+3

0

0.0e+0
100
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500

600
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m/z

to
Label all possible matches

Label matches used for scoring

Monoisotopic mass of neutral peptide Mr(calc): 1269.6343
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Variable modifications:
S3
: Phospho (ST), with neutral losses 97.9769(shown in table), 0.0000
Ions Score: 18 Expect: 0.081
Matches : 13/168 fragment ions using 16 most intense peaks
(help)

#

a

a++

1 88.0393 44.5233

a*

a*++

b

b++

116.0342 58.5207

b*

b*++

Seq.
D

y

y++

y*

y*++

#
10

2 244.1404 122.5738 227.1139 114.0606 272.1353 136.5713 255.1088 128.0580 R 1057.6378 529.3225 1040.6112 520.8092 9
3 313.1619 157.0846 296.1353 148.5713 341.1568 171.0820 324.1302 162.5688 S

901.5366 451.2720 884.5101 442.7587 8

4 410.2146 205.6110 393.1881 197.0977 438.2096 219.6084 421.1830 211.0951 P

832.5152 416.7612 815.4886 408.2480 7

5 523.2987 262.1530 506.2722 253.6397 551.2936 276.1504 534.2671 267.6372 L

735.4624 368.2348 718.4359 359.7216 6

6 620.3515 310.6794 603.3249 302.1661 648.3464 324.6768 631.3198 316.1636 P

622.3784 311.6928 605.3518 303.1795 5

7 717.4042 359.2058 700.3777 350.6925 745.3991 373.2032 728.3726 364.6899 P

525.3256 263.1664 508.2990 254.6532 4

8 814.4570 407.7321 797.4304 399.2189 842.4519 421.7296 825.4254 413.2163 P

428.2728 214.6401 411.2463 206.1268 3

9 970.5581 485.7827 953.5316 477.2694 998.5530 499.7802 981.5265 491.2669 R

331.2201 166.1137 314.1935 157.6004 2

10

R

175.1190 88.0631 158.0924 79.5498 1
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NCBI BLAST search of DRSPLPPPRR
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

17.9 1269.6343 -0.0024 DRSPLPPPRR
16.9 1269.6275 0.0044 FQTMSDSIITK
5.9

1269.6338 -0.0019 VMKIKPTMAR

5.8

1269.6288 0.0031 WSMIASHLPGR

5.0

1269.6353 -0.0035 LAAATPYFSSSR

4.9

1269.6367 -0.0048 FRHFEELHR

4.9

1269.6264 0.0055 TNLLSRAIMR

3.9

1269.6313 0.0006 TPLVNNQEEAR

3.5

1269.6283 0.0035 MGISLAFMAAMK

3.5

1269.6264 0.0055 TNLLSRAIMR
Mascot: http://www.matrixscience.com/
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Mascot Search Results
Peptide View
MS/MS Fragmentation of RPSLSPPPPYR
Found in AT2G27100.1 in Arabidopsis, AT2G27100.1 | Symbols: SE | C2H2 zinc-finger protein SERRATE (SE) | chr2:11572587-11576357
FORWARD LENGTH=720

y1

y5

y6

y1

0

Match to Query 8723: 1345.650488 from(673.832520,2+) intensity(79141.1797) rtinseconds(1248) scans(9017) index(6089)
Title: File9243 Spectrum6217 scans: 9017
Data file C:\Users\Proteomics\Desktop\BSA\20180125_QE_07_SE.mgf
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Label all possible matches

Label matches used for scoring

Monoisotopic mass of neutral peptide Mr(calc): 1345.6544
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Variable modifications:
S5
: Phospho (ST), with neutral losses 97.9769(shown in table), 0.0000
Ions Score: 19 Expect: 0.14
Matches : 21/184 fragment ions using 30 most intense peaks
(help)

#

a

a++

a*

a*++

b

b++

b*

b*++

Seq.

1 129.1135 65.0604 112.0869 56.5471 157.1084 79.0578 140.0818 70.5446 R

y

y++

y*

y*++

#
11

2 226.1662 113.5868 209.1397 105.0735 254.1612 127.5842 237.1346 119.0709 P 1092.5837 546.7955 1075.5571 538.2822 10
3 313.1983 157.1028 296.1717 148.5895 341.1932 171.1002 324.1666 162.5870 S

995.5309 498.2691 978.5043 489.7558 9

4 426.2823 213.6448 409.2558 205.1315 454.2772 227.6423 437.2507 219.1290 L

908.4989 454.7531 891.4723 446.2398 8

5 495.3038 248.1555 478.2772 239.6423 523.2987 262.1530 506.2722 253.6397 S

795.4148 398.2110 778.3883 389.6978 7

6 592.3566 296.6819 575.3300 288.1686 620.3515 310.6794 603.3249 302.1661 P

726.3933 363.7003 709.3668 355.1870 6

7 689.4093 345.2083 672.3828 336.6950 717.4042 359.2058 700.3777 350.6925 P

629.3406 315.1739 612.3140 306.6607 5

8 786.4621 393.7347 769.4355 385.2214 814.4570 407.7321 797.4304 399.2189 P

532.2878 266.6475 515.2613 258.1343 4

9 883.5148 442.2611 866.4883 433.7478 911.5098 456.2585 894.4832 447.7452 P

435.2350 218.1212 418.2085 209.6079 3

10 1046.5782 523.7927 1029.5516 515.2795 1074.5731 537.7902 1057.5465 529.2769 Y

338.1823 169.5948 321.1557 161.0815 2

11

175.1190 88.0631 158.0924 79.5498 1

R
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NCBI BLAST search of RPSLSPPPPYR
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

19.2 1345.6544 -0.0039 RPSLSPPPPYR
15.2 1345.6544 -0.0039 RPSLSPPPPYR
12.1 1345.6503 0.0002 RIRFTSNSSAK
9.7

1345.6520 -0.0015 SIIVKNKQTR

9.4

1345.6544 -0.0039 RPSLSPPPPYR

7.6

1345.6503 0.0002 RIRFTSNSSAK

6.1

1345.6503 0.0002 RRSYLDSLTR

5.8

1345.6527 -0.0022 REDNPNWFLR

4.3

1345.6465 0.0040 AVKFLSVMSER

3.7

1345.6503 0.0002 RRSYLDSLTR
Mascot: http://www.matrixscience.com/
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Mascot Search Results
Peptide View
MS/MS Fragmentation of STSSSPPPPPPSSSLPQQEQEQDQQQLPLR
Found in AT2G27100.1 in Arabidopsis, AT2G27100.1 | Symbols: SE | C2H2 zinc-finger protein SERRATE (SE) | chr2:11572587-11576357
FORWARD LENGTH=720

y1

y5
y4
y3

y7

y1
2
y1
1
y1
0
y9
y8

y1
5

Match to Query 17912: 3269.584482 from(1090.868770,3+) intensity(97866.1875) rtinseconds(1698) scans(12615) index(9225)
Title: File9243 Spectrum9428 scans: 12615
Data file C:\Users\Proteomics\Desktop\BSA\20180125_QE_07_SE.mgf
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0
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1500
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Label all possible matches

Label matches used for scoring

Monoisotopic mass of neutral peptide Mr(calc): 3269.5800
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Ions Score: 74 Expect: 7.3e-007
Matches : 12/284 fragment ions using 14 most intense peaks
(help)

#
1

a

a++

a*

a*++

b

b++

b*

b*++

Seq.

y

y++

y*

y*++

#

60.0444

30.5258

88.0393

44.5233

S

2 161.0921

81.0497

189.0870

95.0471

T 3183.5553 1592.2813 3166.5287 1583.7680 29

30

3 248.1241 124.5657

276.1190 138.5631

S 3082.5076 1541.7574 3065.4811 1533.2442 28

4 335.1561 168.0817

363.1510 182.0792

S 2995.4756 1498.2414 2978.4490 1489.7281 27

5 422.1882 211.5977

450.1831 225.5952

S 2908.4435 1454.7254 2891.4170 1446.2121 26

6 519.2409 260.1241

547.2358 274.1216

P 2821.4115 1411.2094 2804.3850 1402.6961 25

7 616.2937 308.6505

644.2886 322.6479

P 2724.3588 1362.6830 2707.3322 1354.1697 24

8 713.3464 357.1769

741.3414 371.1743

P 2627.3060 1314.1566 2610.2794 1305.6434 23

9 810.3992 405.7032

838.3941 419.7007

P 2530.2532 1265.6302 2513.2267 1257.1170 22

10 907.4520 454.2296

935.4469 468.2271

P 2433.2005 1217.1039 2416.1739 1208.5906 21

11 1004.5047 502.7560

1032.4997 516.7535

P 2336.1477 1168.5775 2319.1211 1160.0642 20

12 1091.5368 546.2720

1119.5317 560.2695

S 2239.0949 1120.0511 2222.0684 1111.5378 19

13 1178.5688 589.7880

1206.5637 603.7855

S 2152.0629 1076.5351 2135.0364 1068.0218 18

14 1265.6008 633.3040

1293.5957 647.3015

S 2065.0309 1033.0191 2048.0043 1024.5058 17

15 1378.6849 689.8461

1406.6798 703.8435

L 1977.9988 989.5031 1960.9723 980.9898 16

16 1475.7376 738.3725

1503.7326 752.3699

P 1864.9148 932.9610 1847.8882 924.4478 15
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17 1603.7962 802.4018 1586.7697 793.8885 1631.7911 816.3992 1614.7646 807.8859 Q 1767.8620 884.4346 1750.8355 875.9214 14
18 1731.8548 866.4310 1714.8283 857.9178 1759.8497 880.4285 1742.8232 871.9152 Q 1639.8034 820.4054 1622.7769 811.8921 13
19 1860.8974 930.9523 1843.8708 922.4391 1888.8923 944.9498 1871.8658 936.4365 E 1511.7449 756.3761 1494.7183 747.8628 12
20 1988.9560 994.9816 1971.9294 986.4684 2016.9509 1008.9791 1999.9243 1000.4658 Q 1382.7023 691.8548 1365.6757 683.3415 11
21 2117.9986 1059.5029 2100.9720 1050.9896 2145.9935 1073.5004 2128.9669 1064.9871 E 1254.6437 627.8255 1237.6171 619.3122 10
22 2246.0571 1123.5322 2229.0306 1115.0189 2274.0521 1137.5297 2257.0255 1129.0164 Q 1125.6011 563.3042 1108.5746 554.7909 9
23 2361.0841 1181.0457 2344.0575 1172.5324 2389.0790 1195.0431 2372.0525 1186.5299 D

997.5425 499.2749 980.5160 490.7616 8

24 2489.1427 1245.0750 2472.1161 1236.5617 2517.1376 1259.0724 2500.1110 1250.5592 Q

882.5156 441.7614 865.4890 433.2482 7

25 2617.2012 1309.1043 2600.1747 1300.5910 2645.1962 1323.1017 2628.1696 1314.5884 Q

754.4570 377.7321 737.4305 369.2189 6

26 2745.2598 1373.1335 2728.2333 1364.6203 2773.2547 1387.1310 2756.2282 1378.6177 Q

626.3984 313.7028 609.3719 305.1896 5

27 2858.3439 1429.6756 2841.3173 1421.1623 2886.3388 1443.6730 2869.3123 1435.1598 L

498.3398 249.6736 481.3133 241.1603 4

28 2955.3967 1478.2020 2938.3701 1469.6887 2983.3916 1492.1994 2966.3650 1483.6861 P

385.2558 193.1315 368.2292 184.6183 3

29 3068.4807 1534.7440 3051.4542 1526.2307 3096.4756 1548.7415 3079.4491 1540.2282 L

288.2030 144.6051 271.1765 136.0919 2

30

175.1190

R

88.0631 158.0924

79.5498 1

NCBI BLAST search of STSSSPPPPPPSSSLPQQEQEQDQQQLPLR
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

74.3 3269.5800 0.0045 STSSSPPPPPPSSSLPQQEQEQDQQQLPLR
14.8 3269.5795 0.0049 NYMFLLCNGLVVVVAKCSGLVASSKPIEK
14.8 3269.5795 0.0049 NYMFLLCNGLVVVVAKCSGLVASSKPIEK
11.4 3269.5968 -0.0123 MSNIQEMEMILMVSLCLTTLITLFLLK
9.6

3269.5795 0.0049 NYMFLLCNGLVVVVAKCSGLVASSKPIEK

7.1

3269.5957 -0.0112 RGSKWSQLLLFLPGAITFGLGSWQIVR

5.7

3269.5987 -0.0142 VDIDVNLLDPNDLSNRSMTRDFFTTISR

5.2

3269.5716 0.0129 LLGQKQELFFSHQLSPGSYFFLPLGTR

5.1

3269.6003 -0.0158 SVISAGVSIGSEMSGGISNVTIENLLIWNSR

5.1

3269.5734 0.0111 LAVELKLDYRVHSDEIVNANEIETAIR
Mascot: http://www.matrixscience.com/
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Peptide View
MS/MS Fragmentation of GGPAPFLLSPAFR
Found in AT2G27100.1 in Arabidopsis, AT2G27100.1 | Symbols: SE | C2H2 zinc-finger protein SERRATE (SE) |
chr2:11572587-11576357 FORWARD LENGTH=720

y2
y1

y6
y5
y4

y7

y9
y8

y1

0

Match to Query 9456: 1408.690648 from(705.352600,2+) intensity(555268.1875) rtinseconds(2799) scans(20976)
index(15802)
Title: File9243 Spectrum16239 scans: 20976
Data file C:\Users\Proteomics\Desktop\BSA\20180125_QE_07_SE.mgf

PH

b(3)

b3

b2

G G P A P F L L S P A F R

100

y(9)-98

2.0e+5

y(2)

1.5e+5

1.0e+5

y(8)-98

y(7)-98

y(1)

20

y(5)-98

40

y(6)-98

y(4)

60

b(2)

% of base peak

80

ion current

1 of 2

http://pc-kw-14456/mascot/cgi/peptide_view.pl?file=../data/20180128/F...

5.0e+4

0

0.0e+0
200

400

600

800

1000

1200 observed

m/z

to
Label all possible matches
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Monoisotopic mass of neutral peptide Mr(calc): 1408.6904
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Variable modifications:
S9
: Phospho (ST), with neutral losses 97.9769(shown in table), 0.0000
Ions Score: 59 Expect: 3.5e-006
Matches : 13/144 fragment ions using 18 most intense peaks
(help)

#

a

a++

b

b++

Seq.

58.0287 29.5180 G

y

y++

y*

y*++

#

1

30.0338 15.5206

13

2

87.0553 44.0313 115.0502 58.0287 G 1254.6994 627.8533 1237.6728 619.3400 12

3 184.1081 92.5577 212.1030 106.5551 P 1197.6779 599.3426 1180.6513 590.8293 11
4 255.1452 128.0762 283.1401 142.0737 A 1100.6251 550.8162 1083.5986 542.3029 10
5 352.1979 176.6026 380.1928 190.6001 P 1029.5880 515.2976 1012.5615 506.7844 9
6 499.2663 250.1368 527.2613 264.1343 F

932.5352 466.7713 915.5087 458.2580 8
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7 612.3504 306.6788 640.3453 320.6763 L

785.4668 393.2371 768.4403 384.7238 7

8 725.4345 363.2209 753.4294 377.2183 L

672.3828 336.6950 655.3562 328.1817 6

9 794.4559 397.7316 822.4509 411.7291 S

559.2987 280.1530 542.2722 271.6397 5

10 891.5087 446.2580 919.5036 460.2554 P

490.2772 245.6423 473.2507 237.1290 4

11 962.5458 481.7765 990.5407 495.7740 A

393.2245 197.1159 376.1979 188.6026 3

12 1109.6142 555.3108 1137.6091 569.3082 F

322.1874 161.5973 305.1608 153.0840 2

13

175.1190 88.0631 158.0924 79.5498 1

R

NCBI BLAST search of GGPAPFLLSPAFR
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc) Delta

Sequence

58.5 1408.6904 0.0002 GGPAPFLLSPAFR
0.3

1408.6881 0.0025 KDNPAVHVADGMR

0.2

1408.6864 0.0042 VANHYGLITSVR

0.2

1408.6864 0.0042 VANHYGLITSVR
Mascot: http://www.matrixscience.com/
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Peptide View
MS/MS Fragmentation of LDTTEESPDERENTAVVSNVVK
Found in AT1G13030.1 in Arabidopsis, AT1G13030.1 | Symbols: | sphere organelles protein-related | chr1:4444284-4447278 REVERSE
LENGTH=608
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Match to Query 8098: 2431.168068 from(1216.591310,2+) intensity(22383.8555) rtinseconds(1078) scans(2733) index(2191)
Title: Spectrum2375 scans: 2733,
Data file C:\Users\Proteomics\Desktop\raw files\20170207_Nag\20151125_rerun\20151125_3_N8.mgf
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Monoisotopic mass of neutral peptide Mr(calc): 2431.1714
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Ions Score: 47 Expect: 0.00015
Matches : 42/212 fragment ions using 85 most intense peaks
(help)

#
1

a
86.0964

a++
43.5519

a*

a*++

b
114.0913

b++
57.5493

b*

b*++

Seq.
L

y

y++

y*

y*++

#
22

2 201.1234 101.0653

229.1183 115.0628

D 2319.0947 1160.0510 2302.0681 1151.5377 21

3 302.1710 151.5892

330.1660 165.5866

T 2204.0677 1102.5375 2187.0412 1094.0242 20

4 403.2187 202.1130

431.2136 216.1105

T 2103.0200 1052.0137 2085.9935 1043.5004 19

5 532.2613 266.6343

560.2562 280.6318

E 2001.9724 1001.4898 1984.9458 992.9765 18

6 661.3039 331.1556

689.2988 345.1531

E 1872.9298 936.9685 1855.9032 928.4552 17

7 748.3359 374.6716

776.3309 388.6691

S 1743.8872 872.4472 1726.8606 863.9339 16

8 845.3887 423.1980

873.3836 437.1954

P 1656.8551 828.9312 1639.8286 820.4179 15

9 960.4156 480.7115

988.4106 494.7089

D 1559.8024 780.4048 1542.7758 771.8916 14

10 1089.4582 545.2328

1117.4532 559.2302

E 1444.7754 722.8914 1427.7489 714.3781 13

11 1245.5594 623.2833 1228.5328 614.7700 1273.5543 637.2808 1256.5277 628.7675 R 1315.7328 658.3701 1298.7063 649.8568 12
12 1374.6019 687.8046 1357.5754 679.2913 1402.5969 701.8021 1385.5703 693.2888 E 1159.6317 580.3195 1142.6052 571.8062 11
13 1488.6449 744.8261 1471.6183 736.3128 1516.6398 758.8235 1499.6132 750.3103 N 1030.5891 515.7982 1013.5626 507.2849 10
14 1589.6926 795.3499 1572.6660 786.8366 1617.6875 809.3474 1600.6609 800.8341 T

916.5462 458.7767 899.5197 450.2635 9

15 1660.7297 830.8685 1643.7031 822.3552 1688.7246 844.8659 1671.6980 836.3527 A

815.4985 408.2529 798.4720 399.7396 8

16 1759.7981 880.4027 1742.7715 871.8894 1787.7930 894.4001 1770.7664 885.8869 V

744.4614 372.7343 727.4349 364.2211 7
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17 1858.8665 929.9369 1841.8399 921.4236 1886.8614 943.9343 1869.8349 935.4211 V

645.3930 323.2001 628.3665 314.6869 6

18 1945.8985 973.4529 1928.8720 964.9396 1973.8934 987.4504 1956.8669 978.9371 S

546.3246 273.6659 529.2980 265.1527 5

19 2059.9414 1030.4744 2042.9149 1021.9611 2087.9364 1044.4718 2070.9098 1035.9585 N

459.2926 230.1499 442.2660 221.6366 4

20 2159.0099 1080.0086 2141.9833 1071.4953 2187.0048 1094.0060 2169.9782 1085.4928 V

345.2496 173.1285 328.2231 164.6152 3

21 2258.0783 1129.5428 2241.0517 1121.0295 2286.0732 1143.5402 2269.0466 1135.0270 V

246.1812 123.5942 229.1547 115.0810 2

22

147.1128

K

74.0600 130.0863

65.5468 1

NCBI BLAST search of LDTTEESPDERENTAVVSNVVK
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

47.0 2431.1714 -0.0034 LDTTEESPDERENTAVVSNVVK
5.9

2431.1605 0.0076 TRNHTTANPGLTAGASLEKQER

5.9

2431.1605 0.0076 TRNHTTANPGLTAGASLEKQER

3.6

2431.1605 0.0076 TRNHTTANPGLTAGASLEKQER
Mascot: http://www.matrixscience.com/
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Mascot Search Results
Peptide View
MS/MS Fragmentation of ELQTPAKENGEVSPWEELSEALSAK
Found in AT1G13030.1 in Arabidopsis, AT1G13030.1 | Symbols: | sphere organelles protein-related | chr1:4444284-4447278 REVERSE
LENGTH=608
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Match to Query 8342: 2821.300932 from(941.440920,3+) intensity(10197.3330) rtinseconds(2139) scans(6192) index(5331)
Title: Spectrum5519 scans: 6192,
Data file C:\Users\Proteomics\Desktop\raw files\20170207_Nag\20151125_rerun\20151125_3_N8.mgf
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Monoisotopic mass of neutral peptide Mr(calc): 2821.3058
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Variable modifications:
T4
: Phospho (ST), with neutral losses 0.0000(shown in table), 97.9769
Ions Score: 48 Expect: 2.9e-005
Matches : 50/460 fragment ions using 63 most intense peaks
(help)

#

a

1 102.0550

a++
51.5311

2 215.1390 108.0731

a*

a*++

b
130.0499

b++
65.5286

243.1339 122.0706

b*

b*++

Seq.
E

y

y++

y*

y*++

#
25

L 2693.2706 1347.1389 2676.2440 1338.6257 24

3 343.1976 172.1024 326.1710 163.5892 371.1925 186.0999 354.1660 177.5866 Q 2580.1865 1290.5969 2563.1600 1282.0836 23
4 524.2116 262.6094 507.1851 254.0962 552.2065 276.6069 535.1800 268.0936 T 2452.1279 1226.5676 2435.1014 1218.0543 22
5 621.2644 311.1358 604.2378 302.6225 649.2593 325.1333 632.2327 316.6200 P 2271.1139 1136.0606 2254.0874 1127.5473 21
6 692.3015 346.6544 675.2749 338.1411 720.2964 360.6518 703.2699 352.1386 A 2174.0612 1087.5342 2157.0346 1079.0209 20
7 820.3964 410.7019 803.3699 402.1886 848.3914 424.6993 831.3648 416.1860 K 2103.0241 1052.0157 2085.9975 1043.5024 19
8 949.4390 475.2232 932.4125 466.7099 977.4340 489.2206 960.4074 480.7073 E 1974.9291 987.9682 1957.9025 979.4549 18
9 1063.4820 532.2446 1046.4554 523.7313 1091.4769 546.2421 1074.4503 537.7288 N 1845.8865 923.4469 1828.8599 914.9336 17
10 1120.5034 560.7554 1103.4769 552.2421 1148.4983 574.7528 1131.4718 566.2395 G 1731.8436 866.4254 1714.8170 857.9121 16
11 1249.5460 625.2767 1232.5195 616.7634 1277.5409 639.2741 1260.5144 630.7608 E 1674.8221 837.9147 1657.7956 829.4014 15
12 1348.6144 674.8109 1331.5879 666.2976 1376.6094 688.8083 1359.5828 680.2950 V 1545.7795 773.3934 1528.7530 764.8801 14
13 1435.6465 718.3269 1418.6199 709.8136 1463.6414 732.3243 1446.6148 723.8111 S

1446.7111 723.8592 1429.6846 715.3459 13

14 1532.6992 766.8533 1515.6727 758.3400 1560.6941 780.8507 1543.6676 772.3374 P 1359.6791 680.3432 1342.6525 671.8299 12
15 1718.7785 859.8929 1701.7520 851.3796 1746.7735 873.8904 1729.7469 865.3771 W 1262.6263 631.8168 1245.5998 623.3035 11
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16 1847.8211 924.4142 1830.7946 915.9009 1875.8161 938.4117 1858.7895 929.8984 E 1076.5470 538.7771 1059.5204 530.2639 10
17 1976.8637 988.9355 1959.8372 980.4222 2004.8586 1002.9330 1987.8321 994.4197 E

947.5044 474.2558 930.4779 465.7426 9

18 2089.9478 1045.4775 2072.9212 1036.9643 2117.9427 1059.4750 2100.9162 1050.9617 L

818.4618 409.7345 801.4353 401.2213 8

19 2176.9798 1088.9935 2159.9533 1080.4803 2204.9747 1102.9910 2187.9482 1094.4777 S

705.3777 353.1925 688.3512 344.6792 7

20 2306.0224 1153.5148 2288.9959 1145.0016 2334.0173 1167.5123 2316.9908 1158.9990 E

618.3457 309.6765 601.3192 301.1632 6

21 2377.0595 1189.0334 2360.0330 1180.5201 2405.0544 1203.0309 2388.0279 1194.5176 A

489.3031 245.1552 472.2766 236.6419 5

22 2490.1436 1245.5754 2473.1170 1237.0622 2518.1385 1259.5729 2501.1120 1251.0596 L

418.2660 209.6366 401.2395 201.1234 4

23 2577.1756 1289.0914 2560.1491 1280.5782 2605.1705 1303.0889 2588.1440 1294.5756 S

305.1819 153.0946 288.1554 144.5813 3

24 2648.2127 1324.6100 2631.1862 1316.0967 2676.2076 1338.6075 2659.1811 1330.0942 A

218.1499 109.5786 201.1234 101.0653 2

25

147.1128

K

74.0600 130.0863

65.5468 1

NCBI BLAST search of ELQTPAKENGEVSPWEELSEALSAK
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

Site Analysis

48.4 2821.3058 -0.0049 ELQTPAKENGEVSPWEELSEALSAK Phospho T4 99.98%
11.7 2821.3058 -0.0049 ELQTPAKENGEVSPWEELSEALSAK Phospho S13 0.02%
Mascot: http://www.matrixscience.com/
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Mascot Search Results
Peptide View
MS/MS Fragmentation of SMFSGFTETPKSPK
Found in AT5G64680.1 in Arabidopsis, AT5G64680.1 | Symbols: | unknown protein; FUNCTIONS IN: molecular_function unknown;
INVOLVED IN: biological_process unknown; LOCATED IN: nucleolus; EXPRESSED IN: 23 plant structures; EXPRESSED DURING: 13
growth stages; Has 114 Blast hits to 110 pro

OX
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y8

y1
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y1
1
y1
0

Match to Query 5650: 1718.664888 from(860.339720,2+) intensity(7820.7012) rtinseconds(1201) scans(2802) index(2188)
Title: Spectrum2390 scans: 2802,
Data file C:\Users\Proteomics\Desktop\raw files\20170207_Nag\20151125_rerun\20151125_3_N14.mgf
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Monoisotopic mass of neutral peptide Mr(calc): 1718.6664
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Variable modifications:
M2
: Oxidation (M), with neutral losses 0.0000(shown in table), 63.9983
T9
: Phospho (ST), with neutral losses 0.0000(shown in table), 97.9769
S12
: Phospho (ST), with neutral losses 0.0000(shown in table), 97.9769
Ions Score: 44 Expect: 7.6e-005
Matches : 19/292 fragment ions using 29 most intense peaks
(help)

#

a

a++

a*

a*++

b

b++

b*

b*++

Seq.

y

y++

y*

y*++

#

60.0444 30.5258

88.0393 44.5233

2 207.0798 104.0435

235.0747 118.0410

M 1632.6417 816.8245 1615.6151 808.3112 13

3 354.1482 177.5777

382.1431 191.5752

F 1485.6063 743.3068 1468.5797 734.7935 12

4 441.1802 221.0938

469.1751 235.0912

S 1338.5378 669.7726 1321.5113 661.2593 11

5 498.2017 249.6045

526.1966 263.6019

G 1251.5058 626.2565 1234.4793 617.7433 10

6 645.2701 323.1387

673.2650 337.1362

F 1194.4844 597.7458 1177.4578 589.2325 9

7 746.3178 373.6625

774.3127 387.6600

T 1047.4159 524.2116 1030.3894 515.6983 8

8 875.3604 438.1838

903.3553 452.1813

E

946.3683 473.6878 929.3417 465.1745 7

9 1056.3744 528.6908

1084.3693 542.6883

T

817.3257 409.1665 800.2991 400.6532 6

10 1153.4272 577.2172

1181.4221 591.2147

P

636.3117 318.6595 619.2851 310.1462 5

1

S

14

12/7/2017 3:57 PM

Mascot Search Results: Peptide View

2 of 2

http://pc-kw-14456/mascot/cgi/peptide_view.pl?file=../data/20170209/F...

11 1281.5221 641.2647 1264.4956 632.7514 1309.5170 655.2622 1292.4905 646.7489 K

539.2589 270.1331 522.2323 261.6198 4

12 1448.5205 724.7639 1431.4939 716.2506 1476.5154 738.7613 1459.4888 730.2481 S

411.1639 206.0856 394.1374 197.5723 3

13 1545.5732 773.2903 1528.5467 764.7770 1573.5682 787.2877 1556.5416 778.7744 P

244.1656 122.5864 227.1390 114.0731 2

14

147.1128 74.0600 130.0863 65.5468 1

K

NCBI BLAST search of SMFSGFTETPKSPK
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

Site Analysis

43.9 1718.6664 -0.0015 SMFSGFTETPKSPK Phospho T9, S12 50.20%
43.9 1718.6664 -0.0015 SMFSGFTETPKSPK Phospho T7, S12 49.63%
18.4 1718.6664 -0.0015 SMFSGFTETPKSPK Phospho S4, S12 0.14%
10.2 1718.6664 -0.0015 SMFSGFTETPKSPK Phospho T7, T9 0.02%
2.4

1718.6664 -0.0015 SMFSGFTETPKSPK Phospho S1, S12 0.00%
Mascot: http://www.matrixscience.com/
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Peptide View
MS/MS Fragmentation of SMFSGFTETPKSPK
Found in AT5G64680.1 in Arabidopsis, AT5G64680.1 | Symbols: | unknown protein; FUNCTIONS IN: molecular_function unknown;
INVOLVED IN: biological_process unknown; LOCATED IN: nucleolus; EXPRESSED IN: 23 plant structures; EXPRESSED DURING: 13
growth stages; Has 114 Blast hits to 110 pro
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Match to Query 5519: 1638.698088 from(820.356320,2+) intensity(55414.0430) rtinseconds(1041) scans(2346) index(1773)
Title: Spectrum1975 scans: 2346,
Data file C:\Users\Proteomics\Desktop\raw files\20170207_Nag\20151125_rerun\20151125_3_N14.mgf
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Monoisotopic mass of neutral peptide Mr(calc): 1638.7001
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Variable modifications:
M2
: Oxidation (M), with neutral losses 0.0000(shown in table), 63.9983
S12
: Phospho (ST), with neutral losses 0.0000(shown in table), 97.9769
Ions Score: 65 Expect: 8.9e-007
Matches : 26/260 fragment ions using 40 most intense peaks
(help)

#
1

a

a++

60.0444 30.5258

a*

a*++

b

b++

88.0393 44.5233

b*

b*++

Seq.
S

y

y++

y*

y*++

#
14

2 207.0798 104.0435

235.0747 118.0410

M 1552.6753 776.8413 1535.6488 768.3280 13

3 354.1482 177.5777

382.1431 191.5752

F 1405.6399 703.3236 1388.6134 694.8103 12

4 441.1802 221.0938

469.1751 235.0912

S 1258.5715 629.7894 1241.5450 621.2761 11

5 498.2017 249.6045

526.1966 263.6019

G 1171.5395 586.2734 1154.5129 577.7601 10

6 645.2701 323.1387

673.2650 337.1362

F

1114.5180 557.7626 1097.4915 549.2494 9

7 746.3178 373.6625

774.3127 387.6600

T

967.4496 484.2284 950.4231 475.7152 8

8 875.3604 438.1838

903.3553 452.1813

E

866.4019 433.7046 849.3754 425.1913 7

9 976.4081 488.7077

1004.4030 502.7051

T

737.3593 369.1833 720.3328 360.6700 6

10 1073.4608 537.2341

1101.4557 551.2315

P

636.3117 318.6595 619.2851 310.1462 5

11 1201.5558 601.2815 1184.5292 592.7683 1229.5507 615.2790 1212.5242 606.7657 K

539.2589 270.1331 522.2323 261.6198 4
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12 1368.5541 684.7807 1351.5276 676.2674 1396.5491 698.7782 1379.5225 690.2649 S

411.1639 206.0856 394.1374 197.5723 3

13 1465.6069 733.3071 1448.5804 724.7938 1493.6018 747.3046 1476.5753 738.7913 P

244.1656 122.5864 227.1390 114.0731 2

14

147.1128 74.0600 130.0863 65.5468 1

K

NCBI BLAST search of SMFSGFTETPKSPK
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

Site Analysis

64.5 1638.7001 -0.0020 SMFSGFTETPKSPK Phospho S12 99.90%
33.4 1638.7001 -0.0020 SMFSGFTETPKSPK Phospho T9 0.08%
26.6 1638.7001 -0.0020 SMFSGFTETPKSPK Phospho T7 0.02%
22.9 1638.7001 -0.0020 SMFSGFTETPKSPK Phospho S4 0.01%
16.6 1638.7001 -0.0020 SMFSGFTETPKSPK Phospho S1 0.00%
Mascot: http://www.matrixscience.com/
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MS/MS Fragmentation of STSSSPPPPPPSSSLPQQEQEQDQQQLPLR
Found in AT2G27100.1 in Arabidopsis, AT2G27100.1 | Symbols: SE | C2H2 zinc-finger protein SERRATE (SE) | chr2:11572587-11576357
FORWARD LENGTH=720
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Match to Query 32740: 3269.578272 from(1090.866700,3+) intensity(450982.0000) rtinseconds(1270) scans(13736) index(12325)
Title: File129 Spectrum14183 scans: 13736
Data file \\noorcifs.kaust.edu.sa\rcsdata\bclp\ProtUsers\HHirt\Ronny\20150819Roony\20150819RV_2.mgf
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Monoisotopic mass of neutral peptide Mr(calc): 3269.5800
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Ions Score: 84 Expect: 3.7e-008
Matches : 20/284 fragment ions using 31 most intense peaks
(help)

#

a

a++

a*

a*++

b

b++

b*

b*++

Seq.

y

y++

y*

y*++

#

60.0444

30.5258

88.0393

44.5233

S

2 161.0921

81.0497

189.0870

95.0471

T 3183.5553 1592.2813 3166.5287 1583.7680 29

3 248.1241 124.5657

276.1190 138.5631

S 3082.5076 1541.7574 3065.4811 1533.2442 28

4 335.1561 168.0817

363.1510 182.0792

S 2995.4756 1498.2414 2978.4490 1489.7281 27

5 422.1882 211.5977

450.1831 225.5952

S 2908.4435 1454.7254 2891.4170 1446.2121 26

6 519.2409 260.1241

547.2358 274.1216

P 2821.4115 1411.2094 2804.3850 1402.6961 25

7 616.2937 308.6505

644.2886 322.6479

P 2724.3588 1362.6830 2707.3322 1354.1697 24

8 713.3464 357.1769

741.3414 371.1743

P 2627.3060 1314.1566 2610.2794 1305.6434 23

1

30

9 810.3992 405.7032

838.3941 419.7007

P 2530.2532 1265.6302 2513.2267 1257.1170 22

10 907.4520 454.2296

935.4469 468.2271

P 2433.2005 1217.1039 2416.1739 1208.5906 21

11 1004.5047 502.7560

1032.4997 516.7535

P 2336.1477 1168.5775 2319.1211 1160.0642 20

12 1091.5368 546.2720

1119.5317 560.2695

S 2239.0949 1120.0511 2222.0684 1111.5378 19

13 1178.5688 589.7880

1206.5637 603.7855

S 2152.0629 1076.5351 2135.0364 1068.0218 18

14 1265.6008 633.3040

1293.5957 647.3015

S 2065.0309 1033.0191 2048.0043 1024.5058 17

15 1378.6849 689.8461

1406.6798 703.8435

L 1977.9988 989.5031 1960.9723 980.9898 16

16 1475.7376 738.3725

1503.7326 752.3699

P 1864.9148 932.9610 1847.8882 924.4478 15
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17 1603.7962 802.4018 1586.7697 793.8885 1631.7911 816.3992 1614.7646 807.8859 Q 1767.8620 884.4346 1750.8355 875.9214 14
18 1731.8548 866.4310 1714.8283 857.9178 1759.8497 880.4285 1742.8232 871.9152 Q 1639.8034 820.4054 1622.7769 811.8921 13
19 1860.8974 930.9523 1843.8708 922.4391 1888.8923 944.9498 1871.8658 936.4365 E 1511.7449 756.3761 1494.7183 747.8628 12
20 1988.9560 994.9816 1971.9294 986.4684 2016.9509 1008.9791 1999.9243 1000.4658 Q 1382.7023 691.8548 1365.6757 683.3415 11
21 2117.9986 1059.5029 2100.9720 1050.9896 2145.9935 1073.5004 2128.9669 1064.9871 E 1254.6437 627.8255 1237.6171 619.3122 10
22 2246.0571 1123.5322 2229.0306 1115.0189 2274.0521 1137.5297 2257.0255 1129.0164 Q 1125.6011 563.3042 1108.5746 554.7909 9
23 2361.0841 1181.0457 2344.0575 1172.5324 2389.0790 1195.0431 2372.0525 1186.5299 D

997.5425 499.2749 980.5160 490.7616 8

24 2489.1427 1245.0750 2472.1161 1236.5617 2517.1376 1259.0724 2500.1110 1250.5592 Q

882.5156 441.7614 865.4890 433.2482 7

25 2617.2012 1309.1043 2600.1747 1300.5910 2645.1962 1323.1017 2628.1696 1314.5884 Q

754.4570 377.7321 737.4305 369.2189 6

26 2745.2598 1373.1335 2728.2333 1364.6203 2773.2547 1387.1310 2756.2282 1378.6177 Q

626.3984 313.7028 609.3719 305.1896 5

27 2858.3439 1429.6756 2841.3173 1421.1623 2886.3388 1443.6730 2869.3123 1435.1598 L

498.3398 249.6736 481.3133 241.1603 4

28 2955.3967 1478.2020 2938.3701 1469.6887 2983.3916 1492.1994 2966.3650 1483.6861 P

385.2558 193.1315 368.2292 184.6183 3

29 3068.4807 1534.7440 3051.4542 1526.2307 3096.4756 1548.7415 3079.4491 1540.2282 L

288.2030 144.6051 271.1765 136.0919 2

30

175.1190

R

88.0631 158.0924

79.5498 1

NCBI BLAST search of STSSSPPPPPPSSSLPQQEQEQDQQQLPLR
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

83.6 3269.5800 -0.0017 STSSSPPPPPPSSSLPQQEQEQDQQQLPLR
4.1

3269.5679 0.0104 GKEEFGDGHSPKNMVEVAVISEIISNLYK

3.6

3269.5777 0.0005 LRVDHDQTMNMMIQPIMLKQSTTTHER

3.4

3269.5777 0.0005 LRVDHDQTMNMMIQPIMLKQSTTTHER

3.0

3269.5777 0.0005 LRVDHDQTMNMMIQPIMLKQSTTTHER

1.8

3269.5906 -0.0123 TAVILTTHSMNEAQALCTRIGIMVGGRLR

1.6

3269.5734 0.0049 LAVELKLDYRVHSDEIVNANEIETAIR

1.1

3269.5734 0.0049 LAVELKLDYRVHSDEIVNANEIETAIR

0.4

3269.5758 0.0025 SVSVSDVLEPVDSNVPEFLNRFFPANGVR

0.4

3269.5758 0.0025 SVSVSDVLEPVDSNVPEFLNRFFPANGVR
Mascot: http://www.matrixscience.com/
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MS/MS Fragmentation of RPSLSPPPPYR
Found in AT2G27100.1 in Arabidopsis, AT2G27100.1 | Symbols: SE | C2H2 zinc-finger protein SERRATE (SE) | chr2:11572587-11576357
FORWARD LENGTH=720
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Match to Query 22893: 1345.653668 from(673.834110,2+) intensity(864996.1250) rtinseconds(884) scans(9544) index(8186)
Title: File129 Spectrum9684 scans: 9544
Data file \\noorcifs.kaust.edu.sa\rcsdata\bclp\ProtUsers\HHirt\Ronny\20150819Roony\20150819RV_2.mgf
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Monoisotopic mass of neutral peptide Mr(calc): 1345.6544
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Variable modifications:
S5
: Phospho (ST), with neutral losses 97.9769(shown in table), 0.0000
Ions Score: 47 Expect: 0.00025
Matches : 36/184 fragment ions using 50 most intense peaks
(help)

#

a

a++

a*

a*++

b

b++

b*

b*++

Seq.

1 129.1135 65.0604 112.0869 56.5471 157.1084 79.0578 140.0818 70.5446 R

y

y++

y*

y*++

#
11

2 226.1662 113.5868 209.1397 105.0735 254.1612 127.5842 237.1346 119.0709 P 1092.5837 546.7955 1075.5571 538.2822 10
3 313.1983 157.1028 296.1717 148.5895 341.1932 171.1002 324.1666 162.5870 S

995.5309 498.2691 978.5043 489.7558 9

4 426.2823 213.6448 409.2558 205.1315 454.2772 227.6423 437.2507 219.1290 L

908.4989 454.7531 891.4723 446.2398 8

5 495.3038 248.1555 478.2772 239.6423 523.2987 262.1530 506.2722 253.6397 S

795.4148 398.2110 778.3883 389.6978 7

6 592.3566 296.6819 575.3300 288.1686 620.3515 310.6794 603.3249 302.1661 P

726.3933 363.7003 709.3668 355.1870 6

7 689.4093 345.2083 672.3828 336.6950 717.4042 359.2058 700.3777 350.6925 P

629.3406 315.1739 612.3140 306.6607 5

8 786.4621 393.7347 769.4355 385.2214 814.4570 407.7321 797.4304 399.2189 P

532.2878 266.6475 515.2613 258.1343 4

9 883.5148 442.2611 866.4883 433.7478 911.5098 456.2585 894.4832 447.7452 P

435.2350 218.1212 418.2085 209.6079 3

10 1046.5782 523.7927 1029.5516 515.2795 1074.5731 537.7902 1057.5465 529.2769 Y

338.1823 169.5948 321.1557 161.0815 2

11

175.1190 88.0631 158.0924 79.5498 1

R
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NCBI BLAST search of RPSLSPPPPYR
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

Site Analysis

46.6 1345.6544 -0.0007 RPSLSPPPPYR

Phospho S5 90.01%

37.1 1345.6544 -0.0007 RPSLSPPPPYR

Phospho S3 9.98%

11.5 1345.6577 -0.0041 VVATAVTYMRR
9.2

1345.6577 -0.0041 MGLYSLITGRR

9.0

1345.6544 -0.0007 RPSLSPPPPYR

6.5

1345.6503 0.0033 RIRFTSNSSAK

5.5

1345.6503 0.0033 REVEIQSHLR

4.7

1345.6544 -0.0007 TPIHAVSTWVR

4.7

1345.6544 -0.0007 TPIHAVSTWVR

3.8

1345.6503 0.0033 SVRNSSIGYKR
Mascot: http://www.matrixscience.com/
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MS/MS Fragmentation of GGPAPFLLSPAFR
Found in AT2G27100.1 in Arabidopsis, AT2G27100.1 | Symbols: SE | C2H2 zinc-finger protein SERRATE (SE) |
chr2:11572587-11576357 FORWARD LENGTH=720
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Match to Query 23637: 1408.690408 from(705.352480,2+) intensity(2698168.2500) rtinseconds(2193) scans(23634)
index(22044)
Title: File129 Spectrum24740 scans: 23634
Data file \\noorcifs.kaust.edu.sa\rcsdata\bclp\ProtUsers\HHirt\Ronny\20150819Roony\20150819RV_2.mgf
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Monoisotopic mass of neutral peptide Mr(calc): 1408.6904
Fixed modifications: Methylthio (C) (apply to specified residues or termini only)
Variable modifications:
S9
: Phospho (ST), with neutral losses 97.9769(shown in table), 0.0000
Ions Score: 67 Expect: 2.5e-006
Matches : 17/144 fragment ions using 21 most intense peaks
(help)

#

a

a++

b

b++

Seq.

58.0287 29.5180 G

y

y++

y*

y*++

#

1

30.0338 15.5206

2

87.0553 44.0313 115.0502 58.0287 G 1254.6994 627.8533 1237.6728 619.3400 12

13

3 184.1081 92.5577 212.1030 106.5551 P 1197.6779 599.3426 1180.6513 590.8293 11
4 255.1452 128.0762 283.1401 142.0737 A 1100.6251 550.8162 1083.5986 542.3029 10
5 352.1979 176.6026 380.1928 190.6001 P 1029.5880 515.2976 1012.5615 506.7844 9
6 499.2663 250.1368 527.2613 264.1343 F

932.5352 466.7713 915.5087 458.2580 8
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7 612.3504 306.6788 640.3453 320.6763 L

785.4668 393.2371 768.4403 384.7238 7

8 725.4345 363.2209 753.4294 377.2183 L

672.3828 336.6950 655.3562 328.1817 6

9 794.4559 397.7316 822.4509 411.7291 S

559.2987 280.1530 542.2722 271.6397 5

10 891.5087 446.2580 919.5036 460.2554 P

490.2772 245.6423 473.2507 237.1290 4

11 962.5458 481.7765 990.5407 495.7740 A

393.2245 197.1159 376.1979 188.6026 3

12 1109.6142 555.3108 1137.6091 569.3082 F

322.1874 161.5973 305.1608 153.0840 2

13

175.1190 88.0631 158.0924 79.5498 1

R

NCBI BLAST search of GGPAPFLLSPAFR
(Parameters: blastp, nr protein database, expect=20000, no filter, PAM30)
Other BLAST web gateways
All matches to this query
Score Mr(calc)

Delta

Sequence

67.0 1408.6904 -0.0000 GGPAPFLLSPAFR
6.8

1408.6936 -0.0032 SPVRSASRGSLGR

2.2

1408.6881 0.0023 KDNPAVHVADGMR
Mascot: http://www.matrixscience.com/
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Figure S4: Genevestigator expression analysis of the five AYL genes during different
developmental stages (A) and in different anatomical parts (B) in the available
Arabidopsis RNAseq data.

Figure S5. Characterization of T-DNA lines of AYL1. (A) Schematic representation of the AYL1
locus showing the T-DNA insertions sites. (B) Genotyping of the two T-DNA insertion lines.
(C) qRT-PCR to determine the level of expression of AYL1 transcripts in the two T-DNA
insertion lines.
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3.3 AtDEK2, a novel reader of H3K9me involved in plant
immunity
3.3.1 Introduction
Chromatin remodeling plays a pivotal role in the transcriptional regulation of gene
expression during development and stress responses in plants (430, 431). One
of the non-histone chromatin factors is DEK domain-containing protein (432).
DEKs are abundant non-histone chromatin proteins that are found in multicellular
organisms including animals, plants, fungi as well as some single-celled
organisms such as Trypanosoma, but they are absent in lower eukaryotes such
as yeast and C. elegans (433). This indicates that DEK functions represent an
evolutionary requisite for chromatin organization and regulation, which became
more complex through evolution (434). DEKs were originally identified in humans
as being part of a fusion protein (DEK-CAN) in a subset of patients with acute
myeloid leukemia that is characterized by a specific t(6;9) chromosomal
translocation (435, 436). Moreover, DEKs were found in most human tissues and
overexpressed in proliferating cells; therefore, DEKs were associated with
various types of solid tumors (437-439). Later, DEKs were identified as auto
antigen in several autoimmune diseases including juvenile idiopathic arthritis
(440-442).
Human DEK is a conserved and structurally unique protein with no known
enzymatic activity or paralogs suggesting stringent evolutionary pressure on this
gene (443, 444). Data derived from structural studies by NMR suggest that DEK
has two structural domains: a scaffold attachment protein motif (SAF/SAP box)
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and a C-terminal DNA-binding domain (445, 446). The central SAP domain is a
DNA-binding motif that is found in DEK proteins from all organisms and in
different chromatin-associated proteins involved in chromatin processes. The
SAF/SAP box motif in DEK proteins is accompanied by a pseudo-SAP box with
similar structure and different sequence from the SAF/SAP box. A second DNA
binding structure is the carboxy-terminal region that partially overlaps with a
multimerization domain. Phosphorylation of the C-terminal region by casein
kinase 2 (CK2) reduces its binding to DNA and enhances its multimerization,
suggesting phosphorylation as a major mechanism in regulating the function of
DEK (447). Under stress conditions, other post-translational modifications such
as acetylation by p300 (448) and poly ADP-ribosylation by PARP1 (449) have
been identified as critical regulators of its DNA/chromatin binding, localization
and biological activity (446).
Different biochemical studies revealed that DEK prefers to bind cruciform DNA in
vitro and introduces supercoils into dsDNA indicating that DEK might play an
active role in maintaining higher-order chromatin architecture (444, 450). Another
study suggests that DEK-DNA binding depends on the sequence of the DNA
(451). In addition to its DNA, histone and chromatin binding properties, some
studies have reported that DEK interacts with RNA and is involved in RNA
processing (452, 453). Therefore, DEK protein is implicated in regulating several
nuclear processes including chromatin structure (434, 450, 454, 455), epigenetic
modification, transcriptional regulation (456-459), mRNA splicing (452, 460),
chaperone activity (458, 461-464), DNA replication and repair (443, 465, 466).
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Recently, the complexity of DEK family members and their functions in vivo was
further studied in plants. The Arabidopsis genome encodes four DEK proteins
namely DEK1, DEK2, DEK3 and DEK4 (467). Only DEK3 was further
characterized by Waidmann et al. (38) and based on the relatively abundant
expression level of DEK3 was selected for further analysis. Accordingly, DEK3 is
a chromatin architectural protein capable of modulating DNA topology,
nucleosome occupancy, chromatin accessibility and gene expression. In
addition, plants deficient in DEK3 exhibited increased germination efficiency and
survival under high-salinity and high-heat conditions compared to WT plants,
suggesting that DEK3 is important for the regulation of stress responses
(468). Moreover, DEK3 was found to be enriched in the up- and downstream regulatory regions of genes resembling that of H3.3 and RNAPII in both
Arabidopsis and animals, which proposes a possible role of DEK as a
transcriptional regulator in Arabidopsis (464, 468).
We carried out a large-scale quantitative phosphoproteomic study on WT
Arabidopsis or loss of function mutants of the three immune MAPKs - mpk3,
mpk4 or mpk6, treated either with the PAMP flg22 or water. From these plants
we identified nucleoplasmic and chromatin-associated phosphoproteins whose
phosphorylation status changed upon PAMP treatment. These phosphoproteins
are potential targets and downstream signaling components of defense-related
MAPKs viz., MPK3, MPK4 and MPK6. DEK2 was one of the chromatin
remodeling factors that was phosphorylated in a stress-dependent manner. The
in vivo data suggested that DEK2 might play a pivotal role in MAPK signaling in
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the context of biotic stress. In this study, we show that DEK2 is a direct substrate
of MPK6. Loss of function DEK2 plants were more susceptible to bacterial and
fungal pathogens than wild type plants. Global transcriptome profiling suggested
that DEK2 is a transcriptional repressor. Additionally, the dek2 transcriptome
profile closely resembled that of a methyltransferase hinting at the possibility of
DEK2 being a reader of histone methylation marks. Using MST, we determined
that DEK2 preferentially binds to H3K9me. We carried out ChIP-seq analysis and
found that DEK2 binds to the regions around the TSS and TES indicating that
DEK2 regulates the transcription of its target genes.
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3.3.2 Results
3.3.2.1 DEK2 a putative in vivo target of MPK6
From our large-scale quantitative phosphoproteomic approach carried out on
chromatin-associated proteins after PAMP treatment of Arabidopsis WT and
mapk mutants discussed in detail in chapter III section 3.2, we selected the
peptide [VLEFLE(s)*PKETR] belonging to DEK2 that was differentially
phosphorylated on S238, as a putative substrate of the immune MAPKs MPK3,
MPK4 and MPK6. The peptide [VLEFLE(s)*PKETR] was induced by flg22 in the
WT, mpk3 and to a lesser extent in mpk4 mutants but not in mpk6 mutant
background (Figure 4.1). DEK2 phosphorylation is induced by flg22 and is
dependent on MPK6. Therefore, DEK2 is a good candidate to be a target of
MPK6 in response to flg22 treatment. The genome of Arabidopsis codes for 4
DEK proteins (468) and so we also checked the phosphorylation status of the
other members of the DEK family. DEK1, DEK2 and DEK4 were phosphorylated
upon flg22 treatment. However, since their phosphorylation sites are noncanonical MAPK sites, they are likely phosphorylated by other protein kinases.
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Figure 4.1: Box plot showing the relative abundance of the DEK2 phosphopeptide
VLEFLE(s)*PKETR in WT and mapk mutants treated with H2O (blue) or flg22
(green).
The DEK protein family in A. thaliana
Comparative analysis of the DEK proteins in different model organisms shows
that Homo sapiens, Mus musculus, Xenopus laevis and Danio rerio have only
one DEK gene, whereas the model plant A. thaliana possesses four DEK
proteins suggesting that DEK proteins were either lost in mammals or were
acquired in plants after divergence from the last common ancestor (Figure 4.2A).
A. thaliana and Oryza sativa contain four and two members of the DEK family
respectively. DEK1 and DEK2 are clearly clustered together while DEK3 and
DEK4 are clustered together from another node (Figure 4.2A). The expansion of
the DEK gene family in plants suggests that these genes play a central role in
plant-specific processes.
The four Arabidopsis proteins which possess a DEK domain, AT3G48710,
At5G63550, AT4G26630, and At5G55660, are hereafter referred to as DEK1,
DEK2, DEK3, DEK4, respectively. All four DEK proteins have a coiled-coiled and
a conserved DEK domain located towards the C-terminus of the proteins (Figure
4.2B). Amongst the AtDEKs, only DEK3 has a SAP domain (SAP =
SAF/Actinus/PARP), a DNA-binding motif that is found in most DEK proteins. All
the four AtDEKs contain putative MAPK docking sites identified in silico using
Eukaryotic Linear Motif resource (469). These docking sites are required for
MAPKs to recognize their substrates. The three docking sites identified for DEK2
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are [KRKADDNLML], [KCVKLIVF], [KKEELAVKV] with high probability of 4.324e03.

Figure 4.2: The DEK family in A. thaliana. A) Phylogenetic tree of DEK genes from
A. thaliana (At-DEK), Oryza sativa (Os-DEK), Homo sapiens (Hs-DEK), Danio
rerio (Dr-DEK), Xenopus laevis (Xi-DEK), Mus musculus (Mm-DEK). The four AtDEKs are shown in blue. The phylogenetic tree was constructed with NeighborJoining method (470) based on the amino-acid sequences, using MEGA7 (471).
B) Schematic representation of the domain architecture of the of DEK family in
Arabidopsis indicating SAP, coiled-coiled, MAPK-docking site and DEK domain.
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3.3.2.2 DEK2 interacts and is phosphorylated by recombinant CA-MPK3,
CA-MPK4 and CA-MPK6
To validate whether MPK3, MPK4 and/or MPK6 are the protein kinases that
phosphorylate DEK2 at the identified in vivo site, we performed in vitro
phosphorylation assays. We first expressed His6-DEK2 and recombinant
constitutively active MPK3, MPK4 and MPK6 proteins in E.coli BL21-AI. The
overexpressed proteins were purified using Ni-NTA agarose beads (Figure 4.3Ai). We then carried out in vitro phosphorylation assays as described earlier (472)
(Figure 4.3A-ii).

The phosphorylation sites in DEK2 were analyzed by LC-

MS/MS. The spectral analysis confirmed that the in vivo phosphosite
VLEFLESP*KETR in DEK2 is phosphorylated by MPK3, MPK4 and MPK6
(Figure 4.3B).
A physical interaction of DEK2 with MPK3, MPK4 and MPK6 in planta makes
DEK2 a possible target of pathogen-responsive MAPKs. Therefore, we
performed bimolecular fluorescence complementation (BiFC) in epidermis cells
of N. benthamiana leaves. Interactions of DEK2 with MPK3, MPK4 and MPK6
were observed in the nucleoplasm, respectively (Figure 4. 3C i-iii). The
interaction between two nuclear factors, nuclear factor Y, subunit C11 (YC11)
and nuclear factor Y, subunit B13 (YB13) was used as a positive control of
interaction in the nuclear compartment (Figure 4.3C-iv). The interaction of
AtDEK2 with YB13 was used as negative control (Figure 4.3C v-vi). All possible
combinations and orientations of BiFC interaction were tested. We further tested
the interaction of DEK2 with the three MAPKs in vitro by performing GST pull-
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down assays of bacterial lysates of His6-DEK2, MPK3-GST, MPK4-GST and
MPK6-GST. In agreement with BiFC, immunoblotting of pull-down products with
anti-His antibody revealed that DEK2 interacts with MPK6 and to a lesser extent
with MPK3 and MPK4 (Figure 4.3D).
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Figure 4.3: DEK2 is phosphorylated and interacted with MPK3, MPK4 and MPK6.
Ai) SDS-PAGE gel of His6-DEK2 protein purification samples. The band
corresponding to His6-DEK2 is indicated with a black arrow. NI: non-induced, I:
induced, P: pellet, S: supernatant, NR: non-retained, W:wash, E: eluted fraction.
Aii) Coomassie stained gel of in vitro kinase assay reactions showing the bands
corresponding to His6-DEK2 protein (black arrow) and CA-MPK3, CA-MPK4 and
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CA-MPK6, respectively (red arrows). B) LC-MS/MS spectrum showing the
phosphorylation of His6-DEK2 (S238) by CA-MPK3, CA-MPK4 and CA-MPK6.
Ci) BiFC analysis of nuclear interactions between DEK2 and MPK3, MPK4 and
MPK6 in Nicotiana benthamiana leaves, respectively. Leaves were coagrobacterium-infiltrated with constructs expressing DEK2 fused to the N- or Cand MAPK fused to C- or N- terminal half of YFP. Scale bar = 20 µm. Positive
control and negative controls (iv-iv) Scale bar = 50 µm. The YFP signal was
detected at 72 h post agroinfiltration by confocal microscopy in light field. Scale
bars, 20 µm (i) and 50 µm (ii-iv). D) GST pull-down assays of bacterial lysates of
MPK-GST with DEK26His. DEK26His was detected in Western blot analysis by
anti-His antibodies (top panel) and protein loading is shown with Ponceau S
staining (bottom panel). GST alone was used as negative control.

3.3.2.3 Isolation and characterization of DEK2 lines
To investigate the role of DEK2 in vivo, we obtained two independent T-DNA
insertion mutant lines dek2-1 (SALK_1375152C) and dek2-2 (SALK_033428) in
At5g63550 from the National Arabidopsis Stock Center (NASC). The dek2-1 and
the dek2-2 mutants contain T-DNA insertions in exon 9 and intron 3 of the DEK2
gene, respectively. The T-DNA insertion in the DEK2 gene was confirmed by
sequencing (Figure 4.4 A). Genotyping of the two mutants using allele specific
primers shows that both T-DNA lines are homozygous (Figure 4.4B).
DEK2 expression levels in the WT and dek2 mutants were tested by RT-PCR
and qRT-PCR. Transcript levels in both dek2 mutants were reduced compared to
WT, indicating that the T-DNA insertion disrupted the expression of the full-length
sequence. Thus, both insertion lines are dek2 loss-of-function mutants (Figure
4.4C).
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The four-week-old dek2 mutants showed no developmental phenotype compared
to WT plants while six-week-old mutant lines showed late senescence (Figure
4.4D).
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Figure 4.4: Isolation and characterization of dek2 mutants. A) Schematic
representation of the DEK2 locus shows the intron/exon structure, the position of
each T-DNA insertion is depicted by an inverted triangle and arrows show the
positions of primers used for RT-PCR and qRT-PCR. B) Genotyping of WT and
dek2 mutants by gene-specific primers (upper gel panel) and T-DNA-specific
primers (lower gel panel). C) The transcript levels of DEK2 in dek2 loss-offunction mutants assayed by semi-quantitative RT-PCR and quantitative realtime PCR. Primers for UBQ10 and ACTIN expression levels were used for
normalization. Bars represent means ± SE of three independent biological
replicates and each replicate is composed of three technical replicates.
Asterisks indicate a significant difference to WT under the same conditions based
on a two-tailed Student T-test. ***P value <0.001. D) Morphological phenotype of
WT and dek2 mutant plants. Arabidopsis plants were grown in soil under long
day condition (16h/8h) for 6 weeks.
3.3.2.4 AtDEK2 expression pattern and nuclear localization
Among Arabidopsis DEK members, DEK2 shows the lowest expression levels by
qRT-PCR in different plant organs from ten-day-old seedlings (468). Expression
pattern analysis using Genevestigator shows that DEK2 is highly expressed in
the embryo compared to other organs and its expression varies during plant
development (Figure 4.5A and B). To investigate the expression pattern of DEK2
in Arabidopsis plants, we performed histochemical GUS (β-Glucuronidase)
staining of AtDEK2 promoter-GUS lines. AtDEK2 promoter activity was detected
particularly in the shoot apical meristem, root tip and emerging lateral roots
(Figure 4.5C i-vii). GUS expression was detectable in the cotyledons but
appeared mostly in newly emerging rosette leaves (Figure 4.5C iii-iv).
The subcellular localization of a protein gives an indication of its function;
therefore, we examined the subcellular localization of AtDEK2 in planta. AtDEK2
was isolated in the chromatin fraction in the phosphoproteomic analysis.
Therefore, it should be localized to the nucleus. DEK2 is predicted to have three
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nuclear

localization

signals

(NLSs)

in

silico,

a

bipartite

NLS

(RKSTPKRGKSGESSDTPAKRKRQ) with a score of 14.2 indicating that the
protein exclusively localizes to the nucleus and two monopartite NLS
(KLSKRKADD) (SPAKKQKVD) with scores of 5 and 6 respectively, indicating
partial localization to the nucleus. The prediction of the NLS was done using
cNLS

Mapper

http://nls-mapper.iab.keio.ac.jp/cgi-bin/NLS_Mapper_y.cgi.

To

confirm its subcellular localization in Arabidopsis, we fused the AtDEK2 genomic
sequence including one kb of upstream sequence with yellow fluorescent protein
(YFP) and generated stably transformed Arabidopsis plants. The resulting fusion
protein was detected by confocal microscopy in the nucleus, but specifically in
the nucleoplasm of the plant root and shoot apical meristem (Figure 4.5D).
AtDEK2 fused to GFP under the control of the 35S promoter of the cauliflower
mosaic virus (CaMV35S) was transiently expressed in N. benthamiana leaf
epidermal cells by Agrobacterium infiltration. The GFP fluorescence localized to
the nucleus. Serrate-CFP protein was used as the nuclear marker (Figure 4.5E).
These data from Arabidopsis and N. benthamiana plants demonstrate that
AtDEK2 is a nuclear localized protein.
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Figure 4.5: The expression pattern and subcellular localization of AtDEK2. (A) The
expression of four At-DEK members in different anatomical parts and (B) in
different developmental stages by Genevestigator. Blue, red, green and orange
lines represent DEK1, DEK2, DEK3 and DEK4, respectively. C) GUS staining
patterns in tissues of transgenic Arabidopsis plants harboring the pDEK2::GUS
transgene. GUS staining is shown in the following tissues: 5D seedling (i), shoot
(ii), apical meristem of 10D seedlings shoot (ii-iv), root tip (v) and lateral root
primordium (vi-vii). Scale bars 50µm (i-ii), 0.5mm (iii-vii). D) Confocal images of
AtDEK2-YFP expression in the nucleoplasm of Arabidopsis roots (i-iv) and shoot
apical meristem (v-vi). Scale bars = 20 µm (i-ii), 5 µm (iii-iv),100 µm (v-vi) Red
color represents the Propidium iodide (PI) staining of the cell walls. E)
Preferential localization of AtDEK2 in nucleus. Agrobacteria carrying
p35S::AtDEK2-GFP and pUBi::AtSerrate-CFP were co-infiltrated into Nicotiana
benthamiana leaves. Leaf samples were collected 72h post infiltration and
imaged using a laser scanning confocal microscope. Images were taken in dark
field for (GFP, CFP) bright field for cell morphology, respectively. Scale bars = 50
µm.
3.3.2.5 Involvement of DEK2 in plant defense
To elucidate the role of DEK2 in Arabidopsis immunity, WT and dek2 T-DNA
mutant plants were challenged with the hemibiotrophic bacterial pathogen Pst
DC3000. Plants were spray-inoculated with the virulent bacterium and the
number of bacteria was counted at 3 and 48 hours post infection (hpi). There was
no change in the bacterial titers at 3 hpi in WT and dek2 mutants indicating that
DEK2 is not involved in stomatal immunity. At 48 hpi, dek2 mutant plants
displayed more disease symptoms than WT. Similarly; bacterial growth in
infected leaves of both dek2 mutants was significantly higher in comparison to
WT at 48 hpi (Figure 4.6A).
Production of reactive oxygen species (ROS) is a defense hallmark induced by
flg22. dek2-1 mutant shows increased flg22-triggered ROS production compared
to WT (Figure 4.6B). Callose deposition, another PTI response to limit pathogen
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attack after flg22 treatment, was also tested in the mutant plants. Although dek21 shows a lower number of callose deposits in untreated conditions, both dek2
mutants show increased flg22-induced callose deposits (Figure 4.6C). These
data suggest that DEK2 is a key regulator of plant defense to pathogenic
bacteria.
We next explored the possible role of At-DEK2 in the resistance against the
necrotrophic fungus B. cinerea. After two days of drop-inoculation with 5x105
spores/ml, dek2 mutants formed larger necrotic lesions compared to WT plants.
This result indicates that dek2 loss-of-function mutant is more susceptible to the
pathogenic fungi (Figure 4.6D). Additionally, we compared the ROS production in
the dek2 mutants and WT plants in response to chitin, a typical PAMP derived
from the fungal cell wall. Chitin-triggered ROS production was elevated in the
mutants compared to the WT (Figure 4.6E).
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Figure 4.6: DEK2 regulates Arabidopsis defense responses against Pst DC3000
and B. cinerea. A) Four-week-old plants were spray-infected with P. syringae pv.
tomato (Pst) DC3000 with OD600= 0.2. Bacterial numbers were counted after
plating serial dilutions at the indicated time points. Values shown are means± SE
(n=24) from three independent repetitions. B) ROS production was measured
from WT and dek2 mutant plants for 40 min after treatment with 1 µM of flg22.
ROS production was quantified using a luminescence microplate reader. Data
are means ± SE and the experiments were repeated at least three times with
similar results. The asterisks indicate statistically significant differences from the
WT controls by Mann & Whitney U-test one tailed (*P < .05. **P < 0.01). C)
Callose deposition in 14-day-old seedlings treated for 24 h with 1 µM flg22.
Photographs of aniline blue-stained cotyledons under UV fluorescence were
quantified with ImageJ. Data shown are mean values ± SE from three
independent biological replicates (n=12). D) Four-week-old leaves from WT
and dek-2 mutant plants were drop-inoculated with 5x105 spores/ml of B. cinerea.
The diameter of the lesion area was measured 2 days after inoculation by
imageJ. Values shown are means ± SE (n=18) from three independent
repetitions. B) ROS production was measured from WT and dek2 mutant plants
for 40 min after treatment with 100 µM of chitin.
3.3.2.6 DEK2 is a transcriptional repressor
To test whether the disease phenotypes observed in dek2 mutant plants are
linked to changes in gene regulation, we performed RNA-seq analysis of 14-dayold dek2-1 mutant and WT plants in untreated conditions and 24h after treatment
with Pst DC3000 hrcC-. This pathogen has a defect in type III secretion system
necessary for the delivery of effectors and therefore it is used for studying PTI.
Samples from three independent biological repeats were collected for RNA-seq
analysis. In unstressed conditions, among 23639 detectable transcripts, 298
differentially expressed genes (DEGs) (cut-off fold change ≥ 2, P value ≤ 0.05, q
value ≤ 0.05) were identified in dek2-1 mutant compared with WT plants. Among
the DEGs, 63% were up-regulated suggesting that DEK2 functions as a
repressor of transcription (Figure 4.7A). The 184 up-regulated genes are
enriched in GO terms associated with response to stimulus, response to chitin,
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response to stress, defense response, response to hormone stimulus and
immune response (Figure 4.7B). The 114 down-regulated genes show
enrichment in genes involved in photosynthesis, oxidation-reduction and
generation of precursor metabolites and energy.
Under stress, there were 254 genes down regulated in dek2 compared to WT
and these genes were enriched in regulation of biosynthesis process and
regulation of transcription whereas the 131 up-regulated genes were associated
with GO terms including response to stress, defense response and response to
wounding (Figure 4.7B).
Hierarchical clustering of DEGs in the dek2-1 mutant and WT in the resting and
stress conditions showed a large set of genes that were up-regulated in the
dek2-1 mutant compared to the WT without treatment (Figure 4.7C). These
clusters were sub-grouped into ten clusters based on similarity in transcription
between WT and dek2-1 in the mock and treated conditions. To gain a general
overview of the transcriptional changes, we performed a Gene Ontology (GO)
enrichment analysis for the interesting clusters. Cluster I (genes suppressed in
dek2-hrcC- more than in WT-hrcC-) was enriched in developmental processes
and photosynthesis while cluster II (genes induced in dek2-hrcC- more than in
WT-hrcC-) was mainly associated with defense responses and glucosinolate
related processes (Figure 4.7D). Interestingly, cluster III (genes induced in dek2
but not in the WT in the mock and behave oppositely after treatment) was
enriched with GO terms involved in responses to hormones and hormone
signaling (Figure 4.7D).

Many defense-related transcription factors, such as
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MYBs and ERFs bHLH were over-represented in cluster III. Custer IX (genes
only induced in WT-hrcC-) represents genes associated with defense responses,
transcription regulation and RNA processes including ERF6, ERF4, MYB73,
MYB15 and ZAT6 (Figure 4.7D). Collectively, the data suggests that DEK2 might
control general gene transcription as a transcriptional repressor, which was
shown in cluster I and cluster III. To evaluate the RNA-seq data, deregulated
expression of several defense responsive genes was confirmed with qRT-PCR
analysis including transcription factors regulating the expression of defenserelated genes: WRKY33, WRK70 (Figure 4.7E) and indolic glucosinolate
pathway genes: cytochrome P450, family 79, subfamily B, polypeptide
3 (CYP79B3),

cytochrome

P450,

family

83,

subfamily

B,

polypeptide1

(CYP83B1) and MYB51 transcription factor that are essential for the regulation of
IGs biosynthesis and callose deposition (Figure 4.7E).
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Figure 4.7: Comparison of global gene expression profiles in WT and dek2 mutant
plants upon Pst DC3000 hrcC- treatment. A) Pie chart reveals the percentage of
up- and down-regulated genes in dek2-1 mutant. B) Venn diagrams illustrate
total numbers and overlap of differentially expressed genes (up- and downregulated) affected in WT and dek2-1 mutant plants in mock and hrcCconditions. C) Heat map depicting differential expression profiles in WT and dek2
plants at 24 h post hrcC- inoculation or mock treatment (fold change ≥ 2, P
value ≤ 0.05). The original fragments per kilobases million values were subjected
to data adjustment by normalizing genes or rows and hierarchical clustering was
generated with the average linkage method using MeV4.0. C) Selection of four
clusters displaying interesting gene ontology from the heatmap comparisons are
shown. GO terms were identified using the AgriGO v2.0 Term Enrichment Tool.
D) Validation of expression for selected defense-related genes and glucosinolate
biosynthesis genes by qRT-PCR in the WT and dek2 mutant plants with or
without Pst DC3000 hrcC- treatment. The relative gene expression was
normalized to UBQ10 and ACTIN. Error bars represent means ± SE of three
biological and three technical replicates for each experiment. Values on the Yaxis are given on a log2 scale. The asterisks indicate statistically significant
differences from the WT controls by Biorad CFX software at p≤0.05.

3.3.2.7 Hormone metabolism and homeostasis are affected in dek2
The RNAseq-based transcriptome analysis indicated that the expression of a
number of genes associated with JA biosynthesis and signaling pathways are
affected in dek2-1 mutant. Consequently, we quantified the levels of three major
phytohormones involved in plant responses to stresses such as JA, ABA and SA
in WT and dek2-1 mutant with or without Pst DC3000 hrcC- infection from six
biological replicates. In untreated plants, the JA and JA-ile levels were higher in
the mutant compared to the control (Figure 4.8A) whereas ABA levels were lower
in the mutant compared to WT. Upon hrcC- treatment SA levels were remarkably
reduced compared to WT. To check if this hormone imbalance was also reflected
at the transcriptional level, the transcript levels of the genes involved in JA
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biosynthesis including LOX, AOC and AOS genes were measured and found to
be up-regulated (Figure 4.8B). In addition, the ethylene biosynthesis genes, 1Aminocyclopropane-1-Carboxylic Acid Synthase (ACS), namely ACS8 and ACS6
were up-regulated in the mock conditions (Figure 4.8B). Another set of overrepresented genes was ethylene responsive factors (ERFs), TFs that function
down-stream of ET and JA signaling pathways and directly modulate JA/ETresponsive defense genes. These TFs were found to be up-regulated as well
(Figure 4.8B). Untreated plants did not display any changes in SA levels in the
mutant and WT whereas the mutation of DEK2 significantly reduced the SA level
after Pst DC3000 hrcC- infection.

119

Figure 4.8: Hormone quantification in the WT and dek2-1 mutant after mock
treatment or with Pst DC3000 hrcC-. A) The levels of JA, JA-Ile, ABA and SA
defense hormones measured in WT and dek2-1 mutant plants at 24 hpi with
hrcC- or mock. Data represent the means of six biological replicates. B) qPCR
analysis of the expression of JA marker genes involved in biosynthesis pathway,
ERFs involved in ET/JA response and ACS involved in ET biosynthesis.
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Expression of Ubi and Actin were used for normalization, and fold induction
values of all genes were calculated relative to the expression level of mock WT
plants. Error bars represent ±SE. The asterisks indicate statistically significant
differences from the WT controls by Biorad CFX software at p≤0.05.

3.3.2.8 DEK2 is a putative reader of histone methylation marks
The RNA-seq data strongly suggests that DEK2 acts as a transcriptional
repressor of different sets of genes that are primarily involved in defense.
Therefore, we looked for the most similar transcriptome profiles in the
Arabidopsis database using the signature tool of Genevestigator, which
compares the global expression levels of an experiment of interest to a subset of
other global transcriptome profiles with similar gene responses. Interestingly,
when we compared the transcriptome profile of dek2-1 with the ones found in the
repository, dek2-1 showed highest similarity to the triple mutant of TRITHORAXRELATED PROTEIN 5/6 (atxr5/6) and MORPHEUS’ MOLECULE 1 mutant
(mom1) (Figure 4.9).

Figure 4.9: Similarity between dek2 transcriptome and published transcriptome
data using Genevestigator. The 200 most up- and down-regulated genes in dek2
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were used as a signature to search for experiments with similar transcriptome
changes. The relative similarity scores between the signature input and a
particular experiment is 1.06.
ATXR5 and ATXR6 function as methyl transferases of H3K27me1 in
Arabidopsis, therefore we hypothesized that DEK2 might act as a reader of
histone methylation marks. The binding of DEK2 to H3K4, H3K9, H3K27
methylation marks may represent its ability to target or read these histone
methylation marks. To address this possibility, we examined the binding affinities
of recombinant Arabidopsis His6-MBP-DEK2 protein with different histone
methylation marks by microscale thermophoresis (MST), a biophysical technique
to measure protein-ligand interactions in vitro. We found that His6-MBP-DEK2
can interact with H3K27me3 but not with either unmodified H3K27me or
H3K27me1 (Figure 4.10A). The interaction with H3K27me3 was rather weak (Kd
1.14 +/-0.15) and the significance of this interaction needs to be verified with
alternative methods.
Interestingly, His6-MBP-DEK2 preferentially binds H3K9me1 peptide (19nM160uM) with dissociation constants Kd = 12.3+/-2.03 (Figure 4.10B). However, no
binding of His6-MBP-DEK2 to H3K9me0 could be observed whereas the
interaction with H3K9me3 was weak and similar to the negative control His6-MBP
(Figure 4.10C). These data suggest that DEK2 could be a potential reader of
H3K9me1 marks.

122

Figure 4.10: The interactions between DEK2 protein and histone H3 peptides by
MST. A) The interaction between His6-MBP-DEK2 and H3K27 peptides. B) The
interaction between His6-MBP-DEK2 and H3K9 peptides. C) The negative control
shows the interaction between His6-MBP and H3K9 peptides. MST binding
experiments were carried out at LED: 40% Power: 40%. The dissociation
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constant (Kd) is shown. Data represent the mean +/− SD of at least three
technical replicates.

3.3.2.9 Determination of DEK2 target sites by ChIP-Seq
To determine DEK2 binding sites, we performed chromatin immune-precipitation
using GFP-specific antibodies followed by next generation sequencing (ChIPSeq) and mapped the datasets to the Arabidopsis genome. The experiments
were performed on two-week-old seedlings comparing WT expressing GFP and
dek2-1 complemented by pDEK2::gDEK2:YFP from three biological replicates.
The Binding sites of DEK2-YFP remarkably covered the region surronding the
transcription start site (TSS) as well as the region of transcription end site (TES),
suggesting the involvement of DEK2 in transcription (Figure 4.11A). The
maximum enrichment was found in the upsteam promoter region compared to
other regions (Figure 4.11B). The ChIP-Seq data identified 3008 high confident
binding sites for DEK2-GFP associated with 2176 genes in the Arabidopsis
genome. Furthermore, we analyzed the sequence motifs in the regions that were
highly enriched by DEK2 and compared these to the Arabidopsis dataset. A
consensus binding motif for DEK2 is TGGGCC with significant enrichment (Pvalue = 1e-571) that is found in TCP transcription factors (Figure 4.11C). We
further classified the DEK2 targets from the ChIP-Seq data into ten clusters
based on their binding sites (Figure 4.11D). We also looked for the top enriched
functions for each cluster. None of the clusters showed any significant GO
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enrichment except cluster I and cluster VII. Cluster I was enriched in responses
to chitin and wounding as well as gene expression and translational elongation.
On the other hand, targets of Cluster VII are associated with response to
hormones, hormone-mediated signaling and phospho-relay signal transduction.
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Figure 4.11: Global analysis of genomic regions bound to DEK2. A) ChIP-Seq
density heatmap representates DEK2 association sites on the gene structure. B)
Distribution of DEK2 assosiation sites. C) Significantly over-represented motifs in
the ChIP-Seq data. D) Ten clusters of ChIP-Seq predicted targets.
We then compared the differentially expressed genes from RNA-seq with target
genes from the ChIP-Seq to identify genes that are common in the two
experiments. In total, 112 direct targets were up-regulated in the dek2 mutant,
whereas 49 were down-regulated (Figure 4.12A). The combination of ChIP-Seq
and RNA-seq data successfully identified potential targets whose expression is
transcriptionally regulated by DEK2. These targets were associated with
hormone signaling, gene expression and immune responses (Figure 4.12B). The
peaks of the IP sample are higher than those of the input, indicating clear DEK2binding regions of these target genes.
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Figure 4.12: ChIP-Seq results for selected target genes. A) Venn diagram
representing an overlap of ChIP-Seq targets and DEGs from RNA-seq data. B)
Analysis of several potential DEK2 target genes reveals a high enrichemnt for
genes involved in hormone biosynthesis and signaling, transcription factors and
defense response. The upper enrichement represents the Input control sample
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while the lower enrichement represents the DEK2-GFP IP sample. The gene
structure are shown at the top of each panel.
3.3.3 Discussion

To defend against a multitude of biotic aggressors, plants have evolved a
plethora of complex immune response pathways which enable them to cope with
such adverse conditions (473). PAMP recognition by plant receptors activates
signal transduction by MAPK signaling cascades leading to transcriptional
reprogramming of defense-related genes and PAMP-triggered immunity
responses. Research over the last decades has identified important transcription
factors and chromatin-related proteins targeted by immune MAP kinases to
regulate transcriptional re-programming of immune-related genes (290). Some of
these immune MAPK targets are involved in chromatin modification and
remodeling in Arabidopsis. For example, flg22-activated MPK3 directly interacts
and phosphorylates histone deacetylase (HD2B) to regulate the reprogramming
of defense gene expression and innate immunity through modulation of the
H3K9ac histone mark (49).
The phosphopeptide [VLEFLE(s)*PKETR] that belongs to DEK2 was identified
from chromatin phosphoproteomics described earlier in chapter III, section 3.2.
The in vivo flg22-induced phosphorylation of DEK2 on S238 was compromised in
mpk6 mutant indicating that DEK2 is a MPK6 substrate. In agreement with the in
vivo data, MPK6 phosphorylates DEK2 on S238 as seen by in vitro kinase
assays. BiFC and GST pull down assays confirmed that DEK2 interacts with
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MPK6. The data from phosphoproteomic analysis, BIFC, GST and in vitro
phosphorylation assays clearly show that DEK2 directly interacts and is
phosphorylated by MPK6. Therefore, DEK2 may act downstream of MPK6 in
response to pathogen infection. In humans, non-phosphorylated DEK binds to
DNA and this DEK-DNA binding is weakened by the phosphorylation of the Cterminal DEK domain by casein kinase 2 (CK2) (447) and further studies are
necessary to define the role of phosphorylation of AtDEK2 in Arabidopsis plants.
The presence of multiple DEK genes in plants compared to other eukaryotic
genomes which have only one paralog might be due to gene duplication events
during the course of plant evolution to acquire novel gene functions that
contribute to improved vigor and adaptation to adverse environmental conditions
(474). Extensive studies in other higher eukaryotes reported DEK as a chromatin
related protein that regulates different chromatin related processes. In contrast,
the functions of DEKs in plants are still poorly understood. A recent study on a
member of the Arabidopsis DEK family, DEK3, showed that this protein
specifically interacts with histones H3 and H4 and regulates nucleosome
occupancy and chromatin accessibility. The study further showed that DEK3
plays a negative role in regulating salt-stress by modulating the expression of
downstream target genes relevant to abiotic stress responses (468). In our
phosphoproteomics study, DEK2 was phosphorylated in response to PAMP
treatment suggesting that DEK2 might play a significant role in biotic stress. To
test this hypothesis, we performed pathogen assays on WT and dek2 loss-offunction mutants and observed that dek2 mutants are more susceptible to both
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bacterial (Pst DC3000) and fungal (B. cinerea) pathogens. In addition, the dek2
mutant plants were also found to be deregulated in the generation of ROS and
callose deposits after PAMP treatment compared to WT. Taken together, these
results indicate that DEK2 plays a crucial role in plant defense against
hemibiotrophic bacterial and necrotrophic fungal pathogens.
Additionally, the global transcriptome profile of untreated dek2 mutant shows a
similarity to that of atxr5/6/mom1 triple mutant. Previous studies have identified
ATXR5 and ATXR6 as monomethyl transferases of H3K27 (475) while MOM1 is
a component of a silencing machinery of highly repetitive sequences
independent of DNA methylation marks (476, 477). Mutations in atxr5 and atxr6
lead to transcriptional activation of repressed heterochromatic elements whereas
mutation in MOM1 releases transcription gene silencing independently of the
epigenetic markers (475). Previous studies indicated that different stresses can
mediate changes in chromatin structure and therefore initiate transcriptional
stress responses (478, 479). In Arabidopsis, the functional levels of chromatin
related protein, AtDEK3, is crucial for abiotic stress tolerance (468). Histone posttranslational modifications such as acetylation, methylation, phosphorylation,
ubiquitination, sumoylation, carbonylation and glycosylation represent an
important level in epigenetic regulation (480, 481). Depending on their targets,
histone methylation on histone tail can either activate or repress transcription.
For example Arabidopsis H3K4me3 and H3K36me3 are associated with gene
activation whereas H3K9me1/2 and H4K20me1 are enriched at constitutive
heterochromatin and silenced transposons and H3K27me3 is associated with
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repressed genes (482, 483). The regulation of gene activity requires different
writers, readers and erasers of histone methylation (484). Our in vitro binding
analysis shows the preferable binding of DEK2 to H3K9me1 compared to other
histone methylation marks by MST. However, more binding tests should be done
between DEK2 and H3K4me3/2/1, H3K9me2, H3K27me2 to confirm the
specificity of the binding. Chip-seq with H3K9me antibodies or Chip-PCR for
selected target genes of DEK2 should be tested to verify the specificity of DEK2
binding to H3K9me1 sites. The data suggests that DEK2 acts as a reader that
specifically binds to H3K9me1 marks in Arabidopsis. The known reader of
H3K9me3 from fission yeast to mammalian is heterochromatin protein 1
(HP1) that recognizes H3K9me3 through its conserved chromodomain and
maintains

heterochromatin

formation

(485,

486).

Arabidopsis

LIKE

HETEROCHROMATIN PROTEIN 1 (LHP1), the homolog of HP1, recognizes
H3K27me3 and resembles Polycomb proteins (487, 488). A recent paper by
Zhao et al. identified Agenet Domain Containing Protein 1 (ADCP1) as a
multivalent H3K9me reader in plants (489).
Under unstressed condition, the majority of DEGs in dek2 mutant were upregulated compared to WT, including many hormone biosynthesis pathway
genes and transcription factors. These data indicate that DEK2 acts as a general
transcriptional repressor as was shown for DEK3 (468).
To understand how DEK2 regulates the expression of these genes and
investigate the global distribution of DEK2 on the genome, we performed ChIPseq with DEK2:DEK2-GFP plants. ChIP-Seq analysis showed that DEK2 binding
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was highly enriched in regions around TSS and TES. To correlate DEK2 binding
to changes in gene expression, ChIP-seq results were compared to the
transcriptome of the dek2 mutant to find the direct target genes and potential
binding sites of DEK2 in these chromatin regions. DEK2 binds to TCP motif
consensus sequence TGGGC(C/T) to regulate transcription.

The TCPs are

transcription factors with a conserved bHLH motif, called TCP domain (490-493).
The 24 TCPs encoded by the Arabidopsis genome are divided into two classes,
class I with 13 members and class II with 11 members, which are proposed to act
antagonistically (494, 495). Beside their function as classical developmental
regulators, several studies have shed light on the role of TCP proteins in plant
immunity via stimulating the biosynthetic pathways of bioactive metabolites
including BR, JA and flavonoids (496-503). Hs-DEK and Dm-DEK proteins
interact with histones and play a role in nucleosome assembly and recently
AtDEK3 was implicated in similar processes at DEK3 target sites in Arabidopsis.
These data strongly enforce AtDEK3 as a histone chaperone (454, 455, 464,
468). AtDEK2 can be envisaged in a similar functional role under biotic stress
conditions.
Based on all the data obtained, we propose a hypothetical working model (Figure
4.13). Under unstressed condition (Figure 4.13A), DEK2 binds TCP regulated
promoters directly or via TCP proteins and thereby regulates the expression of
these genes. This is supported by the transcriptome data of dek2 that show that
the majority of genes are up-regulated. upon phosphorylation by MPK6 following
flg22 treatment (Figure 4.13 B) DEK2 might disassociate from the DEK2-TCP
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complex, and as a consequence, drives the expression of TCP target genes.
DEK2, which according to our data functions as a reader of H3K9me1 marks,
adds another layer of specificity to the regulation of transcription and epigenetic
control. To test this hypothesis, pathogen assays and the expression of DEK2
target genes should be tested in tcp mutants to check whether TCP is involved in
this process with DEK2. Pathogen assays with atxr5/6 methyltransferase mutants
and atxr5/6 complemented with DEK2 could also be performed to check whether
this epigenetic mark plays a role in pathogenesis.

Figure 4.13: Hypothetical working model for DEK2 function in unstressed
conditions (A) and after PAMP treatment (B).
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CHAPTER IV. GENERAL CONCLUSION AND PERSPECTIVES

The human population around the world is increasing at an alarming rate and as
a consequence, there is an ever-growing demand for food. Plants are the main
source of most human foods, directly or indirectly. Several biotic and abiotic
factors affect food production. Various plant pathogens have a significant
negative impact on agricultural productivity. In this project, we used modern
molecular biology tools and advanced multi-omics approaches comprising
genomics, transcriptomics and proteomics to dissect the molecular mechanisms
underlying plant responses to pathogens, which will ultimately be useful to
improve agricultural productivity.
The MAPKs MPK3, MPK4 and MPK6 are major factors implicated in the complex
signaling network of plant immunity. While the upstream part of this critical
pathway has been understood to a large extent, the downstream components
and how these components enable the plants to tackle these hostile conditions
are less clear. By quantitative phosphoproteomics we identified several hitherto
unreported cytosolic and nuclear targets of the immune MAPKs. In line with the
myriad of biological processes that MAPKs are implicated in, we identified
substrates that are involved in cellular metabolism, signaling, gene regulation by
modifying the chromatin, RNA metabolism etc. Additionally, our data indicate that
the three immune MAPKs have both specific and shared substrates, thereby
contributing to the robustness of the immune signaling network. Overall, this
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study unravels a new set of proteins that are putative cytosolic and chromatin
targets of these three MAPKs that form the basis for future functional studies on
the role of these proteins and their phosphorylation in the context of plant
immunity.
Among the potential chromatin MAPK targets that were phosphorylated in
response to MAMP treatment, we further characterized DEK2, a protein with a
DEK DNA binding domain family of proteins in Arabidopsis. The nuclear localized
DEK2 protein is phosphorylated by MPK6 and physically interacts with MPK6 as
well. To understand the biological relevance of the phosphorylation of DEK2 in
the context of pathogen infection, we next need to mutate the phosphosites in
DEK2. This characterization of the DEK2 protein in a non-phosphorylatable form
and the constitutively phosphorylated form will enable us to determine whether
phosphorylation alters its localization, stability or interaction with other proteins.
The functional studies on DEK2 loss-of-function mutants revealed that DEK2 is a
positive regulator of plant immunity. It will be interesting to see how the lines
expressing the phosphodead and phosphomimic versions of DEK2 will respond
when challenged with pathogens. A more in-depth molecular characterization by
studying the transcriptome of dek2 mutant plants clearly showed that DEK2 is a
transcriptional

repressor.

Following

infection,

dek2

mutant

revealed

a

deregulation of several immune response genes as well as hormone signaling
and biosynthesis genes, which resulted in the hormonal imbalance of the major
phytohormones JA, ET, ABA and SA. This hormonal imbalance in turn
contributed to the overall susceptibility of the dek2 mutant plants to bacterial and
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fungal pathogens. From ChIP-Seq analysis we found that DEK2 binds to class I
TCP motifs with an exceptionally high affinity. It is essential to test whether the
interaction between DEK2 and the class I TCP motif is direct or indirect through
TCP TFs. This rather intriguing finding fits well with the involvement of TCPs in
immunity and defense against insect pests. It will be fascinating to study the
interplay between DEK2 and these TCP regulated genes. The overlap between
RNA-Seq and ChIP-Seq data suggests a number of putative downstream targets
of DEK2 which need to be confirmed. Once these targets are confirmed, they can
help explain the role of DEK2 in PAMP-triggered immunity. We also found that
DEK2 binds to the histone mark H3K9me1. Although the entire repertoire of
histone marks were not tested, the finding that DEK2 functions as a reader of
histone marks adds another layer of epigenetic control to regulate plant defense
against pathogens. While we present a hypothetical working model for the
function of DEK2 in plant immunity based on the data obtained so far, several
missing pieces in the puzzle - such as the role of the phosphorylation, the
downstream targets that are regulated by DEK2, the association with TCPs as
well as the identification of the specific histone marks read by DEK2 - will
enhance our understanding of the precise role of DEK2 in response to
pathogens.
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also discusses new findings that challenge the
current dichotomy of these concepts.
Introduction
Plants are constantly exposed to a wide variety of
adverse environmental conditions that can be
broadly classified as biotic (bacteria, viruses, fungi,
parasites, etc.) or abiotic stresses (drought, extreme
temperature, chemicals, salinity, etc.). Attacks by
pathogenic organisms constitute one of the most
challenging situations during the life of a plant.
Unlike animals, plants do not possess specialized
mobile immune cells, but have nonetheless
developed a rapid and effective immune system to
survive and resist various pathogens. In addition,
plants make use of preformed physical barriers,
namely the cuticle and the cell wall, and
constitutively produce antimicrobial compounds.
The cuticle is a hydrophobic layer present on the
external surface of the aerial epidermis of all land
plants and is mainly composed of cutin and waxes
(Yeats and Rose, 2013). Not only does it play a role
in defense but it also acts as a barrier to
transpirational water loss and as a protection
against UV radiation. Although the cuticle is a good
barrier against a number of pathogens, many fungal
pathogens can penetrate the cuticle by mechanical
rupture and secretion of cutinases that hydrolyze
the cutin polyester (Longhi and Cambillau, 1999;
Mendgen et al., 1996). In addition to the cuticle, the
plant cell wall, which mainly consists of high
molecular weight polysaccharides such as cellulose,
hemicelluloses and pectin, glycosylated proteins
and in certain cases lignin (Somerville et al., 2004),
also protects plants against biotic aggressors. While
fungal pathogens are equipped with cuticle and cell
wall degrading enzymes to penetrate the epidermis,
bacterial pathogens on the other hand do not
typically enter plant tissues by directly penetrating
the cuticle and cell wall. As a result they evolved
strategies to enter the plant through a number of
natural surface openings, such as stomata and
through surface wounds caused by various
environmental factors (Melotto et al., 2008).
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Abstract
In plant-microbe interactions, a pathogenic microbe
initially has to overcome preformed and
subsequently induced plant defenses. One of the
initial host-induced defense responses is microbeassociated molecular pattern (MAMP)-triggered
immunity (MTI). Successful pathogens attenuate
MTI by delivering various effectors that result in
effector-triggered susceptibility and disease.
However, some host plants developed mechanisms
to detect effectors and can trigger effector-triggered
immunity (ETI), thereby abrogating pathogen
infection and propagation. Despite the wide
acceptance of the above concepts, more and more
accumulating evidence suggests that the distinction
between MAMPs and effectors and MTI and ETI is
often not given. This review discusses the
complexity of MTI and ETI signaling networks and
elaborates the current state of the art of defining
MAMPs versus effectors and MTI versus ETI, but
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2009; Chisholm et al., 2006; Gomez-Gomez and
Boller, 2002; Zipfel et al., 2006). MAMPs are
recognized by Pattern-Recognition Receptors
(PRRs) which are usually plasma membrane
receptor-like kinases (RLKs) or receptor-like
proteins (RLPs) with extracellular domains (Bohm et
al., 2014a; Macho and Zipfel, 2014; Schwessinger
and Ronald, 2012; Segonzac and Zipfel, 2011).
Some of the best-known examples of PRRs are
FLS2 (flagellin-sensitive 2), a leucine-rich receptor
kinase, which recognizes flg22 (Gomez-Gomez and
Boller, 2000) EF-Tu receptor (EFR) that perceives
EF-Tu with the help of its minimal 18 amino acid
epitope elf18 (Zipfel et al., 2006) and PEPR1, the
receptor of the DAMP AtPep1 (Yamaguchi et al.,
2006).
For MAMP perception and signal transduction, a
number of PRRs have to associate with co-receptor
RLKs (Monaghan and Zipfel, 2012), as shown for
BAK1 (BRI1 associated receptor kinase 1), which
can associate with a number of PRRs including
FLS2, (Roux et al., 2011; Segonzac and Zipfel,
2011). FLS2 also associates with the RLK BIK1
(Botrytis-induced kinase 1) and related PBL (PBS1like) proteins, which are rapidly released from FLS2
upon flg22 binding (Liu et al., 2013; Lu et al., 2010;
Zhang et al., 2010). MAMP perception induces very
rapid auto- and trans-phosphorylation reactions of
these interacting proteins (Lu et al., 2010; Schulze
et al., 2010), followed by a complex sequence of
choreographed events (Figure 1).

Many plants produce two types of antimicrobial
compounds, (i) preformed compounds also termed
phytoanticipins that become toxic upon pathogen
perception and (ii) induced compounds, such as
camalexin produced following a pathogen attack
(Arbona and Gomez-Cadenas, 2015; Osbourn,
1996). The induced compounds also include various
proteins and small metabolites, such as phenolics,
unsaturated lactones, saponins, cyanogenic
glycosides and glucosinolates, that inhibit pathogen
growth (Osbourn, 1996).
The two strategies, a preformed defense system
and an inducible defense system, allow plants to
withstand against a majority of plant pathogens, a
phenomenon that is called non-host resistance. The
inducible plant defense system has two layers,
called microbe-associated molecular pattern
(MAMP)-triggered immunity (MTI) and effectortriggered immunity (ETI). This review first discusses
the signaling mechanisms occurring during MTI and
ETI, and then discusses the current MTI-ETI
dichotomy.
Signaling in MTI
The complex network of signaling events that occur
during MTI has been exhaustively reviewed
recently, with a specific emphasis on mitogenactivated protein kinases (MAPKs) (Bigeard et al.,
2015). In the present review, we thus only briefly
recapitulate the signaling in MTI.

Early events in MTI signaling
Among the earliest responses to MAMP/DAMP
perception is an influx of extracellular Ca2+ ions into
the cytosol (Jeworutzki et al., 2010; Nomura et al.,
2012; Ranf et al., 2011), inducing the opening of
other membrane channels (influx of H+, efflux of K+,
Cl- and nitrate) which lead to an extracellular
alkalinization and a depolarization of the plasma
membrane (Jeworutzki et al., 2010). In addition to
Ca2+ ion fluxes, a very early event following MAMP/
DAMP recognition is the production of reactive
oxygen species (ROS) (Chinchilla et al., 2007);
(Nuhse et al., 2000); (Ranf et al., 2011) mainly by
the plasma membrane-localized NADPH oxidase
RBOHD (respiratory burst oxidase homolog D)
(Nuhse et al., 2007; Ranf et al., 2011). Upon MAMP
perception, RBOHD is phosphorylated by Ca2+induced CDPKs (calcium-dependent protein
kinases) and BIK1 on different residues, which are
all required for activation of the NADPH oxidase
(Boudsocq et al., 2010; Dubiella et al., 2013; Kadota
et al., 2014). Ca2+ itself also regulates RBOHD
through direct binding to the N-terminal EF-hand

MAMPs and PRRs
In MTI, the defense system is triggered by the
detection and recognition of MAMPs, which are
synthesized by pathogens and non-pathogens.
Plants are also able to detect damage-associated
molecular patterns (DAMPs) which are plant
degradation products resulting from the action of
invading pathogens, or endogenous peptides,
constitutively present or newly synthesized, that are
released by plants following a pathogen attack
(Boller and Felix, 2009). Recognition of DAMPs also
triggers responses similar to MTI responses. The
most well characterized MAMP is flg22, a 22-aminoacid long epitope in the N-terminus of bacterial
flagellin that is evolutionarily conserved and induces
different defense responses (Zipfel, 2009; Zipfel et
al., 2004). Other well-known examples of MAMPs
that activate similar cellular responses are elf18 or
elf26 (a conserved N-terminal portion of the
bacterial elongation factor Tu), peptidoglycans (a
component of bacterial cell walls), and chitin (a
component of fungal cell walls) (Boller and Felix,
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Figure 1. Inducible defense systems in plants. PRRs perceive the MAMPs and recruit BAK1 and BIK1 to induce MTI involving notably MAPK modules.
Plants also detect DAMPs that are degradation products and trigger responses similar to the MTI responses. This is accompanied by a ROS burst via the
NADPH oxidase RBOHD which in turn is phosphorylated by Ca2+-induced CDPKs. RNS, such as NO, are required for generation of PA via both PLD and
PLC/DGK pathways. PA can interact and modulate the activity of CDPKs, MAPKs and RBOHD/F (Zhang et al., 2009) and can regulate production of JA
and ET. Bacterial and fungal pathogens may deliver effectors via the T3SS and haustoria, respectively, that block MTI. Plants evolved CNLs or TNLs to
nullify the effect of the effectors leading to a stronger immune response termed ETI that involves transcriptional reprogramming, programmed cell death
and increased levels of the hormones SA, JA and ET. The effector HopAO1 dephosphorylates the PRR and suppresses subsequent immune response.
The effectors AvrPto and AvrPtoB suppress immunity by acting directly on the MAMP receptors via inhibiting BAK1 kinase activity while the effectors
AvrPphB and AvrAC inhibit the response by cleaving or uridylylating BIK1. The effectors AvrB, HopAI1 and HopF2 directly target different components of
the MAPK cascades. The TIR-NB-LRR, RPS4 recognizes the effector AvrRPS4 and redistributes the EDS1-RPS4 complex between the nucleus and
cytoplasm to induce defense responses. An example of CC-NB-LRR is RPM1 that recognizes AvrRpm1. Some MAMPs, such as flg22, bacterial LPS and
harpin (HrpZ1) act as effectors too. Similarly, certain effector proteins such as NLPs, BcSpl1 and LysM domain containing proteins such as Ecp6 have a
more widespread occurrence and function as MAMPs too.

Other than Ca2+ and ROS, reactive nitrogen species
(RNS), such as nitric oxide, were shown to be
involved at different steps of MAMP/DAMP
signaling, e.g. via inhibition of RBOHD or regulation
of NPR1 (non-expresser of PR genes 1), a master
regulator of defense gene expression, which both
become nitrosylated on cysteine residues (Tada et
al., 2008; Yun et al., 2011). Some lipid derivatives,
such as phosphatidic acid (PA) and ceramides,
were also proposed to function as signaling
molecules upon pathogen infection (Okazaki and
Saito, 2014). MAMP/DAMP-induced NO production
is partly also required for PA generation via both the

motifs of the protein (Ogasawara et al., 2008).
RBOHD produces membrane-impermeable
superoxide (O2.-) in the apoplast, which is converted
into hydrogen peroxide (H2O2) by superoxide
dismutases. In contrast to other ROS, H2O2 is
relatively stable and membrane-permeable and can
enter the cytosol and different organelles of plant
cells. However, NADPH oxidases are not the only
source for ROS, but multiple ROS sources seem to
be involved in a complex temporal and spatial
coordination (Baxter et al., 2014; Gross et al.,
2013).
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phospholipase D (PLD) and phospholipase C/
diacylglycerol kinase (PLC/DGK) pathways (Raho et
al., 2011). PA can interact and modulate the activity
of CDPKs (Farmer and Choi, 1999; Szczegielniak et
al., 2005) MAPKs (Testerink et al., 2007), RBOHD/F
(Zhang et al., 2009) and can regulate production of
jasmonic acid (JA) and ethylene (ET) (Nakano et al.,
2013; Testerink et al., 2008; Testerink et al., 2007;
Wang et al., 2000).

2000; Ichimura et al., 2006; Ichimura et al., 1998;
Matsuoka et al., 2002; Mizoguchi et al., 1998;
Nakagami et al., 2006; Petersen et al., 2000; Qiu et
al., 2008; Suarez-Rodriguez et al., 2007; Teige et
al., 2004). In the current model, both modules
positively regulate defense responses (Berriri et al.,
2012; Kong et al., 2012; Pitzschke et al., 2009;
Rasmussen et al., 2012; Su et al., 2013; Zhang et
al., 2012; Zhao et al., 2014). However, the
molecular link between the PRRs and these MAPK
pathways remains to be elucidated. Regarding
MPK1, MPK11 and MPK13, their upstream
MAPKKs and MAPKKKs have not been identified
yet. Besides, mpk1, mpk11 and mpk13 mutants do
not show altered resistance to a bacterial pathogen
suggesting a functional redundancy among the
MAPKs and does not preclude yet the identification
of their roles in plant immunity (Nitta et al., 2014).
MPK3, MPK4 and MPK6 phosphorylate specific and
redundant substrates to control many cellular
responses. For example, the ET-related ERF104 is
specifically targeted by MPK6 (Bethke et al., 2009),
while ACS2 and ACS6 are phosphorylated by both
MPK3 and MPK6 (Han et al., 2010; Liu and Zhang,
2004). The number of identified substrates is
constantly growing, highlighting the importance of
MAPKs during MTI. Additionally, MAPKs also play
important roles in abiotic stresses and development
(Colcombet and Hirt, 2008; Rodriguez et al., 2010).

Activation of protein kinases
Besides the very rapid auto- and transphosphorylation reactions at the level of the
receptor complexes, other protein kinases get
activated in a matter of minutes and most of these
belong to the CDPK and MAPK protein kinases and
are key elements in regulating defense at the level
of the transcriptional and metabolic responses
(Boudsocq et al., 2010; Frei dit Frey et al., 2014;
Lassowskat et al., 2014).
Among the CDPKs, CPK4, 5, 6 and 11 are rapidly
activated upon flg22 signaling (Boudsocq et al.,
2010) and were shown to regulate ROS production
via phosphorylation of NADPH oxidase RBOHD,
transcriptional reprogramming and resistance to the
bacterial pathogen Pseudomonas syringae pv
tomato DC3000 (Pst DC3000) (Boudsocq et al.,
2010; Romeis and Herde, 2014). CDPK substrates
include the important regulators RBOHD and ACS2
(Boudsocq and Sheen, 2013; Dubiella et al., 2013;
Kamiyoshihara et al., 2010; Schulz et al., 2013).
Another important CDPK seems to be CPK28, as
loss of function cpk28 mutant accumulates high
levels of the plasma membrane associated
cytoplasmic kinase BIK1 and exhibits strong MAMPtriggered responses (Monaghan et al., 2014).
CPK28 is genetically upstream of the MAMPtriggered Ca2+ burst and negatively regulates BIK1
by phosphorylation that marks it for ubiquitination
and subsequent degradation (Monaghan et al.,
2015).

Role of hormones in MTI signaling
In response to infection by biotrophic and
hemibiotrophic pathogens, salicylic acid (SA) plays
a pivotal role in plant defense by regulating its
downstream components. Elevated levels of SA
cause nuclear accumulation of NPR1 (SA receptor),
which is subsequently degraded to mediate
systemic acquired resistance (SAR) (Vlot et al.,
2009; Wu et al., 2012). SA is also associated with
the accumulation of antimicrobial pathogenesisrelated (PR) proteins (Moore et al., 2011). MPK3
and to a lesser extent MPK6 have been proposed to
play an important role in SA-mediated priming and
enhancing defense gene activation and resistance
(Beckers et al., 2009). On the other hand, the MPK4
cascade negatively regulates SA signaling and
mutants of this cascade exhibit SA accumulation,
constitutive pathogenesis-related gene expression
and SAR (Petersen et al., 2000). In the case of
necrotrophic pathogen infections, JA and ET are
induced. The two tobacco orthologs of MAPKs,
WIPK and SIPK, regulate the levels of JA in
wounded tobacco plants (Seo et al., 2007). Both
MAPKs are required but not sufficient to induce JA
production (Kim et al., 2003). MKK3 and MPK6

MAMP/DAMP perception activates a number of
MAPKs, including the following members of the
gene family of 20 MAPKs MPK1, 3, 4, 6, 11 and 13
(Bethke et al., 2012; Nitta et al., 2014; Nuhse et al.,
2000; Zipfel et al., 2006). MAPK kinase kinases
(MAPKKKs), MAPK kinases (MAPKKs) and MAPKs
constitute functional signaling modules. Two
signaling modules have been defined to date upon
MAMP perception, namely MKK4/MKK5-MPK3/
MPK6 (Asai et al., 2002; Ren et al., 2002) and
MEKK1-MKK1/MKK2-MPK4 (Berriri et al., 2012;
Gao et al., 2008; Hadiarto et al., 2006; Huang et al.,
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negatively regulate AtMYC2 in both JA-dependent
gene expression and inhibition of root growth, which
indicates a possible role for the MKK3-MPK6
cascade in JA signal transduction (Takahashi et al.,
2007). Moreover, it has been found that mpk4
mutant plants are defective in inducing JA and ET
defense marker genes such as PDF1.2 in response
to JA. MPK4 positively regulates JA/ET-inducible
gene responses through the defense regulators
EDS1 and PAD4 independently of its negative
regulation of SA biosynthesis (Kong et al., 2012;
Petersen et al., 2000). Thus, MPK4 is proposed to
be required for the balance between SA and JA/ET
related defense (Brodersen et al., 2006).

(Hogenhout et al., 2009). Many effectors are
proteins that are injected into plant host cells
through bacterial type III secretion systems (T3SS)
(Feng and Zhou, 2012; Hann et al., 2010; Lohou et
al., 2013). The genomes of plant pathogens may
contain a considerable number of effectors, as
evidenced from analysis of the model bacterial
pathogen P. syringae that contains between 30 - 50
genes coding for effector proteins (Buell et al.,
2003). A significant number of effectors target
components of PRR immune complexes or the
downstream signaling cascades (Feng and Zhou,
2012; Mukhtar et al., 2011). For instance, the P.
syringae effector HopAI1, a phosphothreonine
lyase, directly targets and inactivates MPK3, MPK4
and MPK6 by dephosphorylating these kinases
(Zhang et al., 2007). The HopF2 effector inactivates
MKK5 and probably other MKKs to inhibit MAPK
signaling to suppress downstream defense
responses (Wang et al., 2010). Another effector,
HopAO1, a protein tyrosine phosphatase targets the
phosphorylation on a specific tyrosine residue on
the PRR EFR (Y836) (and also probably FLS2) to
inhibit ligand-induced activation of the PRR and
suppresses the subsequent immune response
(Espinosa et al., 2003) (Macho et al., 2014). The
effector AvrB was also reported to regulate hormone
signaling by inducing MPK4 phosphorylation thus
enhancing plant susceptibility (Cui et al., 2010). An
alternative way to suppress immunity is by targeting
components upstream of MAPKs by pathogen
effectors such as the MAMP receptors FLS2, EFR,
and CERK1 by AvrPto and AvrPtoB, by inhibiting
BAK1 kinase activity via interaction with AvrPtoB, or
by cleaving and uridylylating BIK1 by AvrPphB and
AvrAC to inhibit MTI signaling (Meng and Zhang,
2013). The Agrobacterium T-DNA associated
virulence protein VirE2 together with the host cell
transcription factor VIP1 binds to the nuclear import
machinery to transfer the T-DNA to the nucleus. For
this process to occur, VIP1 needs to be
phosphorylated by MPK3 to translocate from the
cytoplasm to the nucleus. The bacterial VirF effector
contains an F-box motif and targets VirE2 and VIP1
for proteosomal degradation (Djamei et al., 2007;
Tzfira et al., 2004). Plant pathogens not only
produce protein effectors, but also small molecules,
such as the polyketide coronatine, which structurally
and functionally mimics the active plant hormone
conjugate JA-isoleucine (JA-Ile). Coronatine is
secreted by several pathovars of P. syringae and
contributes to virulence by antagonizing SAmediated host responses (Weiler et al., 1994; Xin
and He, 2013). However, yet another strategy is the
production of small RNAs to hijack the plant RNA

Reprogramming of gene expression
MAMPs/DAMPs trigger a massive and dynamic
reprogramming of plant genome expression.
Several thousand genes are affected by flg22
perception (Denoux et al., 2008). Transcriptional
reprogramming of defense hormone signaling as
well as the synthesis of antimicrobial compounds
becomes apparent after 1 hour (Tsuda et al., 2009).
Later, genes mainly involved in SA-mediated
secretory processes and senescence are
prominently affected (Denoux et al., 2008). The
chloroplast resident calcium-sensing receptor (CAS)
acts upstream of SA accumulation and is involved in
MAMP-induced expression of defense genes while
also suppressing chloroplast gene expression thus
allowing chloroplast mediated transcriptional
reprogramming in cytoplasmic-nuclear plant
immune responses (Nomura et al., 2012).
Numerous transcription factors are thus involved in
plant immunity (Alves et al., 2013; Ambawat et al.,
2013; An and Mou, 2013; Eulgem and Somssich,
2007; Gatz, 2013; Gutterson and Reuber, 2004;
Nuruzzaman et al., 2013; Pandey and Somssich,
2009; Puranik et al., 2012). In addition, it is
becoming more and more clear that chromatin
remodelers and modifiers also contribute strongly to
transcriptional regulation of defense (Berr et al.,
2012; Dowen et al., 2012; Ma et al., 2011; Yu et al.,
2013).
Signaling in ETI
Effectors and R proteins
Effectors are molecules produced by plant
pathogens and function as virulence factors to
mediate infection of specific plant species or
varieties. These molecules can be proteins, nucleic
acids, carbohydrates or metabolites. Effectors can
have different effects such as inhibiting MTI or ETI
and can be secreted either into the extracellular
matrix or directly delivered into the plant cell
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interference (RNAi) machinery, as recently shown
for Botrytis cinerea via the host protein AGO1, which
in turn silences host immunity genes (Weiberg et al.,
2013).

endomembranes and nuclei both in healthy and
AvrRps4-triggered tissues (Wirthmueller et al.,
2007). Like all TIR-type NB-LRRs, RPS4 requires
interaction with the basal defense regulator
enhanced disease susceptibility 1 (EDS1), a lipaselike protein, to activate ETI, and a coordinated
nucleo-cytoplasmic partitioning of EDS1-RPS4
complex is necessary to trigger the full set of
immune responses (Bhattacharjee et al., 2011;
Heidrich et al., 2011). In fact, forced nuclear
localization of the AvrRps4 effector is sufficient to
induce RPS4-mediated bacterial growth inhibition
but hinders RPS4-mediated HR, while forced
cytoplasmic localization of AvrRps4 decreases
RPS4-mediated bacterial growth inhibition but only
moderately reduces RPS4-mediated HR (Heidrich
et al., 2011). These results suggest that a single
NLR may activate distinct signaling pathways in the
cytoplasm and nucleus and that cell death and the
restriction of pathogen growth are two separate
phenotypes. Recognition of the bacterial effector
proteins AvrB and AvrRpm1 occurs via RPM1, a
CC-NB-LRR (Grant et al., 1995). RPM1 is plasma
membrane-localized in both the inactive and active
forms (Boyes et al., 1998; Gao et al., 2011) and in
this case nuclear re-localization is not required for
RPM1-mediated defense responses or the induction
of HR (Gao et al., 2011), suggesting that ETI
signaling can function by different mechanisms.

Plant R proteins are intracellular receptors that
detect the presence of pathogen effectors in the
host cell. Most of them are nucleotide-binding
domain and leucine-rich repeat (NB-LRR or NLR)
proteins (Jacob et al., 2013; Maekawa et al., 2011;
Qi and Innes, 2013). Briefly, NLR proteins are
divided into two groups depending on their Nterminal structures: CNL (CC-NB-LRR) with an Nterminal coiled-coil domain and TNL (TIR-NB-LRR)
with an N-terminal Toll/interleukin-1 receptor domain
(TIR). Some NLRs contain domains termed
integrated decoys that recognize effectors from
pathogens. These were found in multiple plant
families indicating their functional significance and
conservation. Across plant lineages, domains
already known to be implicated in pathogen defense
such as in the case of RIN4, NPR1 and Zinc Finger
BED type protein (ZBED) have been integrated into
NLR proteins (Kroj et al., 2016; Sarris et al., 2016).
They can have different sub-cellular localizations
(plasma membrane-associated, cytosolic, nuclear,
etc.) and intracellular shuttling is important for some
NLR proteins to fulfill their functions (Dowen et al.,
2009; Garcia et al., 2010; Wirthmueller et al., 2007).
An accumulation of plant NLRs leads to
autoimmunity and so NLR homeostasis is tightly
regulated at multiple levels (Huang et al., 2016;
Kadota et al., 2010; Shirasu, 2009; Takken and
Goverse, 2012). R proteins detect pathogen
effectors in three possible ways, either through
direct physical interaction (Dodds and Rathjen,
2010) or by sensing effector-induced modification of
other plant proteins termed as the guardee/decoy
model (Dangl and Jones, 2001; van der Hoorn and
Kamoun, 2008) or via a third method termed the
integrated decoy model where in the R proteins
have incorporated a decoy domain into their
structure (Cesari et al., 2014). They are thought to
be auto-inhibited and activated upon ligand binding.
LRR domains mostly seem to be responsible for
effector recognition, while the TIR or CC domains
function in signal transduction (Qi and Innes, 2013)
(Figure1).

RPS2 and RPM1 are two plasma membraneassociated CC-NB-LRRs. In their case, the
signaling mechanisms are well documented. Using
inhibitors, RPS2- and RPM1-mediated signaling
was shown to depend on the sequential production
of PA by PLC/DGK and the influx of extracellular
Ca2+ followed by production of ROS and PA via PLD
(Andersson et al., 2006). The influx of extracellular
and release of internal Ca2+ then results in a
complex system of CDPK activations (Gao et al.,
2013). The immune response is orchestrated by
defense gene expression via phosphorylation of the
WRKY8/28/48 transcription factors by CPK4/5/6/11,
the induction of ROS production through
phosphorylation of the NADPH oxidases RBOHD
and F by CPK1/2/4/11. ETI mediated by RPS2 and
RPM1 was also shown to be reduced in a calciumsensing receptor (CAS) mutant, as revealed by
reduced ROS and NO production and a delayed
and suppressed HR cell death and demonstrating
the role of chloroplast signaling in these NLRtriggered responses (Nomura et al., 2012). The
contribution of the SA, JA and ET hormone
pathways in ETI was estimated by measuring the
relative growth of Pst DC3000 strains expressing

Signaling mechanisms by some NLRs
The mechanism of effector recognition is now
known for a number of NB-LRR-effector pairs. The
P. syringae type III effector AvrRps4 is recognized
by the TIR-NB-LRR receptor RPS4 (Gassmann et
al., 1999). RPS4 distributes between
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either of the effectors AvrRpt2, AvrRpm1 or
AvrPphB, which are recognized by the CC-NBLRRs RPS2, RPM1 and RPS5, respectively (Tsuda
et al., 2009). While the absence of individual
phytohormone signaling pathways had no dramatic
effect on the ETI response, the defense responses
decreased by up to 80% in the combined absence
of the SA, JA and ET signaling pathways. These
results demonstrate the overlapping contributions of
SA, JA and ET signaling pathways in NLR-mediated
immune responses but also the variability in
phytohormone-dependency of different NLRs to
trigger defenses. (Tao et al., 2003).

isoform lambda protein which may positively
regulate RPW8.2 (Yang et al., 2009). 14-3-3
proteins were also shown to be involved in ETI in
other systems (Oh and Martin, 2011; Oh et al.,
2010; Teper et al., 2014).
Observations going beyond the MTI-ETI model
The strict separation of MTI and ETI results in the
assumption that MAMPs are very conserved
molecules that are widely detected while effectors
are variable and only sensed by specific hosts.
However, accumulating evidences suggest that the
story of MAMPs and effectors is more complicated.
The disappearing boundaries differentiating MTI-ETI
and the concept of invasion model of plant immune
system were put forth by Thomma and co-workers
(Cook et al., 2015; Thomma et al., 2011).

Besides the signaling mechanisms described
above, other signaling routes are observed in the
case of several TIR-NB-LRRs. Indeed, some TIRNB-LRR-interacting proteins such as EDS1,
suppressor of rps4-RLD1 (SRFR1) and Toplessrelated 1 (TPR1) probably represent signaling
complexes that act as transcriptional regulators
(Bhattacharjee et al., 2013; Bhattacharjee et al.,
2011; Kim et al., 2014b; Zhu et al., 2010).
Interestingly, chromatin regulation also seems to
contribute to transcription regulation in ETI as seen
for example by the histone deacetylase 19 (HDA19)
that forms a complex with TPR1 (Ma et al., 2011;
Zhu et al., 2010). Some CC-NB-LRRs also interact
with transcription factors, such as the activated
barley (Hordeum vulgare) MLA10 which induces
MYB6-dependent gene regulation and the rice Pb1
which interacts with WRKY45 to prevent its
ubiquitin-proteasome degradation (Bhattacharjee et
al., 2013; Chang et al., 2013; Inoue et al., 2013). It
thus seems that direct R gene-mediated
transcriptional regulation might in some cases also
be at the heart of ETI.

Effectors and R proteins with broader scopes
Recently, it has become apparent that many effector
proteins have a more widespread occurrence, which
would equally qualify them as MAMPs. A good
example is the necrosis and ET-inducing peptide 1
(Nep1) that was originally identified from Fusarium
oxysporum (Bailey, 1995). Moreover, various Nep1like proteins (NLPs) are encoded by bacteria, fungi
and oomycetes and positively contribute to virulence
of these pathogens (Gijzen and Nurnberger, 2006;
Ottmann et al., 2009). Interestingly, a conserved
amino acid motif was recently identified in NLPs that
serves as a potent MAMP (Bohm et al., 2014b;
Oome et al., 2014), thereby NLPs fulfill all the
criteria for being effectors and MAMPs. Another
example is BcSpl1, an effector protein required for
full virulence of the necrotrophic fungus Botrytis
cinerea (Frias et al., 2014; Frias et al., 2011). Two
conserved peptide stretches of BcSpl1 can induce
host defense and cell death. Since the two
conserved regions are present in all BcSpl1 family
members and belong to a highly conserved protein
effector family in fungi, BcSpl1 can be classified as
an effector and also as a MAMP (Frias et al., 2014).
The Pseudomonas syringae pv. phaseolicola protein
HrpZ1 has the ability to form ion-conducting pores
and these pores have been proposed to facilitate
delivery of effectors into the plant, thus functioning
as a virulence factor that affects host membrane
integrity. HrpZ1, especially the C-terminal fragment,
is a MAMP that triggers MTI-like responses in a
variety of plants, thus exhibiting a dual role in plant
immunity during infection (Engelhardt et al., 2009).
Yet another example of a fungal effector that also
behaves as a MAMP is the well characterized LysM
effector Ecp6 (extra cellular protein 6). Ecp6
interferes with chitin-triggered activation of host

Signaling mechanisms by RPW8.2
Resistance to powdery mildew (Golovinomyces
orontii) requires the atypical R gene RPW8.2
(resistance to powdery mildew 8.2). Although
RPW8.2 shows no similarity to other NLRs, RPW8.2
also requires EDS1 to induce HR and as well as SA,
PAD4, EDS5 and NPR1 (Xiao et al., 2005). Upon
infection by Golovinomyces orontii, the transcription
of RPW8.2 is strongly induced and RPW8.2 protein
is carried on VAMP721/722 vesicles to the
extrahaustorial membrane (EHM) independently of
SA signaling (Kim et al., 2014a; Wang et al., 2009).
RPW8.2 activates an EDS1 and SA signalingdependent defense process that concomitantly
enhances callose deposition and accumulation of
H2O2 at the haustorial interface (Wang et al., 2009).
In addition, RPW8.2 interacts with the 14-3-3
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immune responses by sequestering chitin fragments
thereby qualifying as an effector. Interestingly, Ecp6
also competes with the plant LysM domaincontaining chitin receptor CEBiP for binding chitin
fragments. Ecp6 is found in all strains of
Cladosporium fulvum with very little sequence
variation. The widespread occurrence and functional
conservation of LysM effectors is reminiscent of
MAMPs and qualifies them to be designated as
MAMPs (de Jonge and Thomma, 2009; de Jonge et
al., 2010; Thomma et al., 2011).

pathogen Xanthomonas campestris pv. campestris
(Xcc) correlates with its pathovar-dependent
potential of defense response induction (Sun et al.,
2006). Similarly, R. solanacearum strain K60 and
Pseudomonas cannabina pv. alisalensis (Pcal )
strain ES4326 show convincing correlations
between their respective flg22 epitope sequence
variations and the induced immune responses
(Clarke et al., 2013; Pfund et al., 2004). Additional
evidence comes from the analysis of the evolution
of the flagellin sequences in natural populations of
P. syringae pathovars. Here, the variation of the
flg22 epitope sequences clearly indicated the
evolution of the pathogenic potential to escape
MAMP detection. Moreover, a second, 28-amino
acid immunogenic region of flagellin, termed flgII-28,
induced defense responses in tomato, and both the
flg22 and flgII-28 peptides contribute to the ROS
burst (Cai et al., 2011). Interestingly, the flgII-28
epitope induced immune responses in various
solanaceous species but not in a variety of plants
from five other families, suggesting that the
perception system for the flgII-28 epitope is a rather
recent specific achievement of solanaceae (Clarke
et al., 2013). The recent characterization of the
orthologous grape flagellin receptor VvFLS2
indicates that the flagellin encoded by a grapeadapted, plant growth-promoting rhizobacterium
(PGPR), Burkholderia phytofirmans, elicits a weaker
immune response on grape compared with flg22,
which is specifically conditioned by the VvFLS2
receptor (Trda et al., 2014).

Along the same line, R genes have been mostly
thought of being receptors with specificity to a
particular pathosystem. However, the NLR Rxo1 of
maize not only confers resistance to Burkholderia
andropogonis, the causal agent of maize stripe
disease, but also to the unrelated bacterial rice
pathogen Xanthomonas oryzae pv. oryzicola, which
triggers ETI upon recognition of the type III effector
protein AvrRxo (Zhao et al., 2004). Similarly, the
physically linked NLR pair RRS1 and RPS4 confers
resistance to Brassicaceae to the fungal pathogen
Colletotrichum higginsianum, the broad-host range
bacterial wilt pathogen Ralstonia solanacearum, and
the bacterial pathogen P. syringae (Narusaka et al.,
2009). In another example, the NLR immune
receptor of tomato Mi-1.2 confers resistance to
phloem-feeding insects as well as root-knot
nematodes (Rossi et al., 1998; Vos et al., 1998). In
a screen of 171 predicted bacterial effectors from
Pseudomonas, Ralstonia, and Xanthomonas
expressed in 59 plants from four plant families, it
was found that each plant responded to an average
of 19 effectors. Interestingly, the necrotic response
to an effector was generally not taxonomically
defined (Wroblewski et al., 2009). Taken together,
these examples demonstrate that resistance
conferred by NLR immune receptors is not
necessarily restricted to a single pathosystem.
Although some NLRs may directly perceive
effectors, broadly detected effectors are likely
perceived indirectly because they induce DAMPs or
modify host targets that are guarded by R proteins
(the guard model) (Van der Biezen and Jones,
1998). Nevertheless, broad detection of effectors by
NLRs is conceptually similar to MAMP recognition
by PRRs.

Correlatively, variation for flagellin perception is also
conditioned by variation in the plant receptor FLS2
(Gomez-Gomez and Boller, 2000). The Arabidopsis
thaliana accession Ws-0 does not respond to flg22
nor does it contain a functional FLS2 allele as it
carries a point mutation that results in a stop codon
in the kinase domain of FLS2 (Bauer et al., 2001;
Zipfel et al., 2004), and genotypes in closely related
Arabidopsis lyrata, Cardamine hirsuta, and
additional Brassicaceae species do not bind the
flg22 epitope (Vetter et al., 2012). The tomato and
Nicotiana benthamiana orthologs of AtFLS2 display
species-specific, receptor-dependent variation for
flagellin perception (Robatzek et al., 2007).
Protease activated immune signaling
The bacterial pathogen Pseudomonas aeruginosa
strain P14 secretes a PvdS-regulated lysyl class
serine protease (protease IV) that elicits a strong
immune response comparable to the response
elicited by flg22 in terms of the activation of MPK3
and MPK6 but not MPK4, oxidative burst,

MAMPs and PRRs with reduced scopes
Conversely for MAMPs and PRRs, purified flagella
and flg22 can induce immune responses in many
different plant species, but with different efficiencies
(Felix et al., 1999). The naturally occurring variation
in the flagellin amino acid sequences of the bacterial
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expression of defense related genes and protects
Arabidopsis plants from Pst DC3000 infection. The
activation of MAPKs in response to protease IV
requires the Gα, Gβ and Gγ subunits of the
heterotrimeric G-protein complexes. The receptor
activated C kinase 1 (RACK1) acts as a scaffold
and connects G-protein signaling to the downstream
MAPK cascade. This module, involving the
protease-G-protein-RACK1-MAPK cascades, forms
a novel protease mediated immune signaling
pathway distinct from the ones previously described
(Cheng et al., 2015).

Signaling by the three phytohormones SA, JA and
ET has shown to be activated in some cases of both
MTI as well as ETI (Tsuda and Katagiri, 2010; Tsuda
et al., 2009). A positive role for the three hormones
in flg22-triggered immunity (MTI) and AvrRpt2triggered immunity (ETI) was demonstrated using
an Arabidopsis dde2/ein2/pad4/sid2 quadruple
mutant, which is a loss of function mutant of
essential components involved in JA, ET and SA
signaling. This again reinforces the fact that MTI
and ETI share common signaling networks but use
them in specific circumstances.

Signaling similarities in MTI and ETI
While MTI employs a core set of signaling events,
ETI does not seem to be mediated by such a core
set of signaling components. Rather, and dependent
on the activated R protein, different subsets of
signaling elements are solicited which nonetheless
finally result in an efficient immune response. In
addition to sharing a number of similar events
between MTI and ETI, such as the production of
ROS via the NADPH oxidase RBOHD, a calcium
burst, the synthesis of PA and NO, MTI and ETI also
employ common signaling pathways, as exemplified
by the MAPK and CDPK cascades.

The transcriptional reprogramming integrates a
large part of the upstream signaling inputs mediated
mainly by the protein kinases and allows the
implementation of induced defense mechanisms. It
is dynamically regulated and it involves numerous
transcription factors and chromatin regulators
(Moore et al., 2011). Importantly, the differentially
expressed genes during MTI and ETI are identical,
but differ in quantity and kinetics (Tao et al., 2003).
The stronger response in ETI suggests that ETI
employs some of the same signaling components
as MTI but results in higher expression of its target
genes. Considering the hypothesis of MTI having
evolved before ETI, these observations imply that
ETI acquired R proteins during the course of
evolution while adopting several signaling
components of the MTI pathway (Tsuda and
Katagiri, 2010).

Before R protein-mediated signaling can occur in
ETI, first the R proteins need to detect the presence
of the effector. Several reports indicate that effectors
injected by P. syringae are detected in plant cells
(Arabidopsis, tobacco, tomato) 2 to 3 h postinoculation (Mudgett and Staskawicz, 1999;
Schechter et al., 2004). These results are consistent
with another pathosystem, Xanthomonas
campestris pv. vesicatoria/pepper plants (CasperLindley et al., 2002). These results as well as the
comparison of ROS burst in Arabidopsis leaves with
live Pseudomonas and flg22 elicitation (Smith and
Heese, 2014) indicate that ETI may be initiated
rapidly during the infection process and that MTI
and ETI probably occur very close in time.
However, in contrast to the transient MAPK
activation in MTI, induction of the expression of
effectors by estradiol-inducible promoters resulted in
the activation of MPK3 and MPK6 for several hours
(Tsuda et al., 2013). Interestingly, Qi et al. showed
that FLS2 can form a complex with the R proteins
RPS2, RPM1 and RPS5 which are all plasma
membrane-localized CC-NB-LRRs (Qi et al., 2011).
The biological significance of this MTI-ETI receptor
R protein complex is however currently not known
but the existence of such a complex due to the
possibility of several shared components between
MTI and ETI is not far fetched.

Conclusions
Plant defense against pathogens is based on both
preformed and induced defenses. Preformed
defenses hinder pathogen entry and are among the
main contributors to non-host resistance. Induced
defenses are activated after perception of invading
pathogens via two classically separate routes, MTI
and ETI. Pathogen perception that leads to MTI is
mediated by recognition of MAMPs by PRRs,
whereby ETI recognizes effectors by intracellular R
proteins. Although the MTI-ETI model constitutes an
important and useful concept, the separation
between MAMPs and effectors, and between PRRs
and R proteins is not always so clear, and thus the
dichotomy of MTI-ETI cannot be maintained but is
rather a continuum between MTI and ETI.
Acknowledgements
All authors contributed to this work. HA, JB, NR and
HH wrote the article and JB, JC and HH revised the
work. We would like to thank Carlos Xavier Pita
from KAUST for help with scientific illustrations. We

!47

The MTI-ETI Model and Beyond

Alhoraibi et al.

would like to apologize for not citing several
research articles because of space limitations. The
work by NR, HA and HH is supported from funds
which are made available to HH by KAUST. The
IPS2 benefits from the support of the LabEx Saclay
Plant Sciences-SPS (ANR-10-LABX-0040-SPS).

Beckers, G.J., Jaskiewicz, M., Liu, Y., Underwood,
W.R., He, S.Y., Zhang, S., and Conrath, U.
(2009). Mitogen-activated protein kinases 3 and 6
are required for full priming of stress responses in
Arabidopsis thaliana. The Plant cell 21, 944-953.
doi: 10.1105/tpc.108.062158.
Berr, A., Menard, R., Heitz, T., and Shen, W.H.
(2012). Chromatin modification and remodelling: a
regulatory landscape for the control of Arabidopsis
defence responses upon pathogen attack.
Cellular microbiology 14, 829-839. doi: 10.1111/j.
1462-5822.2012.01785.x.
Berriri, S., Garcia, A.V., Frei dit Frey, N., Rozhon,
W., Pateyron, S., Leonhardt, N., Montillet, J.L.,
Leung, J., Hirt, H., and Colcombet, J. (2012).
Constitutively active mitogen-activated protein
kinase versions reveal functions of Arabidopsis
MPK4 in pathogen defense signaling. The Plant
cell 24, 4281-4293. doi: 10.1105/tpc.112.101253.
Bethke, G., Pecher, P., Eschen-Lippold, L., Tsuda,
K., Katagiri, F., Glazebrook, J., Scheel, D., and
Lee, J. (2012). Activation of the Arabidopsis
thaliana mitogen-activated protein kinase MPK11
by the flagellin-derived elicitor peptide, flg22.
Molecular plant-microbe interactions : MPMI 25,
471-480. doi: 10.1094/mpmi-11-11-0281.
Bethke, G., Unthan, T., Uhrig, J.F., Poschl, Y., Gust,
A.A., Scheel, D., and Lee, J. (2009). Flg22
regulates the release of an ethylene response
factor substrate from MAP kinase 6 in Arabidopsis
thaliana via ethylene signaling. Proceedings of the
National Academy of Sciences of the United
States of America 106, 8067-8072. doi: 10.1073/
pnas.0810206106.
Bhattacharjee, S., Garner, C.M., and Gassmann, W.
(2013). New clues in the nucleus: transcriptional
reprogramming in effector-triggered immunity.
Frontiers in plant science 4, 364. doi: 10.3389/
fpls.2013.00364.
Bhattacharjee, S., Halane, M.K., Kim, S.H., and
Gassmann, W. (2011). Pathogen effectors target
Arabidopsis EDS1 and alter its interactions with
immune regulators. Science (New York, NY) 334,
1405-1408. doi: 10.1126/science.1211592.
Bigeard, J., Colcombet, J., and Hirt, H. (2015).
Signaling mechanisms in pattern-triggered
immunity (PTI). Molecular plant 8, 521-539. doi:
10.1016/j.molp.2014.12.022.
Bohm, H., Albert, I., Fan, L., Reinhard, A., and
Nurnberger, T. (2014a). Immune receptor
complexes at the plant cell surface. Current
opinion in plant biology 20, 47-54. doi: 10.1016/
j.pbi.2014.04.007.
Bohm, H., Albert, I., Oome, S., Raaymakers, T.M.,
Van den Ackerveken, G., and Nurnberger, T.

References
Alves, M.S., Dadalto, S.P., Goncalves, A.B., De
Souza, G.B., Barros, V.A., and Fietto, L.G. (2013).
Plant bZIP transcription factors responsive to
pathogens: a review. International journal of
molecular sciences 14, 7815-7828. doi: 10.3390/
ijms14047815.
Ambawat, S., Sharma, P., Yadav, N.R., and Yadav,
R.C. (2013). MYB transcription factor genes as
regulators for plant responses: an overview.
Physiology and molecular biology of plants : an
international journal of functional plant biology 19,
307-321. doi: 10.1007/s12298-013-0179-1.
An, C., and Mou, Z. (2013). The function of the
Mediator complex in plant immunity. Plant
signaling and behavior 8, e23182. doi: 10.4161/
psb.23182.
Andersson, M.X., Kourtchenko, O., Dangl, J.L.,
Mackey, D., and Ellerstrom, M. (2006).
Phospholipase-dependent signalling during the
AvrRpm1- and AvrRpt2-induced disease
resistance responses in Arabidopsis thaliana. The
Plant journal : for cell and molecular biology 47,
947-959. doi: 10.1111/j.1365-313X.2006.02844.x.
Arbona, V., and Gomez-Cadenas, A. (2015).
Metabolomics of Disease Resistance in Crops.
Current issues in molecular biology 19, 13-30.
Asai, T., Tena, G., Plotnikova, J., Willmann, M.R.,
Chiu, W.L., Gomez-Gomez, L., Boller, T., Ausubel,
F.M., and Sheen, J. (2002). MAP kinase signalling
cascade in Arabidopsis innate immunity. Nature
415, 977-983. doi: 10.1038/415977a.
Bailey, B. (1995). Purification of a protein from
culture filtrates of Fusarium oxysporum that
induces ethylene and necrosis in leaves of
Erythroxylum coca. Phytopathology 1250-55.
Bauer, Z., Gomez-Gomez, L., Boller, T., and Felix,
G. (2001). Sensitivity of different ecotypes and
mutants of Arabidopsis thaliana toward the
bacterial elicitor flagellin correlates with the
presence of receptor-binding sites. The Journal of
biological chemistry 276, 45669-45676. doi:
10.1074/jbc.M102390200.
Baxter, A., Mittler, R., and Suzuki, N. (2014). ROS
as key players in plant stress signalling. Journal of
experimental botany 65, 1229-1240. doi: 10.1093/
jxb/ert375.

!48

The MTI-ETI Model and Beyond

Alhoraibi et al.

(2014b). A conserved peptide pattern from a
widespread microbial virulence factor triggers
pattern-induced immunity in Arabidopsis. PLoS
pathogens 10, e1004491. doi: 10.1371/
journal.ppat.1004491.
Boller, T., and Felix, G. (2009). A renaissance of
elicitors: perception of microbe-associated
molecular patterns and danger signals by patternrecognition receptors. Annual review of plant
biology 60, 379-406. doi: 10.1146/annurev.arplant.
57.032905.105346.
Boudsocq, M., and Sheen, J. (2013). CDPKs in
immune and stress signaling. Trends in plant
science 18, 30-40.
Boudsocq, M., Willmann, M.R., McCormack, M.,
Lee, H., Shan, L., He, P., Bush, J., Cheng, S.H.,
and Sheen, J. (2010). Differential innate immune
signalling via Ca(2+) sensor protein kinases.
Nature 464, 418-422. doi: 10.1016/j.tplants.
2012.08.008.
Boyes, D.C., Nam, J., and Dangl, J.L. (1998). The
Arabidopsis thaliana RPM1 disease resistance
gene product is a peripheral plasma membrane
protein that is degraded coincident with the
hypersensitive response. Proceedings of the
National Academy of Sciences of the United
States of America 95, 15849-15854.
Brodersen, P., Petersen, M., Bjorn Nielsen, H., Zhu,
S., Newman, M.A., Shokat, K.M., Rietz, S.,
Parker, J., and Mundy, J. (2006). Arabidopsis
MAP kinase 4 regulates salicylic acid- and
jasmonic acid/ethylene-dependent responses via
EDS1 and PAD4. The Plant journal : for cell and
molecular biology 47, 532-546. doi: 10.1111/j.
1365-313X.2006.02806.x.
Buell, C.R., Joardar, V., Lindeberg, M., Selengut, J.,
Paulsen, I.T., Gwinn, M.L., Dodson, R.J., Deboy,
R.T., Durkin, A.S., Kolonay, J.F., et al. (2003). The
complete genome sequence of the Arabidopsis
and tomato pathogen Pseudomonas syringae pv.
tomato DC3000. Proceedings of the National
Academy of Sciences of the United States of
America 100, 10181-10186. doi: 10.1073/pnas.
1731982100.
Cai, R., Lewis, J., Yan, S., Liu, H., Clarke, C.R.,
Campanile, F., Almeida, N.F., Studholme, D.J.,
Lindeberg, M., Schneider, D., et al. (2011). The
plant pathogen Pseudomonas syringae pv. tomato
is genetically monomorphic and under strong
selection to evade tomato immunity. PLoS
pathogens 7, e1002130. doi: 10.1371/
journal.ppat.1002130.
Casper-Lindley, C., Dahlbeck, D., Clark, E.T., and
Staskawicz, B.J. (2002). Direct biochemical
evidence for type III secretion-dependent

translocation of the AvrBs2 effector protein into
plant cells. Proceedings of the National Academy
of Sciences of the United States of America 99,
8336-8341. doi: 10.1073/pnas.122220299.
Cesari, S., Bernoux, M., Moncuquet, P., Kroj, T., and
Dodds, P.N. (2014). A novel conserved
mechanism for plant NLR protein pairs: the
"integrated decoy" hypothesis. Frontiers in plant
science 5, 606. doi: 10.3389/fpls.2014.00606.
Chang, C., Yu, D., Jiao, J., Jing, S., Schulze-Lefert,
P., and Shen, Q.H. (2013). Barley MLA immune
receptors directly interfere with antagonistically
acting transcription factors to initiate disease
resistance signaling. The Plant cell 25, 1158-1173.
doi: 10.1105/tpc.113.109942.
Cheng, Z., Li, J.F., Niu, Y., Zhang, X.C., Woody,
O.Z., Xiong, Y., Djonovic, S., Millet, Y., Bush, J.,
McConkey, B.J., et al. (2015). Pathogen-secreted
proteases activate a novel plant immune pathway.
Nature 521, 213-216. doi: 10.1038/nature14243.
Chinchilla, D., Zipfel, C., Robatzek, S., Kemmerling,
B., Nurnberger, T., Jones, J.D., Felix, G., and
Boller, T. (2007). A flagellin-induced complex of
the receptor FLS2 and BAK1 initiates plant
defence. Nature 448, 497-500. doi: 10.1038/
nature05999.
Chisholm, S.T., Coaker, G., Day, B., and
Staskawicz, B.J. (2006). Host-microbe
interactions: shaping the evolution of the plant
immune response. Cell 124, 803-814. doi:
10.1016/j.cell.2006.02.008.
Clarke, C.R., Chinchilla, D., Hind, S.R., Taguchi, F.,
Miki, R., Ichinose, Y., Martin, G.B., Leman, S.,
Felix, G., and Vinatzer, B.A. (2013). Allelic
variation in two distinct Pseudomonas syringae
flagellin epitopes modulates the strength of plant
immune responses but not bacterial motility. The
New phytologist 200, 847-860. doi: 10.1111/nph.
12408.
Colcombet, J., and Hirt, H. (2008). Arabidopsis
MAPKs: a complex signalling network involved in
multiple biological processes. The Biochemical
journal 413, 217-226. doi: 10.1042/bj20080625.
Cook, D.E., Mesarich, C.H., and Thomma, B.P.
(2015). Understanding plant immunity as a
surveillance system to detect invasion. Annual
review of phytopathology 53, 541-563. doi:
10.1146/annurev-phyto-080614-120114.
Cui, H., Wang, Y., Xue, L., Chu, J., Yan, C., Fu, J.,
Chen, M., Innes, R.W., and Zhou, J.M. (2010).
Pseudomonas syringae effector protein AvrB
perturbs Arabidopsis hormone signaling by
activating MAP kinase 4. Cell host and microbe 7,
164-175. doi: 10.1016/j.chom.2010.01.009.

!49

The MTI-ETI Model and Beyond

Alhoraibi et al.

Dangl, J.L., and Jones, J.D. (2001). Plant
pathogens and integrated defence responses to
i n f e c t i o n . N a t u r e 4 11 , 8 2 6 - 8 3 3 . d o i :
10.1038/35081161.
de Jonge, R., and Thomma, B.P. (2009). Fungal
LysM effectors: extinguishers of host immunity?
Trends in microbiology 17, 151-157. doi: 10.1016/
j.tim.2009.01.002.
de Jonge, R., van Esse, H.P., Kombrink, A., Shinya,
T., Desaki, Y., Bours, R., van der Krol, S.,
Shibuya, N., Joosten, M.H., and Thomma, B.P.
(2010). Conserved fungal LysM effector Ecp6
prevents chitin-triggered immunity in plants.
Science (New York, NY) 329, 953-955. doi:
10.1126/science.1190859.
Denoux, C., Galletti, R., Mammarella, N., Gopalan,
S., Werck, D., De Lorenzo, G., Ferrari, S.,
Ausubel, F.M., and Dewdney, J. (2008). Activation
of defense response pathways by OGs and Flg22
elicitors in Arabidopsis seedlings. Molecular plant
1, 423-445. doi: 10.1093/mp/ssn019.
Djamei, A., Pitzschke, A., Nakagami, H., Rajh, I.,
and Hirt, H. (2007). Trojan horse strategy in
Agrobacterium transformation: abusing MAPK
defense signaling. Science (New York, NY) 318,
453-456. doi: 10.1126/science.1148110.
Dodds, P.N., and Rathjen, J.P. (2010). Plant
immunity: towards an integrated view of plantpathogen interactions. Nature reviews Genetics
11, 539-548. doi: 10.1038/nrg2812.
Dowen, R.H., Engel, J.L., Shao, F., Ecker, J.R., and
Dixon, J.E. (2009). A family of bacterial cysteine
protease type III effectors utilizes acylationdependent and -independent strategies to localize
to plasma membranes. The Journal of biological
chemistry 284, 15867-15879. doi: 10.1074/
jbc.M900519200.
Dowen, R.H., Pelizzola, M., Schmitz, R.J., Lister, R.,
Dowen, J.M., Nery, J.R., Dixon, J.E., and Ecker,
J.R. (2012). Widespread dynamic DNA
methylation in response to biotic stress.
Proceedings of the National Academy of Sciences
of the United States of America 109, E2183-2191.
doi: 10.1073/pnas.1209329109.
Dubiella, U., Seybold, H., Durian, G., Komander, E.,
Lassig, R., Witte, C.P., Schulze, W.X., and
Romeis, T. (2013). Calcium-dependent protein
kinase/NADPH oxidase activation circuit is
required for rapid defense signal propagation.
Proceedings of the National Academy of Sciences
of the United States of America 110, 8744-8749.
doi: 10.1073/pnas.1221294110.
Engelhardt, S., Lee, J., Gabler, Y., Kemmerling, B.,
Haapalainen, M.L., Li, C.M., Wei, Z., Keller, H.,
Joosten, M., Taira, S., et al. (2009). Separable

roles of the Pseudomonas syringae pv.
phaseolicola accessory protein HrpZ1 in ionconducting pore formation and activation of plant
immunity. The Plant journal : for cell and
molecular biology 57, 706-717. doi: 10.1111/j.
1365-313X.2008.03723.x.
Espinosa, A., Guo, M., Tam, V.C., Fu, Z.Q., and
Alfano, J.R. (2003). The Pseudomonas syringae
type III-secreted protein HopPtoD2 possesses
protein tyrosine phosphatase activity and
suppresses programmed cell death in plants.
Molecular microbiology 49, 377-387.
Eulgem, T., and Somssich, I.E. (2007). Networks of
WRKY transcription factors in defense signaling.
Current opinion in plant biology 10, 366-371. doi:
10.1016/j.pbi.2007.04.020.
Farmer, P.K., and Choi, J.H. (1999). Calcium and
phospholipid activation of a recombinant calciumdependent protein kinase (DcCPK1) from carrot
(Daucus carota L.). Biochimica et biophysica acta
1434, 6-17.
Felix, G., Duran, J.D., Volko, S., and Boller, T.
(1999). Plants have a sensitive perception system
for the most conserved domain of bacterial
flagellin. The Plant journal : for cell and molecular
biology 18, 265-276.
Feng, F., and Zhou, J.M. (2012). Plant-bacterial
pathogen interactions mediated by type III
effectors. Current opinion in plant biology 15,
469-476. doi: 10.1016/j.pbi.2012.03.004.
Frei dit Frey, N., Garcia, A.V., Bigeard, J., Zaag, R.,
Bueso, E., Garmier, M., Pateyron, S., de TauziaMoreau, M.L., Brunaud, V., Balzergue, S., et al.
(2014). Functional analysis of Arabidopsis
immune-related MAPKs uncovers a role for MPK3
as negative regulator of inducible defences.
Genome biology 15, R87. doi: 10.1186/
gb-2014-15-6-r87.
Frias, M., Brito, N., Gonzalez, M., and Gonzalez, C.
(2014). The phytotoxic activity of the ceratoplatanin BcSpl1 resides in a two-peptide motif on
the protein surface. Molecular plant pathology 15,
342-351. doi: 10.1111/mpp.12097.
Frias, M., Gonzalez, C., and Brito, N. (2011).
BcSpl1, a cerato-platanin family protein,
contributes to Botrytis cinerea virulence and elicits
the hypersensitive response in the host. The New
phytologist 192, 483-495. doi: 10.1111/j.
1469-8137.2011.03802.x.
Gao, M., Liu, J., Bi, D., Zhang, Z., Cheng, F., Chen,
S., and Zhang, Y. (2008). MEKK1, MKK1/MKK2
and MPK4 function together in a mitogenactivated protein kinase cascade to regulate
innate immunity in plants. Cell research 18,
1190-1198. doi: 10.1038/cr.2008.300.

!50

The MTI-ETI Model and Beyond

Alhoraibi et al.

Gao, X., Chen, X., Lin, W., Chen, S., Lu, D., Niu, Y.,
Li, L., Cheng, C., McCormack, M., Sheen, J., et
al. (2013). Bifurcation of Arabidopsis NLR immune
signaling via Ca(2)(+)-dependent protein kinases.
PLoS pathogens 9, e1003127. doi: 10.1371/
journal.ppat.1003127.
Gao, Z., Chung, E.H., Eitas, T.K., and Dangl, J.L.
(2011). Plant intracellular innate immune receptor
Resistance to Pseudomonas syringae pv.
maculicola 1 (RPM1) is activated at, and functions
on, the plasma membrane. Proceedings of the
National Academy of Sciences of the United
States of America 108, 7619-7624. doi: 10.1073/
pnas.1104410108.
Garcia, A.V., Blanvillain-Baufume, S., Huibers, R.P.,
Wiermer, M., Li, G., Gobbato, E., Rietz, S., and
Parker, J.E. (2010). Balanced nuclear and
cytoplasmic activities of EDS1 are required for a
complete plant innate immune response. PLoS
pathogens 6, e1000970. doi: 10.1371/
journal.ppat.1000970.
Gassmann, W., Hinsch, M.E., and Staskawicz, B.J.
(1999). The Arabidopsis RPS4 bacterialresistance gene is a member of the TIR-NBS-LRR
family of disease-resistance genes. The Plant
journal : for cell and molecular biology 20,
265-277.
Gatz, C. (2013). From pioneers to team players:
TGA transcription factors provide a molecular link
between different stress pathways. Molecular
plant-microbe interactions : MPMI 26, 151-159.
doi: 10.1094/mpmi-04-12-0078-ia.
Gijzen, M., and Nurnberger, T. (2006). Nep1-like
proteins from plant pathogens: recruitment and
diversification of the NPP1 domain across taxa.
Phytochemistry 67, 1800-1807. doi: 10.1016/
j.phytochem.2005.12.008.
Gomez-Gomez, L., and Boller, T. (2000). FLS2: an
LRR receptor-like kinase involved in the
perception of the bacterial elicitor flagellin in
Arabidopsis. Molecular cell 5, 1003-1011.
Gomez-Gomez, L., and Boller, T. (2002). Flagellin
perception: a paradigm for innate immunity.
Trends in plant science 7, 251-256.
Grant, M.R., Godiard, L., Straube, E., Ashfield, T.,
Lewald, J., Sattler, A., Innes, R.W., and Dangl,
J.L. (1995). Structure of the Arabidopsis RPM1
gene enabling dual specificity disease resistance.
Science (New York, NY) 269, 843-846.
Gross, F., Durner, J., and Gaupels, F. (2013). Nitric
oxide, antioxidants and prooxidants in plant
defence responses. Frontiers in plant science 4,
419. doi: 10.3389/fpls.2013.00419.
Gutterson, N., and Reuber, T.L. (2004). Regulation
of disease resistance pathways by AP2/ERF

transcription factors. Current opinion in plant
biology 7, 465-471. doi: 10.1016/j.pbi.
2004.04.007.
Hadiarto, T., Nanmori, T., Matsuoka, D., Iwasaki, T.,
Sato, K., Fukami, Y., Azuma, T., and Yasuda, T.
(2006). Activation of Arabidopsis MAPK kinase
kinase (AtMEKK1) and induction of AtMEKK1AtMEK1 pathway by wounding. Planta 223,
708-713. doi: 10.1007/s00425-005-0126-7.
Han, L., Li, G.J., Yang, K.Y., Mao, G., Wang, R., Liu,
Y., and Zhang, S. (2010). Mitogen-activated
protein kinase 3 and 6 regulate Botrytis cinereainduced ethylene production in Arabidopsis. The
Plant journal : for cell and molecular biology 64,
114-127. doi: 10.1111/j.1365-313X.2010.04318.x.
Hann, D.R., Gimenez-Ibanez, S., and Rathjen, J.P.
(2010). Bacterial virulence effectors and their
activities. Current opinion in plant biology 13,
388-393. doi: 10.1016/j.pbi.2010.04.003.
Heidrich, K., Wirthmueller, L., Tasset, C., Pouzet, C.,
Deslandes, L., and Parker, J.E. (2011).
Arabidopsis EDS1 connects pathogen effector
recognition to cell compartment-specific immune
responses. Science (New York, NY) 334,
1401-1404. doi: 10.1126/science.1211641.
Hogenhout, S.A., Van der Hoorn, R.A., Terauchi, R.,
and Kamoun, S. (2009). Emerging concepts in
effector biology of plant-associated organisms.
Molecular plant-microbe interactions : MPMI 22,
115-122. doi: 10.1094/mpmi-22-2-0115.
Huang, S., Chen, X., Zhong, X., Li, M., Ao, K.,
Huang, J., and Li, X. (2016). Plant TRAF Proteins
Regulate NLR Immune Receptor Turnover. Cell
host and microbe 19, 204-215. doi: 10.1016/
j.chom.2016.01.005.
Huang, Y., Li, H., Gupta, R., Morris, P.C., Luan, S.,
and Kieber, J.J. (2000). ATMPK4, an Arabidopsis
homolog of mitogen-activated protein kinase, is
activated in vitro by AtMEK1 through threonine
phosphorylation. Plant physiology 122,
1301-1310.
Ichimura, K., Casais, C., Peck, S.C., Shinozaki, K.,
and Shirasu, K. (2006). MEKK1 is required for
MPK4 activation and regulates tissue-specific and
temperature-dependent cell death in Arabidopsis.
The Journal of biological chemistry 281,
36969-36976. doi: 10.1074/jbc.M605319200.
Ichimura, K., Mizoguchi, T., Irie, K., Morris, P.,
Giraudat, J., Matsumoto, K., and Shinozaki, K.
(1998). Isolation of ATMEKK1 (a MAP kinase
kinase kinase)-interacting proteins and analysis of
a MAP kinase cascade in Arabidopsis.
Biochemical and biophysical research
communications 253, 532-543. doi: 10.1006/bbrc.
1998.9796.

!51

The MTI-ETI Model and Beyond

Alhoraibi et al.

Inoue, H., Hayashi, N., Matsushita, A., Xinqiong, L.,
Nakayama, A., Sugano, S., Jiang, C.J., and
Takatsuji, H. (2013). Blast resistance of CC-NBLRR protein Pb1 is mediated by WRKY45 through
protein-protein interaction. Proceedings of the
National Academy of Sciences of the United
States of America 110, 9577-9582. doi: 10.1073/
pnas.1222155110.
Jacob, F., Vernaldi, S., and Maekawa, T. (2013).
Evolution and Conservation of Plant NLR
Functions. Frontiers in immunology 4, 297. doi:
10.3389/fimmu.2013.00297.
Jeworutzki, E., Roelfsema, M.R., Anschutz, U., Krol,
E., Elzenga, J.T., Felix, G., Boller, T., Hedrich, R.,
and Becker, D. (2010). Early signaling through the
Arabidopsis pattern recognition receptors FLS2
and EFR involves Ca-associated opening of
plasma membrane anion channels. The Plant
journal : for cell and molecular biology 62,
367-378. doi: 10.1111/j.1365-313X.2010.04155.x.
Kadota, Y., Shirasu, K., and Guerois, R. (2010).
NLR sensors meet at the SGT1-HSP90
crossroad. Trends in biochemical sciences 35,
199-207. doi: 10.1016/j.tibs.2009.12.005.
Kadota, Y., Sklenar, J., Derbyshire, P., Stransfeld,
L., Asai, S., Ntoukakis, V., Jones, J.D., Shirasu,
K., Menke, F., Jones, A., et al. (2014). Direct
regulation of the NADPH oxidase RBOHD by the
PRR-associated kinase BIK1 during plant
immunity. Molecular cell 54, 43-55. doi: 10.1016/
j.molcel.2014.02.021.
Kamiyoshihara, Y., Iwata, M., Fukaya, T., Tatsuki,
M., and Mori, H. (2010). Turnover of LeACS2, a
wound-inducible 1-aminocyclopropane-1carboxylic acid synthase in tomato, is regulated
by phosphorylation/dephosphorylation. The Plant
journal : for cell and molecular biology 64,
140-150. doi: 10.1111/j.1365-313X.2010.04316.x.
Kim, C.Y., Liu, Y., Thorne, E.T., Yang, H., Fukushige,
H., Gassmann, W., Hildebrand, D., Sharp, R.E.,
and Zhang, S. (2003). Activation of a stressresponsive mitogen-activated protein kinase
cascade induces the biosynthesis of ethylene in
plants. The Plant cell 15, 2707-2718. doi:
10.1105/tpc.011411.
Kim, H., O'Connell, R., Maekawa-Yoshikawa, M.,
Uemura, T., Neumann, U., and Schulze-Lefert, P.
(2014a). The powdery mildew resistance protein
RPW8.2 is carried on VAMP721/722 vesicles to
the extrahaustorial membrane of haustorial
complexes. The Plant journal : for cell and
molecular biology 79, 835-847. doi: 10.1111/tpj.
12591.
Kim, S.H., Son, G.H., Bhattacharjee, S., Kim, H.J.,
Nam, J.C., Nguyen, P.D., Hong, J.C., and

Gassmann, W. (2014b). The Arabidopsis immune
adaptor SRFR1 interacts with TCP transcription
factors that redundantly contribute to effectortriggered immunity. The Plant journal : for cell and
molecular biology 78, 978-989. doi: 10.1111/tpj.
12527.
Kong, Q., Qu, N., Gao, M., Zhang, Z., Ding, X.,
Yang, F., Li, Y., Dong, O.X., Chen, S., Li, X., et al.
(2012). The MEKK1-MKK1/MKK2-MPK4 kinase
cascade negatively regulates immunity mediated
by a mitogen-activated protein kinase kinase
kinase in Arabidopsis. The Plant cell 24,
2225-2236. doi: 10.1105/tpc.112.097253.
Kroj, T., Chanclud, E., Michel-Romiti, C., Grand, X.,
and Morel, J.B. (2016). Integration of decoy
domains derived from protein targets of pathogen
effectors into plant immune receptors is
widespread. The New phytologist. doi: 10.1111/
nph.13869.
Lassowskat, I., Bottcher, C., Eschen-Lippold, L.,
Scheel, D., and Lee, J. (2014). Sustained
mitogen-activated protein kinase activation
reprograms defense metabolism and
phosphoprotein profile in Arabidopsis thaliana.
Frontiers in plant science 5, 554. doi: 10.3389/
fpls.2014.00554.
Liu, Y., and Zhang, S. (2004). Phosphorylation of 1aminocyclopropane-1-carboxylic acid synthase by
MPK6, a stress-responsive mitogen-activated
protein kinase, induces ethylene biosynthesis in
Arabidopsis. The Plant cell 16, 3386-3399. doi:
10.1105/tpc.104.026609.
Liu, Z., Wu, Y., Yang, F., Zhang, Y., Chen, S., Xie,
Q., Tian, X., and Zhou, J.M. (2013). BIK1 interacts
with PEPRs to mediate ethylene-induced
immunity. Proceedings of the National Academy
of Sciences of the United States of America 110,
6205-6210. doi: 10.1073/pnas.1215543110.
Lohou, D., Lonjon, F., Genin, S., and Vailleau, F.
(2013). Type III chaperones and Co in bacterial
plant pathogens: a set of specialized bodyguards
mediating effector delivery. Frontiers in plant
science 4, 435. doi: 10.3389/fpls.2013.00435.
Longhi, S., and Cambillau, C. (1999). Structureactivity of cutinase, a small lipolytic enzyme.
Biochimica et biophysica acta 1441, 185-196.
Lu, D., Wu, S., Gao, X., Zhang, Y., Shan, L., and
He, P. (2010). A receptor-like cytoplasmic kinase,
BIK1, associates with a flagellin receptor complex
to initiate plant innate immunity. Proceedings of
the National Academy of Sciences of the United
States of America 107, 496-501. doi: 10.1073/
pnas.0909705107.
Ma, K.W., Flores, C., and Ma, W. (2011). Chromatin
configuration as a battlefield in plant-bacteria

!52

The MTI-ETI Model and Beyond

Alhoraibi et al.

interactions. Plant physiology 157, 535-543. doi:
10.1104/pp.111.182295.
Macho, A.P., Schwessinger, B., Ntoukakis, V.,
Brutus, A., Segonzac, C., Roy, S., Kadota, Y., Oh,
M.H., Sklenar, J., Derbyshire, P., et al. (2014). A
bacterial tyrosine phosphatase inhibits plant
pattern recognition receptor activation. Science
(New York, NY) 343, 1509-1512. doi: 10.1126/
science.1248849.
Macho, A.P., and Zipfel, C. (2014). Plant PRRs and
the activation of innate immune signaling.
Molecular cell 54, 263-272. doi: 10.1016/j.molcel.
2014.03.028.
Maekawa, T., Kufer, T.A., and Schulze-Lefert, P.
(2011). NLR functions in plant and animal immune
systems: so far and yet so close. Nature
immunology 12, 817-826. doi: 10.1038/ni.2083.
Matsuoka, D., Nanmori, T., Sato, K., Fukami, Y.,
Kikkawa, U., and Yasuda, T. (2002). Activation of
AtMEK1, an Arabidopsis mitogen-activated
protein kinase kinase, in vitro and in vivo: analysis
of active mutants expressed in E. coli and
generation of the active form in stress response in
seedlings. The Plant journal : for cell and
molecular biology 29, 637-647.
Melotto, M., Underwood, W., and He, S.Y. (2008).
Role of stomata in plant innate immunity and foliar
bacterial diseases. Annual review of
phytopathology 46, 101-122. doi: 10.1146/
annurev.phyto.121107.104959.
Mendgen, K., Hahn, M., and Deising, H. (1996).
Morphogenesis and mechanisms of penetration
by plant pathogenic fungi. Annual review of
phytopathology 34, 367-386. doi: 10.1146/
annurev.phyto.34.1.367.
Meng, X., and Zhang, S. (2013). MAPK cascades in
plant disease resistance signaling. Annual review
of phytopathology 51, 245-266. doi: 10.1146/
annurev-phyto-082712-102314.
Mizoguchi, T., Ichimura, K., Irie, K., Morris, P.,
Giraudat, J., Matsumoto, K., and Shinozaki, K.
(1998). Identification of a possible MAP kinase
cascade in Arabidopsis thaliana based on
pairwise yeast two-hybrid analysis and functional
complementation tests of yeast mutants. FEBS
letters 437, 56-60.
Monaghan, J., Matschi, S., Romeis, T., and Zipfel,
C. (2015). The calcium-dependent protein kinase
CPK28 negatively regulates the BIK1-mediated
PAMP-induced calcium burst. Plant signaling and
behavior
10,
e1018497.
doi:
10.1080/15592324.2015.1018497.
Monaghan, J., Matschi, S., Shorinola, O., Rovenich,
H., Matei, A., Segonzac, C., Malinovsky, F.G.,
Rathjen, J.P., MacLean, D., Romeis, T., et al.

(2014). The calcium-dependent protein kinase
CPK28 buffers plant immunity and regulates BIK1
turnover. Cell host and microbe 16, 605-615. doi:
10.1016/j.chom.2014.10.007.
Monaghan, J., and Zipfel, C. (2012). Plant pattern
recognition receptor complexes at the plasma
membrane. Current opinion in plant biology 15,
349-357. doi: 10.1016/j.pbi.2012.05.006.
Moore, J.W., Loake, G.J., and Spoel, S.H. (2011).
Transcription dynamics in plant immunity. The
Plant cell 23, 2809-2820. doi: 10.1105/tpc.
111.087346.
Mudgett, M.B., and Staskawicz, B.J. (1999).
Characterization of the Pseudomonas syringae
pv. tomato AvrRpt2 protein: demonstration of
secretion and processing during bacterial
pathogenesis. Molecular microbiology 32,
927-941.
Mukhtar, M.S., Carvunis, A.R., Dreze, M., Epple, P.,
Steinbrenner, J., Moore, J., Tasan, M., Galli, M.,
Hao, T., Nishimura, M.T., et al. (2011).
Independently evolved virulence effectors
converge onto hubs in a plant immune system
network. Science (New York, NY) 333, 596-601.
Nakagami, H., Soukupova, H., Schikora, A., Zarsky,
V., and Hirt, H. (2006). A Mitogen-activated protein
kinase kinase kinase mediates reactive oxygen
species homeostasis in Arabidopsis. The Journal
of biological chemistry 281, 38697-38704. doi:
1 0 . 11 2 6 / s c i e n c e . 1 2 0 3 6 5 9 . o i : 1 0 . 1 0 7 4 /
jbc.M605293200
Nakano, M., Nishihara, M., Yoshioka, H., Takahashi,
H., Sawasaki, T., Ohnishi, K., Hikichi, Y., and Kiba,
A. (2013). Suppression of DS1 phosphatidic acid
phosphatase confirms resistance to Ralstonia
solanacearum in Nicotiana benthamiana. PloS
one 8, e75124. doi: 10.1371/journal.pone.
0075124.
Narusaka, M., Shirasu, K., Noutoshi, Y., Kubo, Y.,
Shiraishi, T., Iwabuchi, M., and Narusaka, Y.
(2009). RRS1 and RPS4 provide a dual
Resistance-gene system against fungal and
bacterial pathogens. The Plant journal : for cell
and molecular biology 60, 218-226. doi: 10.1111/j.
1365-313X.2009.03949.x.
Nitta, Y., Ding, P., and Zhang, Y. (2014).
Identification of additional MAP kinases activated
upon PAMP treatment. Plant signaling and
behavior
9,
e976155.
doi:
10.4161/15592324.2014.976155.
Nomura, H., Komori, T., Uemura, S., Kanda, Y.,
S h i m o t a n i , K . , N a k a i , K . , F u r u i c h i , T. ,
Takebayashi, K., Sugimoto, T., Sano, S., et al.
(2012). Chloroplast-mediated activation of plant
immune signalling in Arabidopsis. Nature

!53

The MTI-ETI Model and Beyond

Alhoraibi et al.

communications 3, 926. doi: 10.1038/
ncomms1926.
Nuhse, T.S., Bottrill, A.R., Jones, A.M., and Peck,
S.C. (2007). Quantitative phosphoproteomic
analysis of plasma membrane proteins reveals
regulatory mechanisms of plant innate immune
responses. The Plant journal : for cell and
molecular biology 51, 931-940. doi: 10.1111/j.
1365-313X.2007.03192.x.
Nuhse, T.S., Peck, S.C., Hirt, H., and Boller, T.
(2000). Microbial elicitors induce activation and
dual phosphorylation of the Arabidopsis thaliana
MAPK 6. The Journal of biological chemistry 275,
7521-7526.
Nuruzzaman, M., Sharoni, A.M., and Kikuchi, S.
(2013). Roles of NAC transcription factors in the
regulation of biotic and abiotic stress responses in
plants. Frontiers in microbiology 4, 248. doi:
10.3389/fmicb.2013.00248.
Ogasawara, Y., Kaya, H., Hiraoka, G., Yumoto, F.,
Kimura, S., Kadota, Y., Hishinuma, H., Senzaki,
E., Yamagoe, S., Nagata, K., et al. (2008).
Synergistic activation of the Arabidopsis NADPH
oxidase AtrbohD by Ca2+ and phosphorylation.
The Journal of biological chemistry 283,
8885-8892. doi: 10.1074/jbc.M708106200.
Oh, C.S., and Martin, G.B. (2011). Tomato 14-3-3
protein TFT7 interacts with a MAP kinase kinase
to regulate immunity-associated programmed cell
death mediated by diverse disease resistance
proteins. The Journal of biological chemistry 286,
14129-14136. doi: 10.1074/jbc.M111.225086.
Oh, C.S., Pedley, K.F., and Martin, G.B. (2010).
Tomato 14-3-3 protein 7 positively regulates
immunity-associated programmed cell death by
enhancing protein abundance and signaling ability
of MAPKKK {alpha}. The Plant cell 22, 260-272.
doi: 10.1105/tpc.109.070664.
Okazaki, Y., and Saito, K. (2014). Roles of lipids as
signaling molecules and mitigators during stress
response in plants. The Plant journal : for cell and
molecular biology 79, 584-596. doi: 10.1111/tpj.
12556.
Oome, S., Raaymakers, T.M., Cabral, A., Samwel,
S., Bohm, H., Albert, I., Nurnberger, T., and Van
den Ackerveken, G. (2014). Nep1-like proteins
from three kingdoms of life act as a microbeassociated molecular pattern in Arabidopsis.
Proceedings of the National Academy of Sciences
o f t h e U n i t e d S t a t e s o f A m e r i c a 111 ,
16955-16960. doi: 10.1073/pnas.1410031111.
Osbourn, A.E. (1996). Preformed Antimicrobial
Compounds and Plant Defense against Fungal
Attack. The Plant cell 8, 1821-1831. doi: 10.1105/
tpc.8.10.1821.

Ottmann, C., Luberacki, B., Kufner, I., Koch, W.,
Brunner, F., Weyand, M., Mattinen, L., Pirhonen,
M., Anderluh, G., Seitz, H.U., et al. (2009). A
common toxin fold mediates microbial attack and
plant defense. Proceedings of the National
Academy of Sciences of the United States of
America 106, 10359-10364. doi: 10.1073/pnas.
0902362106.
Pandey, S.P., and Somssich, I.E. (2009). The role of
WRKY transcription factors in plant immunity.
Plant physiology 150, 1648-1655. doi: 10.1104/pp.
109.138990.
Petersen, M., Brodersen, P., Naested, H.,
Andreasson, E., Lindhart, U., Johansen, B.,
Nielsen, H.B., Lacy, M., Austin, M.J., Parker, J.E.,
et al. (2000). Arabidopsis map kinase 4 negatively
regulates systemic acquired resistance. Cell 103,
1111-1120.
Pfund, C., Tans-Kersten, J., Dunning, F.M., Alonso,
J.M., Ecker, J.R., Allen, C., and Bent, A.F. (2004).
Flagellin is not a major defense elicitor in
Ralstonia solanacearum cells or extracts applied
to Arabidopsis thaliana. Molecular plant-microbe
interactions : MPMI 17, 696-706. doi: 10.1094/
mpmi.2004.17.6.696.
Pitzschke, A., Schikora, A., and Hirt, H. (2009).
MAPK cascade signalling networks in plant
defence. Current opinion in plant biology 12,
421-426. doi: 10.1016/j.pbi.2009.06.008.
Puranik, S., Sahu, P.P., Srivastava, P.S., and
Prasad, M. (2012). NAC proteins: regulation and
role in stress tolerance. Trends in plant science
17, 369-381. doi: 10.1016/j.tplants.2012.02.004.
Qi, D., and Innes, R.W. (2013). Recent Advances in
Plant NLR Structure, Function, Localization, and
Signaling. Frontiers in immunology 4, 348. doi:
10.3389/fimmu.2013.00348.
Qi, Y., Tsuda, K., Glazebrook, J., and Katagiri, F.
(2011). Physical association of pattern-triggered
immunity (PTI) and effector-triggered immunity
(ETI) immune receptors in Arabidopsis. Molecular
plant pathology 12, 702-708. doi: 10.1111/j.
1364-3703.2010.00704.x.
Qiu, J.L., Zhou, L., Yun, B.W., Nielsen, H.B., Fiil,
B.K., Petersen, K., Mackinlay, J., Loake, G.J.,
Mundy, J., and Morris, P.C. (2008). Arabidopsis
mitogen-activated protein kinase kinases MKK1
and MKK2 have overlapping functions in defense
signaling mediated by MEKK1, MPK4, and MKS1.
Plant physiology 148, 212-222. doi: 10.1104/pp.
108.120006.
Raho, N., Ramirez, L., Lanteri, M.L., Gonorazky, G.,
Lamattina, L., ten Have, A., and Laxalt, A.M.
(2011). Phosphatidic acid production in chitosanelicited tomato cells, via both phospholipase D

!54

The MTI-ETI Model and Beyond

Alhoraibi et al.

and phospholipase C/diacylglycerol kinase,
requires nitric oxide. Journal of plant physiology
168, 534-539. doi: 10.1016/j.jplph.2010.09.004.
Ranf, S., Eschen-Lippold, L., Pecher, P., Lee, J.,
and Scheel, D. (2011). Interplay between calcium
signalling and early signalling elements during
defence responses to microbe- or damageassociated molecular patterns. The Plant journal :
for cell and molecular biology 68, 100-113. doi:
10.1111/j.1365-313X.2011.04671.x.
Rasmussen, M.W., Roux, M., Petersen, M., and
Mundy, J. (2012). MAP Kinase Cascades in
Arabidopsis Innate Immunity. Frontiers in plant
science 3, 169. doi: 10.3389/fpls.2012.00169.
Ren, D., Yang, H., and Zhang, S. (2002). Cell death
mediated by MAPK is associated with hydrogen
peroxide production in Arabidopsis. The Journal of
biological chemistry 277, 559-565. doi: 10.1074/
jbc.M109495200.
Robatzek, S., Bittel, P., Chinchilla, D., Kochner, P.,
Felix, G., Shiu, S.H., and Boller, T. (2007).
Molecular identification and characterization of the
tomato flagellin receptor LeFLS2, an orthologue of
Arabidopsis FLS2 exhibiting characteristically
different perception specificities. Plant molecular
biology 64, 539-547. doi: 10.1007/
s11103-007-9173-8.
Rodriguez, M.C., Petersen, M., and Mundy, J.
(2010). Mitogen-activated protein kinase signaling
in plants. Annual review of plant biology 61,
6 2 1 - 6 4 9 . d o i : 1 0 . 11 4 6 / a n n u r e v arplant-042809-112252.
Romeis, T., and Herde, M. (2014). From local to
global: CDPKs in systemic defense signaling
upon microbial and herbivore attack. Current
opinion in plant biology 20, 1-10. doi: 10.1016/
j.pbi.2014.03.002.
Rossi, M., Goggin, F.L., Milligan, S.B., Kaloshian, I.,
Ullman, D.E., and Williamson, V.M. (1998). The
nematode resistance gene Mi of tomato confers
resistance against the potato aphid. Proceedings
of the National Academy of Sciences of the United
States of America 95, 9750-9754.
Roux, M., Schwessinger, B., Albrecht, C., Chinchilla,
D., Jones, A., Holton, N., Malinovsky, F.G., Tor,
M., de Vries, S., and Zipfel, C. (2011). The
Arabidopsis leucine-rich repeat receptor-like
kinases BAK1/SERK3 and BKK1/SERK4 are
required for innate immunity to hemibiotrophic and
biotrophic pathogens. The Plant cell 23,
2440-2455. doi: 10.1105/tpc.111.084301.
Sarris, P.F., Cevik, V., Dagdas, G., Jones, J.D., and
Krasileva, K.V. (2016). Comparative analysis of
plant immune receptor architectures uncovers

host proteins likely targeted by pathogens. BMC
biology 14, 8. doi: 10.1186/s12915-016-0228-7.
Schechter, L.M., Roberts, K.A., Jamir, Y., Alfano,
J.R., and Collmer, A. (2004). Pseudomonas
syringae type III secretion system targeting
signals and novel effectors studied with a Cya
translocation reporter. Journal of bacteriology 186,
543-555.
Schulz, P., Herde, M., and Romeis, T. (2013).
Calcium-dependent protein kinases: hubs in plant
stress signaling and development. Plant
physiology 163, 523-530. doi: 10.1104/pp.
113.222539.
Schulze, B., Mentzel, T., Jehle, A.K., Mueller, K.,
Beeler, S., Boller, T., Felix, G., and Chinchilla, D.
(2010). Rapid heteromerization and
phosphorylation of ligand-activated plant
transmembrane receptors and their associated
kinase BAK1. The Journal of biological chemistry
285, 9444-9451. doi: 10.1074/jbc.M109.096842.
Schwessinger, B., and Ronald, P.C. (2012). Plant
innate immunity: perception of conserved
microbial signatures. Annual review of plant
biology 63, 451-482. doi: 10.1146/annurevarplant-042811-105518.
Segonzac, C., and Zipfel, C. (2011). Activation of
plant pattern-recognition receptors by bacteria.
Current opinion in microbiology 14, 54-61. doi:
10.1016/j.mib.2010.12.005.
Seo, S., Katou, S., Seto, H., Gomi, K., and Ohashi,
Y. (2007). The mitogen-activated protein kinases
WIPK and SIPK regulate the levels of jasmonic
and salicylic acids in wounded tobacco plants.
The Plant journal : for cell and molecular biology
4 9 , 8 9 9 - 9 0 9 . d o i : 1 0 . 1111 / j . 1 3 6 5 - 3 1 3 X .
2006.03003.x.
Shirasu, K. (2009). The HSP90-SGT1 chaperone
complex for NLR immune sensors. Annual review
of plant biology 60, 139-164. doi: 10.1146/
annurev.arplant.59.032607.092906.
Smith, J.M., and Heese, A. (2014). Rapid bioassay
to measure early reactive oxygen species
production in Arabidopsis leave tissue in response
to living Pseudomonas syringae. Plant methods
10, 6. doi: 10.1186/1746-4811-10-6.
Somerville, C., Bauer, S., Brininstool, G., Facette,
M., Hamann, T., Milne, J., Osborne, E., Paredez,
A., Persson, S., Raab, T., et al. (2004). Toward a
systems approach to understanding plant cell
walls. Science (New York, NY) 306, 2206-2211.
doi: 10.1126/science.1102765.
Su, S.H., Bush, S.M., Zaman, N., Stecker, K.,
Sussman, M.R., and Krysan, P. (2013). Deletion
of a tandem gene family in Arabidopsis: increased
MEKK2 abundance triggers autoimmunity when

!55

The MTI-ETI Model and Beyond

Alhoraibi et al.

the MEKK1-MKK1/2-MPK4 signaling cascade is
disrupted. The Plant cell 25, 1895-1910. doi:
10.1105/tpc.113.112102.
Suarez-Rodriguez, M.C., Adams-Phillips, L., Liu, Y.,
Wang, H., Su, S.H., Jester, P.J., Zhang, S., Bent,
A.F., and Krysan, P.J. (2007). MEKK1 is required
for flg22-induced MPK4 activation in Arabidopsis
plants. Plant physiology 143, 661-669. doi:
10.1104/pp.106.091389.
Sun, W., Dunning, F.M., Pfund, C., Weingarten, R.,
and Bent, A.F. (2006). Within-species flagellin
polymorphism in Xanthomonas campestris pv
campestris and its impact on elicitation of
Arabidopsis FLAGELLIN SENSING2-dependent
defenses. The Plant cell 18, 764-779. doi:
10.1105/tpc.105.037648.
Szczegielniak, J., Klimecka, M., Liwosz, A.,
Ciesielski, A., Kaczanowski, S., Dobrowolska, G.,
Harmon, A.C., and Muszynska, G. (2005). A
wound-responsive and phospholipid-regulated
maize calcium-dependent protein kinase. Plant
physiology 139, 1970-1983. doi: 10.1104/pp.
105.066472.
Tada, Y., Spoel, S.H., Pajerowska-Mukhtar, K., Mou,
Z., Song, J., Wang, C., Zuo, J., and Dong, X.
(2008). Plant immunity requires conformational
changes [corrected] of NPR1 via S-nitrosylation
and thioredoxins. Science (New York, NY) 321,
952-956. doi: 10.1126/science.1156970.
Takahashi, F., Yoshida, R., Ichimura, K., Mizoguchi,
T., Seo, S., Yonezawa, M., Maruyama, K.,
Yamaguchi-Shinozaki, K., and Shinozaki, K.
(2007). The mitogen-activated protein kinase
cascade MKK3-MPK6 is an important part of the
jasmonate signal transduction pathway in
Arabidopsis. The Plant cell 19, 805-818. doi:
10.1105/tpc.106.046581.
Takken, F.L., and Goverse, A. (2012). How to build a
pathogen detector: structural basis of NB-LRR
function. Current opinion in plant biology 15,
375-384. doi: 10.1016/j.pbi.2012.05.001.
Tao, Y., Xie, Z., Chen, W., Glazebrook, J., Chang,
H.S., Han, B., Zhu, T., Zou, G., and Katagiri, F.
(2003). Quantitative nature of Arabidopsis
responses during compatible and incompatible
interactions with the bacterial pathogen
Pseudomonas syringae. The Plant cell 15,
317-330.
Teige, M., Scheikl, E., Eulgem, T., Doczi, R.,
Ichimura, K., Shinozaki, K., Dangl, J.L., and Hirt,
H. (2004). The MKK2 pathway mediates cold and
salt stress signaling in Arabidopsis. Molecular cell
15, 141-152. doi: 10.1016/j.molcel.2004.06.023.
Teper, D., Salomon, D., Sunitha, S., Kim, J.G.,
Mudgett, M.B., and Sessa, G. (2014).

Xanthomonas euvesicatoria type III effector XopQ
interacts with tomato and pepper 14-3-3 isoforms
to suppress effector-triggered immunity. The Plant
journal : for cell and molecular biology 77,
297-309. doi: 10.1111/tpj.12391.
Testerink, C., Larsen, P.B., McLoughlin, F., van der
Does, D., van Himbergen, J.A., and Munnik, T.
(2008). PA, a stress-induced short cut to switchon ethylene signalling by switching-off CTR1?
Plant signaling and behavior 3, 681-683.
Testerink, C., Larsen, P.B., van der Does, D., van
Himbergen, J.A., and Munnik, T. (2007).
Phosphatidic acid binds to and inhibits the activity
of Arabidopsis CTR1. Journal of experimental
botany 58, 3905-3914. doi: 10.1093/jxb/erm243.
Thomma, B.P., Nurnberger, T., and Joosten, M.H.
(2011). Of PAMPs and effectors: the blurred PTIETI dichotomy. The Plant cell 23, 4-15. doi:
10.1105/tpc.110.082602.
Trda, L., Fernandez, O., Boutrot, F., Heloir, M.C.,
Kelloniemi, J., Daire, X., Adrian, M., Clement, C.,
Zipfel, C., Dorey, S., et al. (2014). The grapevine
flagellin receptor VvFLS2 differentially recognizes
flagellin-derived epitopes from the endophytic
growth-promoting bacterium Burkholderia
phytofirmans and plant pathogenic bacteria. The
New phytologist 201, 1371-1384. doi: 10.1111/
nph.12592.
Tsuda, K., and Katagiri, F. (2010). Comparing
signaling mechanisms engaged in patterntriggered and effector-triggered immunity. Current
opinion in plant biology 13, 459-465. doi: 10.1016/
j.pbi.2010.04.006.
Tsuda, K., Mine, A., Bethke, G., Igarashi, D.,
Botanga, C.J., Tsuda, Y., Glazebrook, J., Sato, M.,
and Katagiri, F. (2013). Dual regulation of gene
expression mediated by extended MAPK
activation and salicylic acid contributes to robust
innate immunity in Arabidopsis thaliana. PLoS
genetics 9, e1004015. doi: 10.1371/journal.pgen.
1004015.
Tsuda, K., Sato, M., Stoddard, T., Glazebrook, J.,
and Katagiri, F. (2009). Network properties of
robust immunity in plants. PLoS genetics 5,
e1000772. doi: 10.1371/journal.pgen.1000772.
Tzfira, T., Vaidya, M., and Citovsky, V. (2004).
Involvement of targeted proteolysis in plant
genetic transformation by Agrobacterium. Nature
431, 87-92. doi: 10.1038/nature02857.
Van der Biezen, E.A., and Jones, J.D. (1998). Plant
disease-resistance proteins and the gene-forgene concept. Trends in biochemical sciences 23,
454-456.
van der Hoorn, R.A.L., and Kamoun, S. (2008).
From Guard to Decoy: A New Model for

!56

The MTI-ETI Model and Beyond

Alhoraibi et al.

Perception of Plant Pathogen Effectors. The Plant
cell 20, 2009-2017. doi: 10.1105/tpc.108.060194.
Vetter, M.M., Kronholm, I., He, F., Haweker, H.,
Reymond, M., Bergelson, J., Robatzek, S., and de
Meaux, J. (2012). Flagellin perception varies
quantitatively in Arabidopsis thaliana and its
relatives. Molecular biology and evolution 29,
1655-1667. doi: 10.1093/molbev/mss011.
Vlot, A.C., Dempsey, D.A., and Klessig, D.F. (2009).
Salicylic Acid, a multifaceted hormone to combat
disease. Annual review of phytopathology 47,
1 7 7 - 2 0 6 . d o i : 1 0 . 11 4 6 / a n n u r e v. p h y t o .
050908.135202.
Vos, P., Simons, G., Jesse, T., Wijbrandi, J., Heinen,
L., Hogers, R., Frijters, A., Groenendijk, J.,
Diergaarde, P., Reijans, M., et al. (1998). The
tomato Mi-1 gene confers resistance to both rootknot nematodes and potato aphids. Nature
biotechnology 16, 1365-1369. doi: 10.1038/4350.
Wang, C., Zien, C.A., Afitlhile, M., Welti, R.,
Hildebrand, D.F., and Wang, X. (2000).
Involvement of phospholipase D in woundinduced accumulation of jasmonic acid in
arabidopsis. The Plant cell 12, 2237-2246.
Wang, W., Wen, Y., Berkey, R., and Xiao, S. (2009).
Specific targeting of the Arabidopsis resistance
protein RPW8.2 to the interfacial membrane
encasing the fungal Haustorium renders broadspectrum resistance to powdery mildew. The
Plant cell 21, 2898-2913. doi: 10.1105/tpc.
109.067587.
Wang, Y., Li, J., Hou, S., Wang, X., Li, Y., Ren, D.,
Chen, S., Tang, X., and Zhou, J.M. (2010). A
Pseudomonas syringae ADP-ribosyltransferase
inhibits Arabidopsis mitogen-activated protein
kinase kinases. The Plant cell 22, 2033-2044. doi:
10.1105/tpc.110.075697.
Weiberg, A., Wang, M., Lin, F.M., Zhao, H., Zhang,
Z., Kaloshian, I., Huang, H.D., and Jin, H. (2013).
Fungal small RNAs suppress plant immunity by
hijacking host RNA interference pathways.
Science (New York, NY) 342, 118-123. doi:
10.1126/science.1239705.
Weiler, E.W., Kutchan, T.M., Gorba, T., Brodschelm,
W., Niesel, U., and Bublitz, F. (1994). The
Pseudomonas phytotoxin coronatine mimics
octadecanoid signalling molecules of higher
plants. FEBS letters 345, 9-13.
Wirthmueller, L., Zhang, Y., Jones, J.D., and Parker,
J.E. (2007). Nuclear accumulation of the
Arabidopsis immune receptor RPS4 is necessary
for triggering EDS1-dependent defense. Current
biology : CB 17, 2023-2029. doi: 10.1016/j.cub.
2007.10.042.

Wroblewski, T., Caldwell, K.S., Piskurewicz, U.,
Cavanaugh, K.A., Xu, H., Kozik, A., Ochoa, O.,
McHale, L.K., Lahre, K., Jelenska, J., et al.
(2009). Comparative large-scale analysis of
interactions between several crop species and the
effector repertoires from multiple pathovars of
Pseudomonas and Ralstonia. Plant physiology
150, 1733-1749. doi: 10.1104/pp.109.140251.
Wu, Y., Zhang, D., Chu, J.Y., Boyle, P., Wang, Y.,
Brindle, I.D., De Luca, V., and Despres, C. (2012).
The Arabidopsis NPR1 protein is a receptor for
the plant defense hormone salicylic acid. Cell
reports 1, 639-647. doi: 10.1016/j.celrep.
2012.05.008.
Xiao, S., Calis, O., Patrick, E., Zhang, G.,
Charoenwattana, P., Muskett, P., Parker, J.E., and
Turner, J.G. (2005). The atypical resistance gene,
RPW8, recruits components of basal defence for
powdery mildew resistance in Arabidopsis. The
Plant journal : for cell and molecular biology 42,
95-110. doi: 10.1111/j.1365-313X.2005.02356.x.
Xin, X.F., and He, S.Y. (2013). Pseudomonas
syringae pv. tomato DC3000: a model pathogen
for probing disease susceptibility and hormone
signaling in plants. Annual review of
phytopathology 51, 473-498. doi: 10.1146/
annurev-phyto-082712-102321.
Yamaguchi, Y., Pearce, G., and Ryan, C.A. (2006).
The cell surface leucine-rich repeat receptor for
AtPep1, an endogenous peptide elicitor in
Arabidopsis, is functional in transgenic tobacco
cells. Proceedings of the National Academy of
Sciences of the United States of America 103,
10104-10109. doi: 10.1073/pnas.0603729103.
Yang, X., Wang, W., Coleman, M., Orgil, U., Feng,
J., Ma, X., Ferl, R., Turner, J.G., and Xiao, S.
(2009). Arabidopsis 14-3-3 lambda is a positive
regulator of RPW8-mediated disease resistance.
The Plant journal : for cell and molecular biology
6 0 , 5 3 9 - 5 5 0 . d o i : 1 0 . 1111 / j . 1 3 6 5 - 3 1 3 X .
2009.03978.x.
Yeats, T.H., and Rose, J.K. (2013). The formation
and function of plant cuticles. Plant physiology
163, 5-20. doi: 10.1104/pp.113.222737.
Yu, A., Lepere, G., Jay, F., Wang, J., Bapaume, L.,
Wang, Y., Abraham, A.L., Penterman, J., Fischer,
R.L., Voinnet, O., et al. (2013). Dynamics and
biological relevance of DNA demethylation in
Arabidopsis antibacterial defense. Proceedings of
the National Academy of Sciences of the United
States of America 110, 2389-2394. doi: 10.1073/
pnas.1211757110.
Yun, B.W., Feechan, A., Yin, M., Saidi, N.B., Le
Bihan, T., Yu, M., Moore, J.W., Kang, J.G., Kwon,
E., Spoel, S.H., et al. (2011). S-nitrosylation of

!57

The MTI-ETI Model and Beyond

Alhoraibi et al.

NADPH oxidase regulates cell death in plant
immunity. Nature 478, 264-268. doi: 10.1038/
nature10427.
Zhang, J., Li, W., Xiang, T., Liu, Z., Laluk, K., Ding,
X., Zou, Y., Gao, M., Zhang, X., Chen, S., et al.
(2010). Receptor-like cytoplasmic kinases
integrate signaling from multiple plant immune
receptors and are targeted by a Pseudomonas
syringae effector. Cell host and microbe 7,
290-301. doi: 10.1016/j.chom.2010.03.007.
Zhang, J., Shao, F., Li, Y., Cui, H., Chen, L., Li, H.,
Zou, Y., Long, C., Lan, L., Chai, J., et al. (2007). A
Pseudomonas syringae effector inactivates
MAPKs to suppress PAMP-induced immunity in
plants. Cell host and microbe 1, 175-185. doi:
10.1016/j.chom.2007.03.006.
Zhang, Y., Zhu, H., Zhang, Q., Li, M., Yan, M.,
Wang, R., Wang, L., Welti, R., Zhang, W., and
Wang, X. (2009). Phospholipase dalpha1 and
phosphatidic acid regulate NADPH oxidase
activity and production of reactive oxygen species
in ABA-mediated stomatal closure in Arabidopsis.
The Plant cell 21, 2357-2377. doi: 10.1105/tpc.
108.062992.
Zhang, Z., Wu, Y., Gao, M., Zhang, J., Kong, Q., Liu,
Y., Ba, H., Zhou, J., and Zhang, Y. (2012).
Disruption of PAMP-induced MAP kinase cascade
by a Pseudomonas syringae effector activates
plant immunity mediated by the NB-LRR protein
SUMM2. Cell host and microbe 11, 253-263. doi:
10.1016/j.chom.2012.01.015.
Zhao, B.Y., Ardales, E., Brasset, E., Claflin, L.E.,
Leach, J.E., and Hulbert, S.H. (2004). The Rxo1/
Rba1 locus of maize controls resistance reactions
to pathogenic and non-host bacteria. TAG

Theoretical and applied genetics Theoretische
und angewandte Genetik 109, 71-79. doi:
10.1007/s00122-004-1623-y.
Zhao, C., Nie, H., Shen, Q., Zhang, S., Lukowitz,
W., and Tang, D. (2014). EDR1 physically
interacts with MKK4/MKK5 and negatively
regulates a MAP kinase cascade to modulate
plant innate immunity. PLoS Genetics 10,
e1004389. doi: 10.1371/journal.pgen.1004389.
Zhu, Z., Xu, F., Zhang, Y., Cheng, Y.T., Wiermer, M.,
Li, X., and Zhang, Y. (2010). Arabidopsis
resistance protein SNC1 activates immune
responses through association with a
transcriptional corepressor. Proceedings of the
National Academy of Sciences of the United
States of America 107, 13960-13965. doi:
10.1073/pnas.1002828107.
Zipfel, C. (2009). Early molecular events in PAMPtriggered immunity. Current opinion in plant
biology 12, 414-420. doi: 10.1016/j.pbi.
2009.06.003.
Zipfel, C., Kunze, G., Chinchilla, D., Caniard, A.,
Jones, J.D., Boller, T., and Felix, G. (2006).
Perception of the bacterial PAMP EF-Tu by the
receptor EFR restricts Agrobacterium-mediated
transformation. Cell 125, 749-760. doi: 10.1016/
j.cell.2006.03.037.
Zipfel, C., Robatzek, S., Navarro, L., Oakeley, E.J.,
Jones, J.D., Felix, G., and Boller, T. (2004).
Bacterial disease resistance in Arabidopsis
through flagellin perception. Nature 428, 764-767.
doi: 10.1038/nature02485.

!58

138
Table 5.1: List of primers

139
Table 5.2: List of constructs

140

REFERENCES
1.
FAO, I., UNICEF, WFP and WHO. 2018. , and IGO., L. C. B.-N.-S. (2018)
Building climate resilience for food security and nutrition. The State of Food
Security and Nutrition in the World . FAO., FAO, rome
2.
United Nations, D. o. E. a. S. A. (2017) The World Population Prospects:
The 2017 Revision. population Division 2017, United Nations New York
3.
Fedoroff, N. V., Battisti, D. S., Beachy, R. N., Cooper, P. J., Fischhoff, D.
A., Hodges, C. N., Knauf, V. C., Lobell, D., Mazur, B. J., Molden, D., Reynolds,
M. P., Ronald, P. C., Rosegrant, M. W., Sanchez, P. A., Vonshak, A., and Zhu, J.
K. (2010) Radically rethinking agriculture for the 21st century. Science (New
York, N.Y.) 327, 833-834
4.
Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J.
S., Johnston, M., Mueller, N. D., O'Connell, C., Ray, D. K., West, P. C., Balzer,
C., Bennett, E. M., Carpenter, S. R., Hill, J., Monfreda, C., Polasky, S.,
Rockstrom, J., Sheehan, J., Siebert, S., Tilman, D., and Zaks, D. P. (2011)
Solutions for a cultivated planet. Nature 478, 337-342
5.
Piquerez, S. J. M., Harvey, S. E., Beynon, J. L., and Ntoukakis, V. (2014)
Improving crop disease resistance: lessons from research on Arabidopsis and
tomato. Frontiers in Plant Science 5
6.
Atkinson, N. J., and Urwin, P. E. (2012) The interaction of plant biotic and
abiotic stresses: from genes to the field. Journal of experimental botany 63,
3523-3543
7.
Brock, A. K., Willmann, R., Kolb, D., Grefen, L., Lajunen, H. M., Bethke,
G., Lee, J., Nurnberger, T., and Gust, A. A. (2010) The Arabidopsis mitogenactivated protein kinase phosphatase PP2C5 affects seed germination, stomatal
aperture, and abscisic acid-inducible gene expression. Plant physiology 153,
1098-1111
8.
Popp, J., and Hantos, K. (2011) The impact of crop protection on
agricultural production. pp. 47-66
9.
Dangl, J. L., Horvath, D. M., and Staskawicz, B. J. (2013) Pivoting the
Plant Immune System from Dissection to Deployment. Science (New York, N.Y.)
341, 746-751
10.
Katagiri, F., Thilmony, R., and He, S. Y. (2002) The Arabidopsis ThalianaPseudomonas Syringae Interaction. The Arabidopsis Book / American Society of
Plant Biologists 1, e0039

141
11.
Mittler, R., and Blumwald, E. (2010) Genetic engineering for modern
agriculture: challenges and perspectives. Annual review of plant biology 61, 443462
12.
Tzfira, T., Weinthal, D., Marton, I., Zeevi, V., Zuker, A., and Vainstein, A.
(2012) Genome modifications in plant cells by custom-made restriction enzymes.
Plant Biotechnol J 10, 373-389
13.
Lusser, M., Parisi, C., Plan, D., and Rodriguez-Cerezo, E. (2012)
Deployment of new biotechnologies in plant breeding. Nature biotechnology 30,
231-239
14.
Committee on Genetically Engineered Crops: Past Experience and Future
Prospects, B. o. A. a. N. R., Division on Earth and Life Studies (2016) Genetically
Engineered Crops: Experiences and Prospects National Academies of Sciences,
Engineering, and Medicine, USA
15.
Key, S., Ma, J. K. C., and Drake, P. M. W. (2008) Genetically modified
plants and human health. Journal of the Royal Society of Medicine 101, 290-298
16.
Hartung, F., and Schiemann, J. (2014) Precise plant breeding using new
genome editing techniques: opportunities, safety and regulation in the EU. The
Plant Journal 78, 742-752
17.
Najafi, M. L., B. (2014) Biotechnology and its Impact on Food Security and
Safety. Current Nutrition & Food Science 10
18.
Mundt, C. C. (2014) Durable resistance: A key to sustainable
management of pathogens and pests. Infect Genet Evol 0, 446-455
19.
Brown, J. K. (2002) Yield penalties of disease resistance in crops. Curr
Opin Plant Biol 5, 339-344
20.
Mundt, C. C. (2014) Durable resistance: a key to sustainable management
of pathogens and pests. Infect Genet Evol 27, 446-455
21.
Cameron, D. D. (2010) Arbuscular mycorrhizal fungi as (agro)ecosystem
engineers. Plant and Soil 333, 1-5
22.
Fester, T., and Sawers, R. (2011) Progress and Challenges in Agricultural
Applications of Arbuscular Mycorrhizal Fungi. Critical Reviews in Plant Sciences
30, 459-470
23.
Orrell, P., and Bennett, A. (2013) How can we exploit above–belowground
interactions to assist in addressing the challenges of food security? Frontiers in
Plant Science 4

142
24.
Cameron, D. D., Neal, A. L., van Wees, S. C., and Ton, J. (2013)
Mycorrhiza-induced resistance: more than the sum of its parts? Trends in plant
science 18, 539-545
25.
Jung, S. C., Martinez-Medina, A., Lopez-Raez, J. A., and Pozo, M. J.
(2012) Mycorrhiza-Induced Resistance and Priming of Plant Defenses. Journal of
Chemical Ecology 38, 651-664
26.
Schirawski, J., and Perlin, M. H. (2018) Plant Microbe Interaction 2017The Good, the Bad and the Diverse. International journal of molecular sciences
19, 1374
27.
Mauch-Mani, B., Baccelli, I., Luna, E., and Flors, V. (2017) Defense
Priming: An Adaptive Part of Induced Resistance. Annual review of plant biology
68, 485-512
28.
Song, Y., Chen, D., Lu, K., Sun, Z., and Zeng, R. (2015) Enhanced tomato
disease resistance primed by arbuscular mycorrhizal fungus. Frontiers in Plant
Science 6
29.
Zhang, Q., Gao, X., Ren, Y., Ding, X., Qiu, J., Li, N., Zeng, F., and Chu, Z.
(2018) Improvement of Verticillium Wilt Resistance by Applying Arbuscular
Mycorrhizal Fungi to a Cotton Variety with High Symbiotic Efficiency under Field
Conditions. International journal of molecular sciences 19, 241
30.
(2000) Analysis of the genome sequence of the flowering plant
Arabidopsis thaliana. Nature 408, 796-815
31.
Glazebrook, J. (2005) Contrasting Mechanisms of Defense Against
Biotrophic and Necrotrophic Pathogens. Annual Review of Phytopathology 43,
205-227
32.
D, T. ( 2017) Bacterial pathogens in plants. . J Bacteriol Mycol Open
Access. 4, 38‒39
33.
Hirano, S. S., and Upper, C. D. (2000) Bacteria in the Leaf Ecosystem
with Emphasis on<em>Pseudomonas syringae</em>—a Pathogen, Ice Nucleus,
and Epiphyte. Microbiology and Molecular Biology Reviews 64, 624-653
34.
Abramovitch, R. B., and Martin, G. B. (2004) Strategies used by bacterial
pathogens to suppress plant defenses. Current Opinion in Plant Biology 7, 356364
35.
MANSFIELD, J., GENIN, S., MAGORI, S., CITOVSKY, V.,
SRIARIYANUM, M., RONALD, P., DOW, M., VERDIER, V., BEER, S. V.,
MACHADO, M. A., TOTH, I., SALMOND, G., and FOSTER, G. D. (2012) Top 10

143
plant pathogenic bacteria in molecular plant pathology. Molecular Plant
Pathology 13, 614-629
36.
Lindeberg, M., Cunnac, S., and Collmer, A. (2012) Pseudomonas syringae
type III effector repertoires: last words in endless arguments. Trends in
microbiology 20, 199-208
37.
Nomura, K., Debroy, S., Lee, Y. H., Pumplin, N., Jones, J., and He, S. Y.
(2006) A bacterial virulence protein suppresses host innate immunity to cause
plant disease. Science (New York, N.Y.) 313, 220-223
38.

D, T. (2017) Bacterial pathogens in plants. J Bacteriol Mycol 4, 38-39

39.
Hua, L., Yong, C., Zhanquan, Z., Boqiang, L., Guozheng, Q., and Shiping,
T. (2018) Pathogenic mechanisms and control strategies of Botrytis cinerea
causing post-harvest decay in fruits and vegetables. Food Quality and Safety 2,
111-119
40.
Williamson, B., Tudzynski, B., Tudzynski, P., and van Kan, J. A. (2007)
Botrytis cinerea: the cause of grey mould disease. Mol Plant Pathol 8, 561-580
41.
Elad, Y. (2016) Botrytis – the Fungus, the Pathogen and its Management
in Agricultural Systems
42.
González, C., Brito, N., and Sharon, A. (2016) Infection Process and
Fungal Virulence Factors. In: Fillinger, S., and Elad, Y., eds. Botrytis – the
Fungus, the Pathogen and its Management in Agricultural Systems, pp. 229-246,
Springer International Publishing, Cham
43.
Laluk, K., and Mengiste, T. (2010) Necrotroph attacks on plants: wanton
destruction or covert extortion? The arabidopsis book 8, e0136
44.
Serrano, M., Coluccia, F., Torres, M., L’Haridon, F., and Métraux, J. P.
(2014) The cuticle and plant defense to pathogens. Frontiers in Plant Science 5
45.
Freeman, B. C. a. B., Gwyn A., (2008) An Overview of Plant Defenses
against Pathogens and Herbivores. Plant Pathology and Microbiology
46.
Van Baarlen, P., Van Belkum, A., Summerbell, R. C., Crous, P. W., and
Thomma, B. P. H. J. (2007) Molecular mechanisms of pathogenicity: how do
pathogenic microorganisms develop cross-kingdom host jumps? FEMS
Microbiology Reviews 31, 239-277
47.
Simmons, A. T., and Gurr, G. M. (2005) Trichomes of Lycopersicon
species and their hybrids: effects on pests and natural enemies. Agricultural and
Forest Entomology 7, 265-276

144
48.
Piasecka, A., Jedrzejczak-Rey, N., and Bednarek, P. (2015) Secondary
metabolites in plant innate immunity: conserved function of divergent chemicals.
New Phytologist 206, 948-964
49.
Latrasse, D., Jégu, T., Li, H., de Zelicourt, A., Raynaud, C., Legras, S.,
Gust, A., Samajova, O., Veluchamy, A., Rayapuram, N., Ramirez-Prado, J. S.,
Kulikova, O., Colcombet, J., Bigeard, J., Genot, B., Bisseling, T., Benhamed, M.,
and Hirt, H. (2017) MAPK-triggered chromatin reprogramming by histone
deacetylase in plant innate immunity. Genome Biology 18, 131
50.
Zipfel, C. (2014)
immunology 35, 345-351

Plant

pattern-recognition

receptors.

Trends

in

51.
Kosetsu, K., Matsunaga, S., Nakagami, H., Colcombet, J., Sasabe, M.,
Soyano, T., Takahashi, Y., Hirt, H., and Machida, Y. (2010) The MAP kinase
MPK4 is required for cytokinesis in Arabidopsis thaliana. Plant Cell 22
52.
Kalachova, T., Iakovenko, O., Kretinin, S., and Kravets, V. (2013)
Involvement of phospholipase D and NADPH-oxidase in salicylic acid signaling
cascade. Plant Physiology and Biochemistry 66, 127-133
53.
Dodds, P. N., and Rathjen, J. P. (2010) Plant immunity: towards an
integrated view of plant-pathogen interactions. Nature reviews. Genetics 11, 539548
54.
Tsuda, K., and Katagiri, F. (2010) Comparing signaling mechanisms
engaged in pattern-triggered and effector-triggered immunity. Curr Opin Plant
Biol 13, 459-465
55.
Spoel, S. H., and Dong, X. (2012) How do plants achieve immunity?
Defence without specialized immune cells. Nature reviews. Immunology 12, 89100
56.
Nicaise, V., Roux, M., and Zipfel, C. (2009) Recent advances in PAMPtriggered immunity against bacteria: pattern recognition receptors watch over and
raise the alarm. Plant physiology 150, 1638-1647
57.
Jones, J. D., and Dangl, J. L. (2006) The plant immune system. Nature
444, 323-329
58.
Takken, F. L., and Goverse, A. (2012) How to build a pathogen detector:
structural basis of NB-LRR function. Curr Opin Plant Biol 15, 375-384
59.
Collier, S. M., and Moffett, P. (2009) NB-LRRs work a "bait and switch" on
pathogens. Trends in plant science 14, 521-529

145
60.
Hann, D. R., Gimenez-Ibanez, S., and Rathjen, J. P. (2010) Bacterial
virulence effectors and their activities. Curr Opin Plant Biol 13, 388-393
61.
Pieterse, C. M., Leon-Reyes, A., Van der Ent, S., and Van Wees, S. C.
(2009) Networking by small-molecule hormones in plant immunity. Nature
chemical biology 5, 308-316
62.
Maffei, M. E., Arimura, G., and Mithofer, A. (2012) Natural elicitors,
effectors and modulators of plant responses. Natural product reports 29, 12881303
63.
Zipfel, C. (2009) Early molecular events in PAMP-triggered immunity. Curr
Opin Plant Biol 12, 414-420
64.
Boller, T., and Felix, G. (2009) A renaissance of elicitors: perception of
microbe-associated molecular patterns and danger signals by pattern-recognition
receptors. Annual review of plant biology 60, 379-406
65.
Schwessinger, B., and Ronald, P. C. (2012) Plant innate immunity:
perception of conserved microbial signatures. Annual review of plant biology 63,
451-482
66.
Wiesel, L., Newton, A. C., Elliott, I., Booty, D., Gilroy, E. M., Birch, P. R. J.,
and Hein, I. (2014) Molecular effects of resistance elicitors from biological origin
and their potential for crop protection. Frontiers in Plant Science 5, 655
67.
Hamid S., W. M. (2017) Elicitors and Their Roles in Plant Defence Against
Pathogens Particularly Basidiomycetes. In: Abdullah S., C.-L. H., Wagstaff C.,
ed. Crop Improvement, Springer, Cham
68.
Heil, M., and Land, W. G. (2014) Danger signals - damaged-self
recognition across the tree of life. Frontiers in Plant Science 5, 578
69.
Monaghan, J., and Zipfel, C. (2012) Plant pattern recognition receptor
complexes at the plasma membrane. Curr Opin Plant Biol 15, 349-357
70.
Osakabe, Y., Yamaguchi-Shinozaki, K., Shinozaki, K., and Tran, L. S.
(2013) Sensing the environment: key roles of membrane-localized kinases in
plant perception and response to abiotic stress. Journal of experimental botany
64, 445-458
71.
Couto, D., and Zipfel, C. (2016) Regulation of pattern recognition receptor
signalling in plants. Nature reviews. Immunology 16, 537-552
72.
Tang, D., Wang, G., and Zhou, J.-M. (2017) Receptor Kinases in PlantPathogen Interactions: More Than Pattern Recognition. The Plant Cell 29, 618637

146
73.
Liebrand, T. W., van den Berg, G. C., Zhang, Z., Smit, P., Cordewener, J.
H., America, A. H., Sklenar, J., Jones, A. M., Tameling, W. I., Robatzek, S.,
Thomma, B. P., and Joosten, M. H. (2013) Receptor-like kinase SOBIR1/EVR
interacts with receptor-like proteins in plant immunity against fungal infection.
Proceedings of the National Academy of Sciences of the United States of
America 110, 10010-10015
74.
Bigeard, J., Colcombet, J., and Hirt, H. (2015) Signaling Mechanisms in
Pattern-Triggered Immunity (PTI). Molecular Plant 8, 521-539
75.
Cui, H., Tsuda, K., and Parker, J. E. (2015) Effector-triggered immunity:
from pathogen perception to robust defense. Annual review of plant biology 66,
487-511
76.
Li, X., Kapos, P., and Zhang, Y. (2015) NLRs in plants. Current opinion in
immunology 32, 114-121
77.
Krol, E., Mentzel, T., Chinchilla, D., Boller, T., Felix, G., Kemmerling, B.,
Postel, S., Arents, M., Jeworutzki, E., Al-Rasheid, K. A. S., Becker, D., and
Hedrich, R. (2010) Perception of the Arabidopsis Danger Signal Peptide 1
Involves the Pattern Recognition Receptor AtPEPR1 and Its Close Homologue
AtPEPR2. The Journal of Biological Chemistry 285, 13471-13479
78.
Gomez-Gomez, L., and Boller, T. (2000) FLS2: an LRR receptor-like
kinase involved in the perception of the bacterial elicitor flagellin in Arabidopsis.
Molecular cell 5, 1003-1011
79.

Shamrai, S. (2014) Plant immune system: Basal immunity

80.
Koller, T., and Bent, A. F. (2014) FLS2-BAK1 extracellular domain
interaction sites required for defense signaling activation. PloS one 9, e111185
81.
Sun, Y., Li, L., Macho, A. P., Han, Z., Hu, Z., Zipfel, C., Zhou, J.-M., and
Chai, J. (2013) Structural Basis for flg22-Induced Activation of the
<em>Arabidopsis</em> FLS2-BAK1 Immune Complex. Science (New York,
N.Y.) 342, 624-628
82.
Mithoe, S. C., and Menke, F. L. H. (2018) Regulation of pattern
recognition receptor signalling by phosphorylation and ubiquitination. Current
Opinion in Plant Biology 45, 162-170
83.
Couto, D., and Zipfel, C. (2016) Regulation of pattern recognition receptor
signalling in plants. Nature Reviews Immunology 16, 537
84.
Lu, D., Wu, S., Gao, X., Zhang, Y., Shan, L., and He, P. (2010) A
receptor-like cytoplasmic kinase, BIK1, associates with a flagellin receptor

147
complex to initiate plant innate immunity. Proceedings of the National Academy
of Sciences of the United States of America 107, 496-501
85.
Zhang, J., Li, W., Xiang, T., Liu, Z., Laluk, K., Ding, X., Zou, Y., Gao, M.,
Zhang, X., Chen, S., Mengiste, T., Zhang, Y., and Zhou, J. M. (2010) Receptorlike cytoplasmic kinases integrate signaling from multiple plant immune receptors
and are targeted by a Pseudomonas syringae effector. Cell host & microbe 7,
290-301
86.
Chinchilla, D., Zipfel, C., Robatzek, S., Kemmerling, B., Nurnberger, T.,
Jones, J. D., Felix, G., and Boller, T. (2007) A flagellin-induced complex of the
receptor FLS2 and BAK1 initiates plant defence. Nature 448, 497-500
87.
Kadota, Y., Sklenar, J., Derbyshire, P., Stransfeld, L., Asai, S., Ntoukakis,
V., Jones, J. D., Shirasu, K., Menke, F., Jones, A., and Zipfel, C. (2014) Direct
regulation of the NADPH oxidase RBOHD by the PRR-associated kinase BIK1
during plant immunity. Molecular cell 54, 43-55
88.
Flor, H. H. (1971) Current Status of the Gene-For-Gene Concept. Annual
Review of Phytopathology 9, 275-296
89.
Block, A., and Alfano, J. R. (2011) Plant targets for Pseudomonas
syringae type III effectors: Virulence targets or guarded decoys? Current opinion
in microbiology 14, 39-46
90.
Collmer, A., Badel, J. L., Charkowski, A. O., Deng, W. L., Fouts, D. E.,
Ramos, A. R., Rehm, A. H., Anderson, D. M., Schneewind, O., van Dijk, K., and
Alfano, J. R. (2000) Pseudomonas syringae Hrp type III secretion system and
effector proteins. Proceedings of the National Academy of Sciences of the United
States of America 97, 8770-8777
91.
Zhang, W., Gao, S., Zhou, X., Chellappan, P., Chen, Z., Zhou, X., Zhang,
X., Fromuth, N., Coutino, G., Coffey, M., and Jin, H. (2011) Bacteria-responsive
microRNAs regulate plant innate immunity by modulating plant hormone
networks. Plant Molecular Biology 75, 93-105
92.
Khan, M., Seto, D., Subramaniam, R., and Desveaux, D. (2018) Oh, the
places they'll go! A survey of phytopathogen effectors and their host targets. The
Plant Journal 93, 651-663
93.
Deslandes, L., and Rivas, S. (2012) Catch me if you can: bacterial
effectors and plant targets. Trends in plant science 17, 644-655
94.
Buttner, D. (2016) Behind the lines-actions of bacterial type III effector
proteins in plant cells. FEMS Microbiol Rev 40, 894-937

148
95.
Dangl, J. L., and Jones, J. D. G. (2001) Plant pathogens and integrated
defence responses to infection. Nature 411, 826
96.
Belkhadir, Y., Subramaniam, R., and Dangl, J. L. (2004) Plant disease
resistance protein signaling: NBS-LRR proteins and their partners. Curr Opin
Plant Biol 7, 391-399
97.
Innes, Roger W. (2015) Exploiting Combinatorial Interactions to Expand
NLR Specificity. Cell host & microbe 18, 265-267
98.
Shao, Z. Q., Xue, J. Y., Wu, P., Zhang, Y. M., Wu, Y., Hang, Y. Y., Wang,
B., and Chen, J. Q. (2016) Large-Scale Analyses of Angiosperm NucleotideBinding Site-Leucine-Rich Repeat Genes Reveal Three Anciently Diverged
Classes with Distinct Evolutionary Patterns. Plant physiology 170, 2095-2109
99.
Kapos, P., Devendrakumar, K. T., and Li, X. (2018) Plant NLRs: From
discovery to application. Plant Science
100. Krasileva, K. V., Dahlbeck, D., and Staskawicz, B. J. (2010) Activation of
an Arabidopsis Resistance Protein Is Specified by the in Planta Association of Its
Leucine-Rich Repeat Domain with the Cognate Oomycete Effector. The Plant
Cell 22, 2444-2458
101. van der Hoorn, R. A. L., and Kamoun, S. (2008) From Guard to Decoy: A
New Model for Perception of Plant Pathogen Effectors. The Plant Cell 20, 20092017
102. Mackey, D., Holt, B. F., 3rd, Wiig, A., and Dangl, J. L. (2002) RIN4
interacts with Pseudomonas syringae type III effector molecules and is required
for RPM1-mediated resistance in Arabidopsis. Cell 108, 743-754
103. Axtell, M. J., and Staskawicz, B. J. (2003) Initiation of RPS2-specified
disease resistance in Arabidopsis is coupled to the AvrRpt2-directed elimination
of RIN4. Cell 112, 369-377
104. Lee, D., Bourdais, G., Yu, G., Robatzek, S., and Coaker, G. (2015)
Phosphorylation of the Plant Immune Regulator RPM1-INTERACTING
PROTEIN4 Enhances Plant Plasma Membrane H(+)-ATPase Activity and Inhibits
Flagellin-Triggered Immune Responses in Arabidopsis. The Plant Cell 27, 20422056
105. Liu, J., Elmore, J. M., Lin, Z. J., and Coaker, G. (2011) A receptor-like
cytoplasmic kinase phosphorylates the host target RIN4, leading to the activation
of a plant innate immune receptor. Cell host & microbe 9, 137-146

149
106. Liese, A., and Romeis, T. (2013) Biochemical regulation of in vivo function
of plant calcium-dependent protein kinases (CDPK). Biochimica et biophysica
acta 1833, 1582-1589
107. Torres, M. A., Jones, J. D., and Dangl, J. L. (2006) Reactive oxygen
species signaling in response to pathogens. Plant physiology 141, 373-378
108. Ahuja, I., Kissen, R., and Bones, A. M. (2012) Phytoalexins in defense
against pathogens. Trends in plant science 17, 73-90
109. Nurnberger, T., Brunner, F., Kemmerling, B., and Piater, L. (2004) Innate
immunity in plants and animals: striking similarities and obvious differences.
Immunol Rev 198, 249-266
110. Tsuda, K., Mine, A., Bethke, G., Igarashi, D., Botanga, C. J., Tsuda, Y.,
Glazebrook, J., Sato, M., and Katagiri, F. (2013) Dual regulation of gene
expression mediated by extended MAPK activation and salicylic acid contributes
to robust innate immunity in Arabidopsis thaliana. PLoS genetics 9, e1004015
111. Grant, M. R., and Jones, J. D. (2009) Hormone (dis)harmony moulds plant
health and disease. Science (New York, N.Y.) 324, 750-752
112. Mur, L. A., Kenton, P., Lloyd, A. J., Ougham, H., and Prats, E. (2008) The
hypersensitive response; the centenary is upon us but how much do we know?
Journal of experimental botany 59, 501-520
113. Gomez-Gomez, L., Felix, G., and Boller, T. (1999) A single locus
determines sensitivity to bacterial flagellin in Arabidopsis thaliana. The Plant
journal : for cell and molecular biology 18, 277-284
114. van Loon, L. C., Rep, M., and Pieterse, C. M. (2006) Significance of
inducible defense-related proteins in infected plants. Annu Rev Phytopathol 44,
135-162
115. Dixon, R. A. (2001) Natural products and plant disease resistance. Nature
411, 843-847
116. Bednarek, P. (2012) Chemical warfare or modulators of defence
responses - the function of secondary metabolites in plant immunity. Curr Opin
Plant Biol 15, 407-414
117. Melotto, M., Underwood, W., and He, S. Y. (2008) Role of Stomata in
Plant Innate Immunity and Foliar Bacterial Diseases. Annual Review of
Phytopathology 46, 101-122

150
118. Sawinski, K., Mersmann, S., Robatzek, S., and Bohmer, M. (2013)
Guarding the green: pathways to stomatal immunity. Molecular plant-microbe
interactions : MPMI 26, 626-632
119. Thomma, B. P., Nurnberger, T., and Joosten, M. H. (2011) Of PAMPs and
effectors: the blurred PTI-ETI dichotomy. Plant Cell 23, 4-15
120. Colcombet, J., and Hirt, H. (2008) Arabidopsis MAPKs: a complex
signalling network involved in multiple biological processes. The Biochemical
journal 413, 217-226
121. Lecourieux, D., Ranjeva, R., and Pugin, A. (2006) Calcium in plant
defence-signalling pathways. The New phytologist 171, 249-269
122. Aslam, S. N., Erbs, G., Morrissey, K. L., Newman, M. A., Chinchilla, D.,
Boller, T., Molinaro, A., Jackson, R. W., and Cooper, R. M. (2009) Microbeassociated molecular pattern (MAMP) signatures, synergy, size and charge:
influences on perception or mobility and host defence responses. Mol Plant
Pathol 10, 375-387
123. Benschop, J. J., Mohammed, S., O'Flaherty, M., Heck, A. J., Slijper, M.,
and Menke, F. L. (2007) Quantitative phosphoproteomics of early elicitor
signaling in Arabidopsis. Molecular & cellular proteomics : MCP 6, 1198-1214
124. Nuhse, T. S., Bottrill, A. R., Jones, A. M., and Peck, S. C. (2007)
Quantitative phosphoproteomic analysis of plasma membrane proteins reveals
regulatory mechanisms of plant innate immune responses. The Plant journal : for
cell and molecular biology 51, 931-940
125. McAinsh, M. R., and Hetherington, A. M. (1998) Encoding specificity in
Ca2+ signalling systems. Trends in Plant Science 3, 32-36
126. Day, I. S., Reddy, V. S., Shad Ali, G., and Reddy, A. S. N. (2002) Analysis
of EF-hand-containing proteins in Arabidopsis. Genome biology 3,
RESEARCH0056-RESEARCH0056
127. Monaghan, J., Matschi, S., Shorinola, O., Rovenich, H., Matei, A.,
Segonzac, C., Malinovsky, Frederikke G., Rathjen, John P., MacLean, D.,
Romeis, T., and Zipfel, C. (2014) The Calcium-Dependent Protein Kinase CPK28
Buffers Plant Immunity and Regulates BIK1 Turnover. Cell host & microbe 16,
605-615
128. Li, L., Li, M., Yu, L., Zhou, Z., Liang, X., Liu, Z., Cai, G., Gao, L., Zhang,
X., Wang, Y., Chen, S., and Zhou, J.-M. (2014) The FLS2-Associated Kinase
BIK1 Directly Phosphorylates the NADPH Oxidase RbohD to Control Plant
Immunity. Cell host & microbe 15, 329-338

151
129. Ranf, S., Eschen-Lippold, L., Fröhlich, K., Westphal, L., Scheel, D., and
Lee, J. (2014) Microbe-associated molecular pattern-induced calcium signaling
requires the receptor-like cytoplasmic kinases, PBL1 and BIK1. BMC Plant
Biology 14, 374
130. Monaghan, J., Matschi, S., Romeis, T., and Zipfel, C. (2015) The calciumdependent protein kinase CPK28 negatively regulates the BIK1-mediated PAMPinduced calcium burst. Plant Signaling & Behavior 10, e1018497
131. Dou, D., and Zhou, J. M. (2012) Phytopathogen effectors subverting host
immunity: different foes, similar battleground. Cell host & microbe 12, 484-495
132. Sang, Y., and Macho, A. P. (2017) Analysis of PAMP-Triggered ROS
Burst in Plant Immunity. Methods in molecular biology (Clifton, N.J.) 1578, 143153
133. Apel, K., and Hirt, H. (2004) Reactive oxygen species: metabolism,
oxidative stress, and signal transduction. Annual review of plant biology 55, 373399
134. Suzuki, N., Miller, G., Morales, J., Shulaev, V., Torres, M. A., and Mittler,
R. (2011) Respiratory burst oxidases: the engines of ROS signaling. Curr Opin
Plant Biol 14, 691-699
135. Gilroy, S., Suzuki, N., Miller, G., Choi, W. G., Toyota, M., Devireddy, A. R.,
and Mittler, R. (2014) A tidal wave of signals: calcium and ROS at the forefront of
rapid systemic signaling. Trends in plant science 19, 623-630
136. Nathan, C., and Cunningham-Bussel, A. (2013) Beyond oxidative stress:
an immunologist's guide to reactive oxygen species. Nature reviews. Immunology
13, 349-361
137. Kadota, Y., Shirasu, K., and Zipfel, C. (2015) Regulation of the NADPH
Oxidase RBOHD During Plant Immunity. Plant and Cell Physiology 56, 14721480
138. Marino, D., Dunand, C., Puppo, A., and Pauly, N. (2012) A burst of plant
NADPH oxidases. Trends in plant science 17, 9-15
139. Qi, J., Wang, J., Gong, Z., and Zhou, J.-M. (2017) Apoplastic ROS
signaling in plant immunity. Current Opinion in Plant Biology 38, 92-100
140. Denness, L., McKenna, J. F., Segonzac, C., Wormit, A., Madhou, P.,
Bennett, M., Mansfield, J., Zipfel, C., and Hamann, T. (2011) Cell wall damageinduced lignin biosynthesis is regulated by a reactive oxygen species- and
jasmonic acid-dependent process in Arabidopsis. Plant physiology 156, 13641374

152
141. Torres, M. A., Jones, J. D., and Dangl, J. L. (2005) Pathogen-induced,
NADPH oxidase-derived reactive oxygen intermediates suppress spread of cell
death in Arabidopsis thaliana. Nature genetics 37, 1130-1134
142. Miller, G., Schlauch, K., Tam, R., Cortes, D., Torres, M. A., Shulaev, V.,
Dangl, J. L., and Mittler, R. (2009) The plant NADPH oxidase RBOHD mediates
rapid systemic signaling in response to diverse stimuli. Science signaling 2, ra45
143. Boller, T., and He, S. Y. (2009) Innate immunity in plants: an arms race
between pattern recognition receptors in plants and effectors in microbial
pathogens. Science (New York, N.Y.) 324, 742-744
144. Boudsocq, M., Willmann, M. R., McCormack, M., Lee, H., Shan, L., He, P.,
Bush, J., Cheng, S. H., and Sheen, J. (2010) Differential innate immune
signalling via Ca(2+) sensor protein kinases. Nature 464, 418-422
145. Ranf, S., Eschen-Lippold, L., Pecher, P., Lee, J., and Scheel, D. (2011)
Interplay between calcium signalling and early signalling elements during
defence responses to microbe- or damage-associated molecular patterns. The
Plant journal : for cell and molecular biology 68, 100-113
146. Segonzac, C., and Zipfel, C. (2011) Activation of plant pattern-recognition
receptors by bacteria. Curr Opin Microbiol 14, 54-61
147. Dubiella, U., Seybold, H., Durian, G., Komander, E., Lassig, R., Witte, C.P., Schulze, W. X., and Romeis, T. (2013) Calcium-dependent protein
kinase/NADPH oxidase activation circuit is required for rapid defense signal
propagation. Proceedings of the National Academy of Sciences 110, 8744-8749
148. Li, L., Li, M., Yu, L., Zhou, Z., Liang, X., Liu, Z., Cai, G., Gao, L., Zhang,
X., Wang, Y., Chen, S., and Zhou, J. M. (2014) The FLS2-associated kinase
BIK1 directly phosphorylates the NADPH oxidase RbohD to control plant
immunity. Cell host & microbe 15, 329-338
149. Ma, W., Smigel, A., Tsai, Y.-C., Braam, J., and Berkowitz, G. A. (2008)
Innate Immunity Signaling: Cytosolic Ca<sup>2+</sup> Elevation Is Linked to
Downstream Nitric Oxide Generation through the Action of Calmodulin or a
Calmodulin-Like Protein. Plant physiology 148, 818-828
150. Domingos, P., Prado, Ana M., Wong, A., Gehring, C., and Feijo, Jose A.
(2015) Nitric Oxide: A Multitasked Signaling Gas in Plants. Molecular Plant 8,
506-520
151. Mur, L. A. J., Sivakumaran, A., Mandon, J., Cristescu, S. M., Harren, F. J.
M., and Hebelstrup, K. H. (2012) Haemoglobin modulates salicylate and
jasmonate/ethylene-mediated resistance mechanisms against pathogens.
Journal of experimental botany 63, 4375-4387

153
152. Zhang, Y., Zhu, H., Zhang, Q., Li, M., Yan, M., Wang, R., Wang, L., Welti,
R., Zhang, W., and Wang, X. (2009) Phospholipase dalpha1 and phosphatidic
acid regulate NADPH oxidase activity and production of reactive oxygen species
in ABA-mediated stomatal closure in Arabidopsis. Plant Cell 21, 2357-2377
153. Zhang, Q., and Xiao, S. (2015) Lipids in salicylic acid-mediated defense in
plants: focusing on the roles of phosphatidic acid and phosphatidylinositol 4phosphate. Frontiers in Plant Science 6, 387
154. Bargmann, B. O., and Munnik, T. (2006) The role of phospholipase D in
plant stress responses. Curr Opin Plant Biol 9, 515-522
155. Arisz, S. A., Testerink, C., and Munnik, T. (2009) Plant PA signaling via
diacylglycerol kinase. Biochimica et biophysica acta 1791, 869-875
156. Testerink, C., and Munnik, T. (2011) Molecular, cellular, and physiological
responses to phosphatidic acid formation in plants. Journal of experimental
botany 62, 2349-2361
157. Li, M., Hong, Y., and Wang, X. (2009) Phospholipase D- and phosphatidic
acid-mediated signaling in plants. Biochimica et biophysica acta 1791, 927-935
158. Yu, L., Nie, J., Cao, C., Jin, Y., Yan, M., Wang, F., Liu, J., Xiao, Y., Liang,
Y., and Zhang, W. (2010) Phosphatidic acid mediates salt stress response by
regulation of MPK6 in Arabidopsis thaliana. The New phytologist 188, 762-773
159. Tena, G., Boudsocq, M., and Sheen, J. (2011) Protein kinase signaling
networks in plant innate immunity. Curr Opin Plant Biol 14, 519-529
160. Boudsocq, M., Willmann, M. R., McCormack, M., Lee, H., Shan, L., He, P.,
Bush, J., Cheng, S.-H., and Sheen, J. (2010) Differential innate immune
signalling via Ca2+ sensor protein kinases. Nature 464, 418
161. Nuhse, T. S., Peck, S. C., Hirt, H., and Boller, T. (2000) Microbial elicitors
induce activation and dual phosphorylation of the Arabidopsis thaliana MAPK 6. J
Biol Chem 275, 7521-7526
162. Meng, X., and Zhang, S. (2013) MAPK cascades in plant disease
resistance signaling. Annu Rev Phytopathol 51, 245-266
163. Chang, L., and Karin, M. (2001) Mammalian MAP kinase signalling
cascades. Nature 410, 37-40
164. Widmann, C., Gibson, S., Jarpe, M. B., and Johnson, G. L. (1999)
Mitogen-activated protein kinase: conservation of a three-kinase module from
yeast to human. Physiological reviews 79, 143-180

154
165. Frei dit Frey, N., Garcia, A. V., Bigeard, J., Zaag, R., Bueso, E., Garmier,
M., Pateyron, S., de Tauzia-Moreau, M. L., Brunaud, V., Balzergue, S.,
Colcombet, J., Aubourg, S., Martin-Magniette, M. L., and Hirt, H. (2014)
Functional analysis of Arabidopsis immune-related MAPKs uncovers a role for
MPK3 as negative regulator of inducible defences. Genome Biol 15, R87
166. Simeunovic, A., Mair, A., Wurzinger, B., and Teige, M. (2016) Know where
your clients are: subcellular localization and targets of calcium-dependent protein
kinases. Journal of experimental botany 67, 3855-3872
167. Boudsocq, M., and Sheen, J. (2013) CDPKs in immune and stress
signaling. Trends in plant science 18, 30-40
168. Schulz, P., Herde, M., and Romeis, T. (2013) Calcium-Dependent Protein
Kinases: Hubs in Plant Stress Signaling and Development. Plant physiology 163,
523-530
169. Cheng, S. H., Willmann, M. R., Chen, H. C., and Sheen, J. (2002) Calcium
signaling through protein kinases. The Arabidopsis calcium-dependent protein
kinase gene family. Plant physiology 129, 469-485
170. Chehab, E. W., Patharkar, O. R., Hegeman, A. D., Taybi, T., and
Cushman, J. C. (2004) Autophosphorylation and subcellular localization
dynamics of a salt- and water deficit-induced calcium-dependent protein kinase
from ice plant. Plant physiology 135, 1430-1446
171. Lachaud, C., Prigent, E., Thuleau, P., Grat, S., Da Silva, D., Briere, C.,
Mazars, C., and Cotelle, V. (2013) 14-3-3-regulated Ca(2+)-dependent protein
kinase CPK3 is required for sphingolipid-induced cell death in Arabidopsis. Cell
death and differentiation 20, 209-217
172. Camoni, L., Harper, J. F., and Palmgren, M. G. (1998) 14-3-3 proteins
activate a plant calcium-dependent protein kinase (CDPK). FEBS letters 430,
381-384
173. Dixit, A. K., and Jayabaskaran, C. (2012) Phospholipid mediated
activation of calcium dependent protein kinase 1 (CaCDPK1) from chickpea: a
new paradigm of regulation. PloS one 7, e51591
174. Romeis, T., and Herde, M. (2014) From local to global: CDPKs in systemic
defense signaling upon microbial and herbivore attack. Curr Opin Plant Biol 20,
1-10
175. Kanchiswamy, C. N., Takahashi, H., Quadro, S., Maffei, M. E., Bossi, S.,
Bertea, C., Zebelo, S. A., Muroi, A., Ishihama, N., Yoshioka, H., Boland, W.,
Takabayashi, J., Endo, Y., Sawasaki, T., and Arimura, G. (2010) Regulation of

155
Arabidopsis defense responses against Spodoptera littoralis by CPK-mediated
calcium signaling. BMC plant biology 10, 97
176. Li, B., Meng, X., Shan, L., and He, P. (2016) Transcriptional Regulation of
Pattern-Triggered Immunity in Plants. Cell host & microbe 19, 641-650
177. Lewis, L. A., Polanski, K., de Torres-Zabala, M., Jayaraman, S., Bowden,
L., Moore, J., Penfold, C. A., Jenkins, D. J., Hill, C., Baxter, L., Kulasekaran, S.,
Truman, W., Littlejohn, G., Prusinska, J., Mead, A., Steinbrenner, J., Hickman,
R., Rand, D., Wild, D. L., Ott, S., Buchanan-Wollaston, V., Smirnoff, N., Beynon,
J., Denby, K., and Grant, M. (2015) Transcriptional Dynamics Driving MAMPTriggered Immunity and Pathogen Effector-Mediated Immunosuppression in
Arabidopsis Leaves Following Infection with <em>Pseudomonas syringae</em>
pv tomato DC3000. The Plant Cell 27, 3038-3064
178. Zipfel, C., and Robatzek, S. (2010) Pathogen-associated molecular
pattern-triggered immunity: veni, vidi...? Plant physiology 154, 551-554
179. Navarro, L., Zipfel, C., Rowland, O., Keller, I., Robatzek, S., Boller, T., and
Jones, J. D. (2004) The transcriptional innate immune response to flg22.
Interplay and overlap with Avr gene-dependent defense responses and bacterial
pathogenesis. Plant physiology 135, 1113-1128
180. Moscatiello, R., Mariani, P., Sanders, D., and Maathuis, F. J. (2006)
Transcriptional analysis of calcium-dependent and calcium-independent
signalling pathways induced by oligogalacturonides. Journal of experimental
botany 57, 2847-2865
181. Zipfel, C., Kunze, G., Chinchilla, D., Caniard, A., Jones, J. D., Boller, T.,
and Felix, G. (2006) Perception of the bacterial PAMP EF-Tu by the receptor
EFR restricts Agrobacterium-mediated transformation. Cell 125, 749-760
182. Alves, M., Dadalto, S., Gonçalves, A., De Souza, G., Barros, V., and
Fietto, L. (2013) Plant bZIP Transcription Factors Responsive to Pathogens: A
Review. International Journal of Molecular Sciences 14, 7815
183. Pandey, S. P., and Somssich, I. E. (2009) The Role of WRKY
Transcription Factors in Plant Immunity. Plant physiology 150, 1648-1655
184. Ambawat, S., Sharma, P., Yadav, N. R., and Yadav, R. C. (2013) MYB
transcription factor genes as regulators for plant responses: an overview.
Physiology and Molecular Biology of Plants 19, 307-321
185. Li, B., Gaudinier, A., Tang, M., Taylor-Teeples, M., Nham, N. T., Ghaffari,
C., Benson, D. S., Steinmann, M., Gray, J. A., Brady, S. M., and Kliebenstein, D.
J. (2014) Promoter-Based Integration in Plant Defense Regulation. Plant
physiology 166, 1803-1820

156
186. An, C., and Mou, Z. (2013) The function of the Mediator complex in plant
immunity. Plant signaling & behavior 8, e23182-e23182
187. Berr, A., Menard, R., Heitz, T., and Shen, W. H. (2012) Chromatin
modification and remodelling: a regulatory landscape for the control of
Arabidopsis defence responses upon pathogen attack. Cellular microbiology 14,
829-839
188. Dowen, R. H., Pelizzola, M., Schmitz, R. J., Lister, R., Dowen, J. M., Nery,
J. R., Dixon, J. E., and Ecker, J. R. (2012) Widespread dynamic DNA methylation
in response to biotic stress. Proceedings of the National Academy of Sciences of
the United States of America 109, E2183-2191
189. Yu, A., Lepère, G., Jay, F., Wang, J., Bapaume, L., Wang, Y., Abraham,
A.-L., Penterman, J., Fischer, R. L., Voinnet, O., and Navarro, L. (2013)
Dynamics
and
biological
relevance
of
DNA
demethylation
in
<em>Arabidopsis</em> antibacterial defense. Proceedings of the National
Academy of Sciences 110, 2389-2394
190. Ma, K.-W., Flores, C., and Ma, W. (2011) Chromatin configuration as a
battlefield in plant-bacteria interactions. Plant physiology 157, 535-543
191. Moore, J. W., Loake, G. J., and Spoel, S. H. (2011) Transcription
dynamics in plant immunity. Plant Cell 23, 2809-2820
192. Tsuda, K., and Somssich, I. E. (2015) Transcriptional networks in plant
immunity. The New phytologist 206, 932-947
193. Dong, J., Chen, C., and Chen, Z. (2003) Expression profiles of the
Arabidopsis WRKY gene superfamily during plant defense response. Plant Mol
Biol 51, 21-37
194. Zipfel, C., Robatzek, S., Navarro, L., Oakeley, E. J., Jones, J. D. G., Felix,
G., and Boller, T. (2004) Bacterial disease resistance in Arabidopsis through
flagellin perception. Nature 428
195. Asai, T., Tena, G., Plotnikova, J., Willmann, M. R., Chiu, W. L., GomezGomez, L., Boller, T., Ausubel, F. M., and Sheen, J. (2002) MAP kinase
signalling cascade in Arabidopsis innate immunity. Nature 415, 977-983
196. Chen, C., and Chen, Z. (2002) Potentiation of developmentally regulated
plant defense response by AtWRKY18, a pathogen-induced Arabidopsis
transcription factor. Plant physiology 129, 706-716
197. Xu, X., Chen, C., Fan, B., and Chen, Z. (2006) Physical and functional
interactions between pathogen-induced Arabidopsis WRKY18, WRKY40, and
WRKY60 transcription factors. Plant Cell 18, 1310-1326

157
198. Millet, Y. A., Danna, C. H., Clay, N. K., Songnuan, W., Simon, M. D.,
Werck-Reichhart, D., and Ausubel, F. M. (2010) Innate Immune Responses
Activated in <em>Arabidopsis</em> Roots by Microbe-Associated Molecular
Patterns. The Plant Cell 22, 973-990
199. Clay, N. K., Adio, A. M., Denoux, C., Jander, G., and Ausubel, F. M.
(2009) Glucosinolate metabolites required for an Arabidopsis innate immune
response. Science (New York, N.Y.) 323, 95-101
200. Bednarek, P., Piślewska-Bednarek, M., Svatoš, A., Schneider, B.,
Doubský, J., Mansurova, M., Humphry, M., Consonni, C., Panstruga, R.,
Sanchez-Vallet, A., Molina, A., and Schulze-Lefert, P. (2009) A Glucosinolate
Metabolism Pathway in Living Plant Cells Mediates Broad-Spectrum Antifungal
Defense. Science (New York, N.Y.) 323, 101-106
201. Clay, N. K., Adio, A. M., Denoux, C., Jander, G., and Ausubel, F. M.
(2009) Glucosinolate Metabolites Required for an <em>Arabidopsis</em> Innate
Immune Response. Science (New York, N.Y.) 323, 95-101
202. Li, F., Cheng, C., Cui, F., de Oliveira, Marcos V. V., Yu, X., Meng, X.,
Intorne, Aline C., Babilonia, K., Li, M., Li, B., Chen, S., Ma, X., Xiao, S., Zheng,
Y., Fei, Z., Metz, Richard P., Johnson, Charles D., Koiwa, H., Sun, W., Li, Z.,
Filho, Gonçalo A. de S., Shan, L., and He, P. (2014) Modulation of RNA
Polymerase II Phosphorylation Downstream of Pathogen Perception
Orchestrates Plant Immunity. Cell host & microbe 16, 748-758
203. Ellinger, D., and Voigt, C. A. (2014) Callose biosynthesis in Arabidopsis
with a focus on pathogen response: what we have learned within the last decade.
Annals of botany 114, 1349-1358
204. Voigt, C. A. (2014) Callose-mediated resistance to pathogenic intruders in
plant defense-related papillae. Frontiers in Plant Science 5, 168-168
205. Daudi, A., Cheng, Z., O'Brien, J. A., Mammarella, N., Khan, S., Ausubel,
F. M., and Bolwell, G. P. (2012) The apoplastic oxidative burst peroxidase in
Arabidopsis is a major component of pattern-triggered immunity. Plant Cell 24,
275-287
206. Wrzaczek, M., Brosché, M., and Kangasjärvi, J. (2013) ROS signaling
loops — production, perception, regulation. Current Opinion in Plant Biology 16,
575-582
207. Jacobs, A. K., Lipka, V., Burton, R. A., Panstruga, R., Strizhov, N.,
Schulze-Lefert, P., and Fincher, G. B. (2003) An Arabidopsis Callose Synthase,
GSL5, Is Required for Wound and Papillary Callose Formation. The Plant cell 15,
2503-2513

158
208. Kim, M. G., da Cunha, L., McFall, A. J., Belkhadir, Y., DebRoy, S., Dangl,
J. L., and Mackey, D. (2005) Two Pseudomonas syringae type III effectors inhibit
RIN4-regulated basal defense in Arabidopsis. Cell 121, 749-759
209. Nishimura, M. T., Stein, M., Hou, B.-H., Vogel, J. P., Edwards, H., and
Somerville, S. C. (2003) Loss of a Callose Synthase Results in Salicylic AcidDependent Disease Resistance. Science (New York, N.Y.) 301, 969-972
210. Flors, V., Ton, J., Van Doorn, R., Jakab, G., García-Agustín, P., and
Mauch-Mani, B. (2008) Interplay between JA, SA and ABA signalling during
basal and induced resistance against Pseudomonas syringae and Alternaria
brassicicola. The Plant Journal 54, 81-92
211. Cao, F. Y., Yoshioka, K., and Desveaux, D. (2011) The roles of ABA in
plant-pathogen interactions. Journal of plant research 124, 489-499
212. Yu, X., Feng, B., He, P., and Shan, L. (2017) From Chaos to Harmony:
Responses and Signaling upon Microbial Pattern Recognition. Annual Review of
Phytopathology 55, 109-137
213. Melotto, M., Underwood, W., and He, S. Y. (2008) Role of stomata in plant
innate immunity and foliar bacterial diseases. Annu Rev Phytopathol 46, 101-122
214. Zeng, W., and He, S. Y. (2010) A prominent role of the flagellin receptor
FLAGELLIN-SENSING2 in mediating stomatal response to pseudomonas
syringae pv tomato DC3000 in Arabidopsis. Plant physiology 153
215. Faulkner, C., Petutschnig, E., Benitez-Alfonso, Y., Beck, M., Robatzek, S.,
Lipka, V., and Maule, A. J. (2013) LYM2-dependent chitin perception limits
molecular flux via plasmodesmata. Proceedings of the National Academy of
Sciences 110, 9166-9170
216. Mengiste, T. (2012) Plant immunity to necrotrophs. Annu Rev Phytopathol
50, 267-294
217. Bari, R., and Jones, J. D. (2009) Role of plant hormones in plant defence
responses. Plant Mol Biol 69, 473-488
218. Pieterse, C. M. J., Van der Does, D., Zamioudis, C., Leon-Reyes, A., and
Van Wees, S. C. M. (2012) Hormonal Modulation of Plant Immunity. Annual
Review of Cell and Developmental Biology 28, 489-521
219. Zhang, M., Su, J., Zhang, Y., Xu, J., and Zhang, S. (2018) Conveying
endogenous and exogenous signals: MAPK cascades in plant growth and
defense. Current Opinion in Plant Biology 45, 1-10

159
220. Tsuda, K., Sato, M., Glazebrook, J., Cohen, J. D., and Katagiri, F. (2008)
Interplay between MAMP-triggered and SA-mediated defense responses. The
Plant journal : for cell and molecular biology 53, 763-775
221. Nomura, H., Komori, T., Uemura, S., Kanda, Y., Shimotani, K., Nakai, K.,
Furuichi, T., Takebayashi, K., Sugimoto, T., Sano, S., Suwastika, I., Fukusaki, E.,
Yoshioka, H., Nakahira, Y., and Shiina, T. (2012) Chloroplast-mediated activation
of plant immune signaling in Arabidopsis
222. Halim, V. A., Altmann, S., Ellinger, D., Eschen-Lippold, L., Miersch, O.,
Scheel, D., and Rosahl, S. (2009) PAMP-induced defense responses in potato
require both salicylic acid and jasmonic acid. The Plant Journal 57, 230-242
223. Robert-Seilaniantz, A., Grant, M., and Jones, J. D. (2011) Hormone
crosstalk in plant disease and defense: more than just jasmonate-salicylate
antagonism. Annu Rev Phytopathol 49
224. Tsuda, K., Sato, M., Stoddard, T., Glazebrook, J., and Katagiri, F. (2009)
Network properties of robust immunity in plants. PLoS genetics 5, e1000772e1000772
225. Derksen, H., Rampitsch, C., and Daayf, F. (2013) Signaling cross-talk in
plant disease resistance. Plant science : an international journal of experimental
plant biology 207, 79-87
226. Spoel, S. H., and Dong, X. (2008) Making sense of hormone crosstalk
during plant immune responses. Cell host & microbe 3, 348-351
227. De Bruyne, L., Höfte, M., and De Vleesschauwer, D. (2014) Connecting
Growth and Defense: The Emerging Roles of Brassinosteroids and Gibberellins
in Plant Innate Immunity. Molecular Plant 7, 943-959
228. Thaler, J. S., Humphrey, P. T., and Whiteman, N. K. (2012) Evolution of
jasmonate and salicylate signal crosstalk. Trends in plant science 17, 260-270
229. Shigenaga, A. M., Berens, M. L., Tsuda, K., and Argueso, C. T. (2017)
Towards engineering of hormonal crosstalk in plant immunity. Curr Opin Plant
Biol 38, 164-172
230. Serrano, M., Wang, B., Aryal, B., Garcion, C., Abou-Mansour, E., Heck,
S., Geisler, M., Mauch, F., Nawrath, C., and Métraux, J.-P. (2013) Export of
Salicylic Acid from the Chloroplast Requires the Multidrug and Toxin ExtrusionLike Transporter EDS5. Plant physiology 162, 1815-1821
231. Vlot, A. C., Dempsey, D. A., and Klessig, D. F. (2009) Salicylic Acid, a
multifaceted hormone to combat disease. Annu Rev Phytopathol 47, 177-206

160
232. Dong, X. (2004) NPR1, all things considered. Current Opinion in Plant
Biology 7, 547-552
233. Rushton, P. J., Somssich, I. E., Ringler, P., and Shen, Q. J. (2010) WRKY
transcription factors. Trends in plant science 15, 247-258
234. Durrant, W. E., and Dong, X. (2004) Systemic acquired resistance. Annu
Rev Phytopathol 42, 185-209
235. Grant, M., and Lamb, C. (2006) Systemic immunity. Curr Opin Plant Biol
9, 414-420
236. Vlot, A. C., Klessig, D. F., and Park, S. W. (2008) Systemic acquired
resistance: the elusive signal(s). Curr Opin Plant Biol 11, 436-442
237. Fu, Z. Q., and Dong, X. (2013) Systemic acquired resistance: turning local
infection into global defense. Annual review of plant biology 64, 839-863
238. Chanda, B., Xia, Y., Mandal, M. K., Yu, K., Sekine, K. T., Gao, Q. M.,
Selote, D., Hu, Y., Stromberg, A., Navarre, D., Kachroo, A., and Kachroo, P.
(2011) Glycerol-3-phosphate is a critical mobile inducer of systemic immunity in
plants. Nature genetics 43, 421-427
239. Chaturvedi, R., Venables, B., Petros, R. A., Nalam, V., Li, M., Wang, X.,
Takemoto, L. J., and Shah, J. (2012) An abietane diterpenoid is a potent
activator of systemic acquired resistance. The Plant journal : for cell and
molecular biology 71, 161-172
240. Jung, H. W., Tschaplinski, T. J., Wang, L., Glazebrook, J., and Greenberg,
J. T. (2009) Priming in systemic plant immunity. Science (New York, N.Y.) 324,
89-91
241. Thomma, B. P., Eggermont, K., Penninckx, I. A., Mauch-Mani, B.,
Vogelsang, R., Cammue, B. P., and Broekaert, W. F. (1998) Separate
jasmonate-dependent and salicylate-dependent defense-response pathways in
Arabidopsis are essential for resistance to distinct microbial pathogens.
Proceedings of the National Academy of Sciences of the United States of
America 95, 15107-15111
242. Fernández-Calvo, P., Chini, A., Fernández-Barbero, G., Chico, J.-M.,
Gimenez-Ibanez, S., Geerinck, J., Eeckhout, D., Schweizer, F., Godoy, M.,
Franco-Zorrilla, J. M., Pauwels, L., Witters, E., Puga, M. I., Paz-Ares, J.,
Goossens, A., Reymond, P., De Jaeger, G., and Solano, R. (2011) The
<em>Arabidopsis</em> bHLH Transcription Factors MYC3 and MYC4 Are
Targets of JAZ Repressors and Act Additively with MYC2 in the Activation of
Jasmonate Responses. The Plant Cell 23, 701-715

161
243. Chini, A., Fonseca, S., Fernández, G., Adie, B., Chico, J. M., Lorenzo, O.,
García-Casado, G., López-Vidriero, I., Lozano, F. M., Ponce, M. R., Micol, J. L.,
and Solano, R. (2007) The JAZ family of repressors is the missing link in
jasmonate signalling. Nature 448, 666
244. Thines, B., Katsir, L., Melotto, M., Niu, Y., Mandaokar, A., Liu, G.,
Nomura, K., He, S. Y., Howe, G. A., and Browse, J. (2007) JAZ repressor
proteins are targets of the SCFCOI1 complex during jasmonate signalling. Nature
448, 661
245. Sheard, L. B., Tan, X., Mao, H., Withers, J., Ben-Nissan, G., Hinds, T. R.,
Kobayashi, Y., Hsu, F. F., Sharon, M., Browse, J., He, S. Y., Rizo, J., Howe, G.
A., and Zheng, N. (2010) Jasmonate perception by inositol-phosphatepotentiated COI1-JAZ co-receptor. Nature 468, 400-405
246. Lin, Z., Zhong, S., and Grierson, D. (2009) Recent advances in ethylene
research. Journal of experimental botany 60, 3311-3336
247. Li, G., Meng, X., Wang, R., Mao, G., Han, L., Liu, Y., and Zhang, S. (2012)
Dual-level regulation of ACC synthase activity by MPK3/MPK6 cascade and its
downstream WRKY transcription factor during ethylene induction in Arabidopsis.
PLoS genetics 8, e1002767
248. Wen, X., Zhang, C., Ji, Y., Zhao, Q., He, W., An, F., Jiang, L., and Guo, H.
(2012) Activation of ethylene signaling is mediated by nuclear translocation of the
cleaved EIN2 carboxyl terminus. Cell research 22, 1613
249. Qiao, H., Shen, Z., Huang, S.-s. C., Schmitz, R. J., Urich, M. A., Briggs, S.
P., and Ecker, J. R. (2012) Processing and Subcellular Trafficking of ERTethered EIN2 Control Response to Ethylene Gas. Science (New York, N.Y.)
338, 390-393
250. Ju, C., Yoon, G. M., Shemansky, J. M., Lin, D. Y., Ying, Z. I., Chang, J.,
Garrett, W. M., Kessenbrock, M., Groth, G., Tucker, M. L., Cooper, B., Kieber, J.
J., and Chang, C. (2012) CTR1 phosphorylates the central regulator EIN2 to
control ethylene hormone signaling from the ER membrane to the nucleus in
<em>Arabidopsis</em>. Proceedings of the National Academy of Sciences 109,
19486-19491
251. Zander, M., Chen, S., Imkampe, J., Thurow, C., and Gatz, C. (2012)
Repression of the Arabidopsis thaliana jasmonic acid/ethylene-induced defense
pathway by TGA-interacting glutaredoxins depends on their C-terminal ALWL
motif. Mol Plant 5, 831-840
252. Huang, P.-Y., Catinot, J., and Zimmerli, L. (2016) Ethylene response
factors in Arabidopsis immunity. Journal of experimental botany 67, 1231-1241

162
253. Boutrot, F., Segonzac, C., Chang, K. N., Qiao, H., Ecker, J. R., Zipfel, C.,
and Rathjen, J. P. (2010) Direct transcriptional control of the Arabidopsis immune
receptor FLS2 by the ethylene-dependent transcription factors EIN3 and EIL1.
Proceedings of the National Academy of Sciences of the United States of
America 107
254. Mersmann, S., Bourdais, G., Rietz, S., and Robatzek, S. (2010) Ethylene
signaling regulates accumulation of the FLS2 receptor and is required for the
oxidative burst contributing to plant immunity. Plant physiology 154
255. Clay, N. K., Adio, A. M., Denoux, C., Jander, G., and Ausubel, F. M.
(2009) Glucosinolate metabolites required for an Arabidopsis innate immune
response. Science (New York, N.Y.) 323
256. Leon-Reyes, A., Du, Y., Koornneef, A., Proietti, S., Korbes, A. P.,
Memelink, J., Pieterse, C. M., and Ritsema, T. (2010) Ethylene signaling renders
the jasmonate response of Arabidopsis insensitive to future suppression by
salicylic Acid. Molecular plant-microbe interactions : MPMI 23, 187-197
257. Ton, J., Flors, V., and Mauch-Mani, B. (2009) The multifaceted role of
ABA in disease resistance. Trends in plant science 14, 310-317
258. Asselbergh, B., Curvers, K., França, S. C., Audenaert, K., Vuylsteke, M.,
Van Breusegem, F., and Höfte, M. (2007) Resistance to <em>Botrytis
cinerea</em> in s<em>itiens</em>, an Abscisic Acid-Deficient Tomato Mutant,
Involves Timely Production of Hydrogen Peroxide and Cell Wall Modifications in
the Epidermis. Plant physiology 144, 1863-1877
259. Kazan, K., and Manners, J. M. (2009) Linking development to defense:
auxin in plant-pathogen interactions. Trends in plant science 14, 373-382
260. Walters, D. R., and McRoberts, N. (2006) Plants and biotrophs: a pivotal
role for cytokinins? Trends in plant science 11, 581-586
261. O'Brien, J. A., and Benková, E. (2013) Cytokinin cross-talking during biotic
and abiotic stress responses. Frontiers in Plant Science 4, 451-451
262. De Bruyne, L., Hofte, M., and De Vleesschauwer, D. (2014) Connecting
growth and defense: the emerging roles of brassinosteroids and gibberellins in
plant innate immunity. Mol Plant 7, 943-959
263. Divi, U. K., Rahman, T., and Krishna, P. (2010) Brassinosteroid-mediated
stress tolerance in Arabidopsis shows interactions with abscisic acid, ethylene
and salicylic acid pathways. BMC plant biology 10, 151
264. Nakashita, H., Yasuda, M., Nitta, T., Asami, T., Fujioka, S., Arai, Y.,
Sekimata, K., Takatsuto, S., Yamaguchi, I., and Yoshida, S. (2003)

163
Brassinosteroid functions in a broad range of disease resistance in tobacco and
rice. The Plant journal : for cell and molecular biology 33, 887-898
265. Shigenaga, A. M., and Argueso, C. T. (2016) No hormone to rule them all:
Interactions of plant hormones during the responses of plants to pathogens.
Seminars in Cell & Developmental Biology 56, 174-189
266. Furlan, G., Nakagami, H., Eschen-Lippold, L., Jiang, X., Majovsky, P.,
Kowarschik, K., Hoehenwarter, W., Lee, J., and Trujillo, M. (2017) Changes in
PUB22 Ubiquitination Modes Triggered by MITOGEN-ACTIVATED PROTEIN
KINASE3 Dampen the Immune Response. The Plant Cell 29, 726-745
267. Cohen, S., Tyrrell, D. A., and Smith, A. P. (1991) Psychological stress and
susceptibility to the common cold. N Engl J Med 325, 606-612
268. Shi, Y. (2009) Serine/threonine phosphatases: mechanism through
structure. Cell 139, 468-484
269. Berriri, S., Garcia, A. V., Frei dit Frey, N., Rozhon, W., Pateyron, S.,
Leonhardt, N., Montillet, J. L., Leung, J., Hirt, H., and Colcombet, J. (2012)
Constitutively active mitogen-activated protein kinase versions reveal functions of
Arabidopsis MPK4 in pathogen defense signaling. Plant Cell 24, 4281-4293
270. Lehti-Shiu, M. D., and Shiu, S. H. (2012) Diversity, classification and
function of the plant protein kinase superfamily. Philos Trans R Soc Lond B Biol
Sci 367, 2619-2639
271. Wang, D., Harper, J. F., and Gribskov, M. (2003) Systematic transgenomic comparison of protein kinases between Arabidopsis and
Saccharomyces cerevisiae. Plant physiology 132, 2152-2165
272. Kerk, D., Bulgrien, J., Smith, D. W., Barsam, B., Veretnik, S., and
Gribskov, M. (2002) The complement of protein phosphatase catalytic subunits
encoded in the genome of Arabidopsis. Plant physiology 129, 908-925
273. Champion, A., Kreis, M., Mockaitis, K., Picaud, A., and Henry, Y. (2004)
Arabidopsis kinome: after the casting. Functional & integrative genomics 4, 163187
274. Cvetkovska, M., Rampitsch, C., Bykova, N., and Xing, T. (2005) Genomic
analysis of MAP kinase cascades inArabidopsis defense responses. Plant
Molecular Biology Reporter 23, 331-343
275. Wang, H., Chevalier, D., Larue, C., Ki Cho, S., and Walker, J. C. (2007)
The Protein Phosphatases and Protein Kinases of Arabidopsis thaliana. The
arabidopsis book 5, e0106

164
276. Bigeard, J., Rayapuram, N., Pflieger, D., and Hirt, H. (2014)
Phosphorylation-dependent regulation of plant chromatin and chromatinassociated proteins. Proteomics 14, 2127-2140
277. Taj, G., Agarwal, P., Grant, M., and Kumar, A. (2010) MAPK machinery in
plants: recognition and response to different stresses through multiple signal
transduction pathways. Plant Signal Behav 5, 1370-1378
278. Chen, R. E., and Thorner, J. (2007) Function and regulation in MAPK
signaling pathways: lessons learned from the yeast Saccharomyces cerevisiae.
Biochimica et biophysica acta 1773, 1311-1340
279. Hamel, L. P., Nicole, M. C., Duplessis, S., and Ellis, B. E. (2012) Mitogenactivated protein kinase signaling in plant-interacting fungi: distinct messages
from conserved messengers. Plant Cell 24, 1327-1351
280. Group, M., Ichimura, K., Shinozaki, K., Tena, G., Sheen, J., Henry, Y.,
Champion, A., Kreis, M., Zhang, S., Hirt, H., Wilson, C., Heberle-Bors, E., Ellis,
B. E., Morris, P. C., Innes, R. W., Ecker, J. R., Scheel, D., Klessig, D. F.,
Machida, Y., Mundy, J., Ohashi, Y., and Walker, J. C. (2002) Mitogen-activated
protein kinase cascades in plants: a new nomenclature. Trends in plant science
7, 301-308
281. Pathak, R. K., Taj, G., Pandey, D., Arora, S., and Kumar, A. (2013)
Modeling of the MAPK machinery activation in response to various abiotic and
biotic stresses in plants by a system biology approach. Bioinformation 9, 443-449
282. (2002) Mitogen-activated protein kinase cascades in plants: a new
nomenclature. Trends in plant science 7, 301-308
283. Taj, G., Agarwal, P., Grant, M., and Kumar, A. (2010) MAPK machinery in
plants: recognition and response to different stresses through multiple signal
transduction pathways. Plant signaling & behavior 5, 1370-1378
284. Morrison, D. K., and Davis, R. J. (2003) Regulation of MAP kinase
signaling modules by scaffold proteins in mammals. Annu Rev Cell Dev Biol 19,
91-118
285. Good, M. C., Zalatan, J. G., and Lim, W. A. (2011) Scaffold proteins: hubs
for controlling the flow of cellular information. Science (New York, N.Y.) 332, 680686
286. Ichimura, K., Mizoguchi, T., Irie, K., Morris, P., Giraudat, J., Matsumoto,
K., and Shinozaki, K. (1998) Isolation of ATMEKK1 (a MAP kinase kinase
kinase)-interacting proteins and analysis of a MAP kinase cascade in
Arabidopsis. Biochemical and biophysical research communications 253, 532543

165
287. Sharrocks, A. D., Yang, S. H., and Galanis, A. (2000) Docking domains
and substrate-specificity determination for MAP kinases. Trends Biochem Sci 25,
448-453
288. Wrzaczek, M., and Hirt, H. (2001) Plant MAP kinase pathways: how many
and what for? Biol Cell 93, 81-87
289. Tanoue, T., Adachi, M., Moriguchi, T., and Nishida, E. (2000) A conserved
docking motif in MAP kinases common to substrates, activators and regulators.
Nature cell biology 2, 110-116
290. Bigeard, J., and Hirt, H. (2018) Nuclear Signaling of Plant MAPKs.
Frontiers in Plant Science 9, 469
291. Yang, S. H., Sharrocks, A. D., and Whitmarsh, A. J. (2003) Transcriptional
regulation by the MAP kinase signaling cascades. Gene 320, 3-21
292. Jonak, C., Okresz, L., Bogre, L., and Hirt, H. (2002) Complexity, cross talk
and integration of plant MAP kinase signalling. Curr Opin Plant Biol 5, 415-424
293. Sheen H, H. P., Shan Y, Xiong G, Tena S-D, Yoo Y, Cho, Boudsocq M,
Lee H (2008) ’Signaling specificity and complexity of MAPK cascades in plant
innate immunity. In: Lorito M, W. S. L., Scala F. , ed. 13th International Congress
on Molecular Plant-Microbe Interactions, Italy
294. Rodriguez, M. C., Petersen, M., and Mundy, J. (2010) Mitogen-activated
protein kinase signaling in plants. Annual review of plant biology 61, 621-649
295. Suarez-Rodriguez, M. C., Adams-Phillips, L., Liu, Y., Wang, H., Su, S.-H.,
Jester, P. J., Zhang, S., Bent, A. F., and Krysan, P. J. (2007) MEKK1 Is Required
for flg22-Induced MPK4 Activation in Arabidopsis Plants. Plant physiology 143,
661-669
296. Gao, M., Liu, J., Bi, D., Zhang, Z., Cheng, F., Chen, S., and Zhang, Y.
(2008) MEKK1, MKK1/MKK2 and MPK4 function together in a mitogen-activated
protein kinase cascade to regulate innate immunity in plants. Cell research 18,
1190-1198
297. Meszaros, T., Helfer, A., Hatzimasoura, E., Magyar, Z., Serazetdinova, L.,
Rios, G., Bardoczy, V., Teige, M., Koncz, C., Peck, S., and Bogre, L. (2006) The
Arabidopsis MAP kinase kinase MKK1 participates in defence responses to the
bacterial elicitor flagellin. The Plant journal : for cell and molecular biology 48,
485-498
298. Bethke, G., Pecher, P., Eschen-Lippold, L., Tsuda, K., Katagiri, F.,
Glazebrook, J., Scheel, D., and Lee, J. (2012) Activation of the Arabidopsis

166
thaliana mitogen-activated protein kinase MPK11 by the flagellin-derived elicitor
peptide, flg22. Molecular plant-microbe interactions : MPMI 25, 471-480
299. Qiu, J. L., Zhou, L., Yun, B. W., Nielsen, H. B., Fiil, B. K., Petersen, K.,
Mackinlay, J., Loake, G. J., Mundy, J., and Morris, P. C. (2008) Arabidopsis
mitogen-activated protein kinase kinases MKK1 and MKK2 have overlapping
functions in defense signaling mediated by MEKK1, MPK4, and MKS1. Plant
physiology 148, 212-222
300. Petersen, M., Brodersen, P., Naested, H., Andreasson, E., Lindhart, U.,
Johansen, B., Nielsen, H. B., Lacy, M., Austin, M. J., Parker, J. E., Sharma, S.
B., Klessig, D. F., Martienssen, R., Mattsson, O., Jensen, A. B., and Mundy, J.
(2000) Arabidopsis map kinase 4 negatively regulates systemic acquired
resistance. Cell 103, 1111-1120
301. Nakagami, H., Soukupova, H., Schikora, A., Zarsky, V., and Hirt, H. (2006)
A Mitogen-activated protein kinase kinase kinase mediates reactive oxygen
species homeostasis in Arabidopsis. J Biol Chem 281, 38697-38704
302. Wang, H., Ngwenyama, N., Liu, Y., Walker, J. C., and Zhang, S. (2007)
Stomatal development and patterning are regulated by environmentally
responsive mitogen-activated protein kinases in Arabidopsis. Plant Cell 19, 63-73
303. Ren, D., Liu, Y., Yang, K.-Y., Han, L., Mao, G., Glazebrook, J., and Zhang,
S. (2008) A fungal-responsive MAPK cascade regulates phytoalexin biosynthesis
in <em>Arabidopsis</em>. Proceedings of the National Academy of Sciences
105, 5638-5643
304. Han, L., Li, G. J., Yang, K. Y., Mao, G., Wang, R., Liu, Y., and Zhang, S.
(2010) Mitogen-activated protein kinase 3 and 6 regulate Botrytis cinereainduced ethylene production in Arabidopsis. The Plant journal : for cell and
molecular biology 64, 114-127
305. Kohorn, B. D., Kohorn, S. L., Todorova, T., Baptiste, G., Stansky, K., and
McCullough, M. (2012) A dominant allele of Arabidopsis pectin-binding wallassociated kinase induces a stress response suppressed by MPK6 but not MPK3
mutations. Mol Plant 5, 841-851
306. Anderson, J. C., Bartels, S., Gonzalez Besteiro, M. A., Shahollari, B., Ulm,
R., and Peck, S. C. (2011) Arabidopsis MAP Kinase Phosphatase 1 (AtMKP1)
negatively regulates MPK6-mediated PAMP responses and resistance against
bacteria. The Plant journal : for cell and molecular biology 67
307. Hamel, L. P., Nicole, M. C., Sritubtim, S., Morency, M. J., Ellis, M., Ehlting,
J., Beaudoin, N., Barbazuk, B., Klessig, D., Lee, J., Martin, G., Mundy, J.,
Ohashi, Y., Scheel, D., Sheen, J., Xing, T., Zhang, S., Seguin, A., and Ellis, B. E.

167
(2006) Ancient signals: comparative genomics of plant MAPK and MAPKK gene
families. Trends in plant science 11, 192-198
308. Reyna, N. S., and Yang, Y. (2006) Molecular analysis of the rice MAP
kinase gene family in relation to Magnaporthe grisea infection. Molecular plantmicrobe interactions : MPMI 19, 530-540
309. Neupane, A., Nepal, M. P., Piya, S., Subramanian, S., Rohila, J. S.,
Reese, R. N., and Benson, B. V. (2013) Identification, Nomenclature, and
Evolutionary Relationships of Mitogen-Activated Protein Kinase (MAPK) Genes
in Soybean. Evolutionary Bioinformatics 9, EBO.S12526
310. Kong, X., Pan, J., Zhang, D., Jiang, S., Cai, G., Wang, L., and Li, D.
(2013) Identification of mitogen-activated protein kinase kinase gene family and
MKK-MAPK interaction network in maize. Biochemical and biophysical research
communications 441, 964-969
311. Liu, Y., Zhang, D., Wang, L., and Li, D. (2013) Genome-Wide Analysis of
Mitogen-Activated Protein Kinase Gene Family in Maize. Plant Molecular Biology
Reporter 31, 1446-1460
312. Kong, F., Wang, J., Cheng, L., Liu, S., Wu, J., Peng, Z., and Lu, G. (2012)
Genome-wide analysis of the mitogen-activated protein kinase gene family in
Solanum lycopersicum. Gene 499, 108-120
313. Wu, J., Wang, J., Pan, C., Guan, X., Wang, Y., Liu, S., He, Y., Chen, J.,
Chen, L., and Lu, G. (2014) Genome-wide identification of MAPKK and MAPKKK
gene families in tomato and transcriptional profiling analysis during development
and stress response. PloS one 9, e103032
314. Li, X., Zhang, Y., Huang, L., Ouyang, Z., Hong, Y., Zhang, H., Li, D., and
Song, F. (2014) Tomato SlMKK2 and SlMKK4 contribute to disease resistance
against Botrytis cinerea. BMC plant biology 14, 166
315. Liang, W., Yang, B., Yu, B. J., Zhou, Z., Li, C., Jia, M., Sun, Y., Zhang, Y.,
Wu, F., Zhang, H., Wang, B., Deyholos, M. K., and Jiang, Y. Q. (2013)
Identification and analysis of MKK and MPK gene families in canola (Brassica
napus L.). BMC genomics 14, 392
316. Asif, M. H., Lakhwani, D., Pathak, S., Bhambhani, S., Bag, S. K., and
Trivedi, P. K. (2014) Genome-wide identification and expression analysis of the
mitogen-activated protein kinase gene family from banana suggest involvement
of specific members in different stages of fruit ripening. Functional & integrative
genomics 14, 161-175

168
317. Zhang, S., Xu, R., Luo, X., Jiang, Z., and Shu, H. (2013) Genome-wide
identification and expression analysis of MAPK and MAPKK gene family in Malus
domestica. Gene 531, 377-387
318. Zhang, X., Wang, L., Xu, X., Cai, C., and Guo, W. (2014) Genome-wide
identification of mitogen-activated protein kinase gene family in Gossypium
raimondii and the function of their corresponding orthologs in tetraploid cultivated
cotton. BMC plant biology 14, 345
319. Wei, C., Liu, X., Long, D., Guo, Q., Fang, Y., Bian, C., Zhang, D., Zeng,
Q., Xiang, Z., and Zhao, A. (2014) Molecular cloning and expression analysis of
mulberry MAPK gene family. Plant physiology and biochemistry : PPB 77, 108116
320. Zhang, X., Cheng, T., Wang, G., Yan, Y., and Xia, Q. (2013) Cloning and
evolutionary analysis of tobacco MAPK gene family. Molecular biology reports
40, 1407-1415
321. Chen, L., Hu, W., Tan, S., Wang, M., Ma, Z., Zhou, S., Deng, X., Zhang,
Y., Huang, C., Yang, G., and He, G. (2012) Genome-wide identification and
analysis of MAPK and MAPKK gene families in Brachypodium distachyon. PloS
one 7, e46744
322. Ellis, B. E. (2012) Postal code for a plant MAPK. The Biochemical journal
446, e5-7
323. Ren, D., Liu, Y., Yang, K. Y., Han, L., Mao, G., Glazebrook, J., and Zhang,
S. (2008) A fungal-responsive MAPK cascade regulates phytoalexin biosynthesis
in Arabidopsis. Proceedings of the National Academy of Sciences of the United
States of America 105, 5638-5643
324. Zhang, J., Shao, F., Li, Y., Cui, H., Chen, L., Li, H., Zou, Y., Long, C., Lan,
L., Chai, J., Chen, S., Tang, X., and Zhou, J. M. (2007) A Pseudomonas syringae
effector inactivates MAPKs to suppress PAMP-induced immunity in plants. Cell
host & microbe 1, 175-185
325. Galletti, R., Ferrari, S., and De Lorenzo, G. (2011) Arabidopsis MPK3 and
MPK6 play different roles in basal and oligogalacturonide- or flagellin-induced
resistance against Botrytis cinerea. Plant physiology 157, 804-814
326. Xu, J., Xie, J., Yan, C., Zou, X., Ren, D., and Zhang, S. (2014) A chemical
genetic approach demonstrates that MPK3/MPK6 activation and NADPH
oxidase-mediated oxidative burst are two independent signaling events in plant
immunity. The Plant journal : for cell and molecular biology 77, 222-234

169
327. Gudesblat, G. E., Torres, P. S., and Vojnov, A. A. (2009) Xanthomonas
campestris overcomes Arabidopsis stomatal innate immunity through a DSF cellto-cell signal-regulated virulence factor. Plant physiology 149, 1017-1027
328. Gudesblat, G. E., Iusem, N. D., and Morris, P. C. (2007) Guard cellspecific inhibition of Arabidopsis MPK3 expression causes abnormal stomatal
responses to abscisic acid and hydrogen peroxide. The New phytologist 173,
713-721
329. Montillet, J. L., Leonhardt, N., Mondy, S., Tranchimand, S., Rumeau, D.,
Boudsocq, M., Garcia, A. V., Douki, T., Bigeard, J., Lauriere, C., Chevalier, A.,
Castresana, C., and Hirt, H. (2013) An abscisic acid-independent oxylipin
pathway controls stomatal closure and immune defense in Arabidopsis. PLoS
Biol 11, e1001513
330. Mao, G., Meng, X., Liu, Y., Zheng, Z., Chen, Z., and Zhang, S. (2011)
Phosphorylation of a WRKY transcription factor by two pathogen-responsive
MAPKs drives phytoalexin biosynthesis in Arabidopsis. Plant Cell 23, 1639-1653
331. Xu, J., Li, Y., Wang, Y., Liu, H., Lei, L., Yang, H., Liu, G., and Ren, D.
(2008) Activation of MAPK kinase 9 induces ethylene and camalexin
biosynthesis and enhances sensitivity to salt stress in Arabidopsis. J Biol Chem
283, 26996-27006
332. Xu, J., Meng, J., Meng, X., Zhao, Y., Liu, J., Sun, T., Liu, Y., Wang, Q.,
and Zhang, S. (2016) Pathogen-Responsive MPK3 and MPK6 Reprogram the
Biosynthesis of Indole Glucosinolates and Their Derivatives in Arabidopsis
Immunity. Plant Cell 28, 1144-1162
333. Beckers, G. J. M., Jaskiewicz, M., Liu, Y., Underwood, W. R., He, S. Y.,
Zhang, S., and Conrath, U. (2009) Mitogen-Activated Protein Kinases 3 and 6
Are Required for Full Priming of Stress Responses in <em>Arabidopsis
thaliana</em>. The Plant Cell 21, 944-953
334. Meng, X., and Zhang, S. (2013) MAPK Cascades in Plant Disease
Resistance Signaling. Annual Review of Phytopathology 51, 245-266
335. Liu, Y., Zhang, S., and Klessig, D. F. (2000) Molecular cloning and
characterization of a tobacco MAP kinase kinase that interacts with SIPK.
Molecular plant-microbe interactions : MPMI 13, 118-124
336. Beckers, G. J., Jaskiewicz, M., Liu, Y., Underwood, W. R., He, S. Y.,
Zhang, S., and Conrath, U. (2009) Mitogen-activated protein kinases 3 and 6 are
required for full priming of stress responses in Arabidopsis thaliana. Plant Cell
21, 944-953

170
337. Thulasi Devendrakumar, K., Li, X., and Zhang, Y. (2018) MAP kinase
signalling: interplays between plant PAMP- and effector-triggered immunity.
Cellular and Molecular Life Sciences 75, 2981-2989
338. Zhang, Z., Liu, Y., Huang, H., Gao, M., Wu, D., Kong, Q., and Zhang, Y.
(2017) The NLR protein SUMM2 senses the disruption of an immune signaling
MAP kinase cascade via CRCK3. EMBO reports 18, 292-302
339. Kong, Q., Qu, N., Gao, M., Zhang, Z., Ding, X., Yang, F., Li, Y., Dong, O.
X., Chen, S., Li, X., and Zhang, Y. (2012) The MEKK1-MKK1/MKK2-MPK4
Kinase Cascade Negatively Regulates Immunity Mediated by a MitogenActivated Protein Kinase Kinase Kinase in <em>Arabidopsis</em>. The Plant
Cell 24, 2225-2236
340. Andreasson, E., Jenkins, T., Brodersen, P., Thorgrimsen, S., Petersen, N.
H., Zhu, S., Qiu, J. L., Micheelsen, P., Rocher, A., Petersen, M., Newman, M. A.,
Bjorn Nielsen, H., Hirt, H., Somssich, I., Mattsson, O., and Mundy, J. (2005) The
MAP kinase substrate MKS1 is a regulator of plant defense responses. The
EMBO journal 24, 2579-2589
341. Zhang, Z., Wu, Y., Gao, M., Zhang, J., Kong, Q., Liu, Y., Ba, H., Zhou, J.,
and Zhang, Y. (2012) Disruption of PAMP-induced MAP kinase cascade by a
Pseudomonas syringae effector activates plant immunity mediated by the NBLRR protein SUMM2. Cell host & microbe 11, 253-263
342. Seo, S., Katou, S., Seto, H., Gomi, K., and Ohashi, Y. (2007) The
mitogen-activated protein kinases WIPK and SIPK regulate the levels of jasmonic
and salicylic acids in wounded tobacco plants. The Plant journal : for cell and
molecular biology 49, 899-909
343. Kim, C. Y., Liu, Y., Thorne, E. T., Yang, H., Fukushige, H., Gassmann, W.,
Hildebrand, D., Sharp, R. E., and Zhang, S. (2003) Activation of a stressresponsive mitogen-activated protein kinase cascade induces the biosynthesis of
ethylene in plants. Plant Cell 15, 2707-2718
344. Takahashi, F., Yoshida, R., Ichimura, K., Mizoguchi, T., Seo, S.,
Yonezawa, M., Maruyama, K., Yamaguchi-Shinozaki, K., and Shinozaki, K.
(2007) The mitogen-activated protein kinase cascade MKK3-MPK6 is an
important part of the jasmonate signal transduction pathway in Arabidopsis. Plant
Cell 19, 805-818
345. Kong, Q., Qu, N., Gao, M., Zhang, Z., Ding, X., Yang, F., Li, Y., Dong, O.
X., Chen, S., Li, X., and Zhang, Y. (2012) The MEKK1-MKK1/MKK2-MPK4
kinase cascade negatively regulates immunity mediated by a mitogen-activated
protein kinase kinase kinase in Arabidopsis. Plant Cell 24, 2225-2236

171
346. Brodersen, P., Petersen, M., Bjorn Nielsen, H., Zhu, S., Newman, M. A.,
Shokat, K. M., Rietz, S., Parker, J., and Mundy, J. (2006) Arabidopsis MAP
kinase 4 regulates salicylic acid- and jasmonic acid/ethylene-dependent
responses via EDS1 and PAD4. The Plant journal : for cell and molecular biology
47, 532-546
347. Liu, Y., and Zhang, S. (2004) Phosphorylation of 1-aminocyclopropane-1carboxylic acid synthase by MPK6, a stress-responsive mitogen-activated protein
kinase, induces ethylene biosynthesis in Arabidopsis. Plant Cell 16, 3386-3399
348. Yoo, S. D., Cho, Y. H., Tena, G., Xiong, Y., and Sheen, J. (2008) Dual
control of nuclear EIN3 by bifurcate MAPK cascades in C2H4 signalling. Nature
451, 789-795
349. Munnik, T., and Meijer, H. J. (2001) Osmotic stress activates distinct lipid
and MAPK signalling pathways in plants. FEBS letters 498, 172-178
350. Jammes, F., Song, C., Shin, D., Munemasa, S., Takeda, K., Gu, D., Cho,
D., Lee, S., Giordo, R., Sritubtim, S., Leonhardt, N., Ellis, B. E., Murata, Y., and
Kwak, J. M. (2009) MAP kinases <em>MPK9</em> and <em>MPK12</em> are
preferentially expressed in guard cells and positively regulate ROS-mediated
ABA signaling. Proceedings of the National Academy of Sciences 106, 2052020525
351. Kumar, K., and Sinha, A. K. (2013) Overexpression of constitutively active
mitogen activated protein kinase kinase 6 enhances tolerance to salt stress in
rice. Rice (New York, N.Y.) 6, 25-25
352. Jiang, M., Wen, F., Cao, J., Li, P., She, J., and Chu, Z. (2015) Genomewide exploration of the molecular evolution and regulatory network of mitogenactivated protein kinase cascades upon multiple stresses in Brachypodium
distachyon. BMC genomics 16, 228
353. Shitamichi, N., Matsuoka, D., Sasayama, D., Furuya, T., and Nanmori, T.
(2013) Over-expression of MAP3K&#948;4, an ABA-inducible Raf-like MAP3K
that confers salt tolerance in <i>Arabidopsis</i>. Plant Biotechnology 30, 111118
354. Wang, G., Lovato, A., Polverari, A., Wang, M., Liang, Y.-H., Ma, Y.-C., and
Cheng, Z.-M. (2014) Genome-wide identification and analysis of mitogen
activated protein kinase kinase kinase gene family in grapevine (Vitis vinifera).
BMC plant biology 14, 219
355. Yue, H., Li, Z., and Xing, D. (2012) Roles of Arabidopsis bax inhibitor-1 in
delaying methyl jasmonate-induced leaf senescence. Plant Signaling & Behavior
7, 1488-1489

172
356. Zhao, F. Y., Hu, F., Zhang, S. Y., Wang, K., Zhang, C. R., and Liu, T.
(2013) MAPKs regulate root growth by influencing auxin signaling and cell cyclerelated gene expression in cadmium-stressed rice. Environmental Science and
Pollution Research 20, 5449-5460
357. Takahashi, Y., Soyano, T., Kosetsu, K., Sasabe, M., and Machida, Y.
(2010) HINKEL kinesin, ANP MAPKKKs and MKK6/ANQ MAPKK, which
phosphorylates and activates MPK4 MAPK, constitute a pathway that is required
for cytokinesis in Arabidopsis thaliana. Plant and Cell Physiology 51, 1766-1776
358. Cho, S. K., Larue, C. T., Chevalier, D., Wang, H., Jinn, T. L., Zhang, S.,
and Walker, J. C. (2008) Regulation of floral organ abscission in Arabidopsis
thaliana. Proceedings of the National Academy of Sciences of the United States
of America 105, 15629-15634
359. Wang, H., Liu, Y., Bruffett, K., Lee, J., Hause, G., Walker, J. C., and
Zhang, S. (2008) Haplo-insufficiency of MPK3 in MPK6 mutant background
uncovers a novel function of these two MAPKs in Arabidopsis ovule
development. Plant Cell 20, 602-613
360. Guan, Y., Meng, X., Khanna, R., LaMontagne, E., Liu, Y., and Zhang, S.
(2014) Phosphorylation of a WRKY transcription factor by MAPKs is required for
pollen development and function in Arabidopsis. PLoS genetics 10, e1004384
361. Wang, P., Du, Y., Li, Y., Ren, D., and Song, C. P. (2010) Hydrogen
peroxide-mediated activation of MAP kinase 6 modulates nitric oxide
biosynthesis and signal transduction in Arabidopsis. Plant Cell 22, 2981-2998
362. Meng, X., Wang, H., He, Y., Liu, Y., Walker, J. C., Torii, K. U., and Zhang,
S. (2012) A MAPK cascade downstream of ERECTA receptor-like protein kinase
regulates Arabidopsis inflorescence architecture by promoting localized cell
proliferation. Plant Cell 24, 4948-4960
363. Lampard, G. R., Macalister, C. A., and Bergmann, D. C. (2008)
Arabidopsis stomatal initiation is controlled by MAPK-mediated regulation of the
bHLH SPEECHLESS. Science (New York, N.Y.) 322, 1113-1116
364. Eckardt, N. A. (2007) A Complete MAPK Signaling Cascade That
Functions in Stomatal Development and Patterning in Arabidopsis. The Plant Cell
19, 7-7
365. Jia, W., Li, B., Li, S., Liang, Y., Wu, X., ma, M., Wang, J., Gao, J., Cai, Y.,
Zhang, Y., Wang, Y., Li, J., and Wang, Y. (2016) Mitogen-Activated Protein
Kinase Cascade MKK7-MPK6 Plays Important Roles in Plant Development and
Regulates Shoot Branching by Phosphorylating PIN1 in Arabidopsis

173
366. Zhou, C., Cai, Z., Guo, Y., and Gan, S. (2009) An arabidopsis mitogenactivated protein kinase cascade, MKK9-MPK6, plays a role in leaf senescence.
Plant physiology 150, 167-177
367. Lopez-Bucio, J. S., Dubrovsky, J. G., Raya-Gonzalez, J., UgartecheaChirino, Y., Lopez-Bucio, J., de Luna-Valdez, L. A., Ramos-Vega, M., Leon, P.,
and Guevara-Garcia, A. A. (2014) Arabidopsis thaliana mitogen-activated protein
kinase 6 is involved in seed formation and modulation of primary and lateral root
development. Journal of experimental botany 65, 169-183
368. Bush, S. M., and Krysan, P. J. (2007) Mutational evidence that the
Arabidopsis MAP kinase MPK6 is involved in anther, inflorescence, and embryo
development. Journal of experimental botany 58, 2181-2191
369. Zeng, Q., Chen, J. G., and Ellis, B. E. (2011) AtMPK4 is required for malespecific meiotic cytokinesis in Arabidopsis. The Plant journal : for cell and
molecular biology 67, 895-906
370. Zhang, J., Shao, F., Li, Y., Cui, H., Chen, L., Li, H., Zou, Y., Long, C., Lan,
L., Chai, J., Chen, S., Tang, X., and Zhou, J.-M. (2007) A Pseudomonas syringae
Effector Inactivates MAPKs to Suppress PAMP-Induced Immunity in Plants. Cell
host & microbe 1, 175-185
371. Zhang, Z., Wu, Y., Gao, M., Zhang, J., Kong, Q., Liu, Y., Ba, H., Zhou, J.,
and Zhang, Y. (2012) Disruption of PAMP-Induced MAP Kinase Cascade by a
Pseudomonas syringae Effector Activates Plant Immunity Mediated by the NBLRR Protein SUMM2. Cell host & microbe 11, 253-263
372. Wang, Y., Li, J., Hou, S., Wang, X., Li, Y., Ren, D., Chen, S., Tang, X.,
and Zhou, J.-M. (2010) A Pseudomonas syringae ADP-ribosyltransferase inhibits
Arabidopsis mitogen-activated protein kinase kinases. The Plant cell 22, 20332044
373. Espinosa, A., Guo, M., Tam, V. C., Fu, Z. Q., and Alfano, J. R. (2003) The
Pseudomonas syringae type III-secreted protein HopPtoD2 possesses protein
tyrosine phosphatase activity and suppresses programmed cell death in plants.
Molecular Microbiology 49, 377-387
374. Cui, H., Wang, Y., Xue, L., Chu, J., Yan, C., Fu, J., Chen, M., Innes, R.
W., and Zhou, J.-M. (2010) Pseudomonas syringae effector protein AvrB
perturbs Arabidopsis hormone signaling by activating MAP kinase 4. Cell host &
microbe 7, 164-175
375. Shan, L., He, P., Li, J., Heese, A., Peck, S. C., Nürnberger, T., Martin, G.
B., and Sheen, J. (2008) Bacterial Effectors Target the Common Signaling
Partner BAK1 to Disrupt Multiple MAMP Receptor-Signaling Complexes and
Impede Plant Immunity. Cell host & microbe 4, 17-27

174
376. Xiang, T., Zong, N., Zou, Y., Wu, Y., Zhang, J., Xing, W., Li, Y., Tang, X.,
Zhu, L., Chai, J., and Zhou, J. M. (2008) Pseudomonas syringae effector AvrPto
blocks innate immunity by targeting receptor kinases. Current biology : CB 18,
74-80
377. Macho, A. P., and Zipfel, C. (2015) Targeting of plant pattern recognition
receptor-triggered immunity by bacterial type-III secretion system effectors.
Current Opinion in Microbiology 23, 14-22
378. Tzfira, T., Vaidya, M., and Citovsky, V. (2004) Involvement of targeted
proteolysis in plant genetic transformation by Agrobacterium. Nature 431, 87
379. Djamei, A., Pitzschke, A., Nakagami, H., Rajh, I., and Hirt, H. (2007)
Trojan Horse Strategy in <em>Agrobacterium</em> Transformation: Abusing
MAPK Defense Signaling. Science (New York, N.Y.) 318, 453-456
380. Schweighofer, A., Kazanaviciute, V., Scheikl, E., Teige, M., Doczi, R., Hirt,
H., Schwanninger, M., Kant, M., Schuurink, R., Mauch, F., Buchala, A.,
Cardinale, F., and Meskiene, I. (2007) The PP2C-type phosphatase AP2C1,
which negatively regulates MPK4 and MPK6, modulates innate immunity,
jasmonic acid, and ethylene levels in Arabidopsis. The Plant cell 19, 2213-2224
381. Brock, A. K., Willmann, R., Kolb, D., Grefen, L., Lajunen, H. M., Bethke,
G., Lee, J., Nürnberger, T., and Gust, A. A. (2010) The Arabidopsis MitogenActivated Protein Kinase Phosphatase PP2C5 Affects Seed Germination,
Stomatal Aperture, and Abscisic Acid-Inducible Gene Expression. Plant
physiology 153, 1098-1111
382. Anderson, J. C., Bartels, S., Gonzalez Besteiro, M. A., Shahollari, B., Ulm,
R., and Peck, S. C. (2011) Arabidopsis MAP Kinase Phosphatase 1 (AtMKP1)
negatively regulates MPK6-mediated PAMP responses and resistance against
bacteria. The Plant journal : for cell and molecular biology 67, 258-268
383. Bartels, S., Anderson, J. C., Gonzalez Besteiro, M. A., Carreri, A., Hirt, H.,
Buchala, A., Metraux, J. P., Peck, S. C., and Ulm, R. (2009) MAP kinase
phosphatase1 and protein tyrosine phosphatase1 are repressors of salicylic acid
synthesis and SNC1-mediated responses in Arabidopsis. Plant Cell 21, 28842897
384. Lumbreras, V., Vilela, B., Irar, S., Solé, M., Capellades, M., Valls, M.,
Coca, M., and Pagès, M. (2010) MAPK phosphatase MKP2 mediates disease
responses in Arabidopsis and functionally interacts with MPK3 and MPK6. The
Plant Journal 63, 1017-1030
385. Dóczi, R., and Bögre, L. (2018) The Quest for MAP Kinase Substrates:
Gaining Momentum. Trends in plant science 23, 918-932

175
386. Singh, R., Lee, M.-O., Lee, J.-E., Choi, J., Park, J. H., Kim, E. H., Yoo, R.
H., Cho, J.-I., Jeon, J.-S., Rakwal, R., Agrawal, G. K., Moon, J. S., and Jwa, N.S. (2012) Rice Mitogen-Activated Protein Kinase Interactome Analysis Using the
Yeast Two-Hybrid System. Plant physiology 160, 477-487
387. Feilner, T., Hultschig, C., Lee, J., Meyer, S., Immink, R. G., Koenig, A.,
Possling, A., Seitz, H., Beveridge, A., Scheel, D., Cahill, D. J., Lehrach, H.,
Kreutzberger, J., and Kersten, B. (2005) High throughput identification of
potential Arabidopsis mitogen-activated protein kinases substrates. Molecular &
cellular proteomics : MCP 4, 1558-1568
388. Popescu, S. C., Popescu, G. V., Bachan, S., Zhang, Z., Gerstein, M.,
Snyder, M., and Dinesh-Kumar, S. P. (2009) MAPK target networks in
Arabidopsis thaliana revealed using functional protein microarrays. Genes &
development 23, 80-92
389. Stulemeijer, I. J. E., Stratmann, J. W., and Joosten, M. H. A. J. (2007)
Tomato Mitogen-Activated Protein Kinases LeMPK1, LeMPK2, and LeMPK3 Are
Activated during the Cf-4/Avr4-Induced Hypersensitive Response and Have
Distinct Phosphorylation Specificities. Plant physiology 144, 1481-1494
390. Ahsan, N., Huang, Y., Tovar-Mendez, A., Swatek, K. N., Zhang, J.,
Miernyk, J. A., Xu, D., and Thelen, J. J. (2013) A versatile mass spectrometrybased method to both identify kinase client-relationships and characterize
signaling network topology. Journal of proteome research 12, 937-948
391. Sorensson, C., Lenman, M., Veide-Vilg, J., Schopper, S., Ljungdahl, T.,
Grotli, M., Tamas, M. J., Peck, S. C., and Andreasson, E. (2012) Determination
of primary sequence specificity of Arabidopsis MAPKs MPK3 and MPK6 leads to
identification of new substrates. The Biochemical journal 446, 271-278
392. Hoehenwarter, W., Thomas, M., Nukarinen, E., Egelhofer, V., Rohrig, H.,
Weckwerth, W., Conrath, U., and Beckers, G. J. (2013) Identification of novel in
vivo MAP kinase substrates in Arabidopsis thaliana through use of tandem metal
oxide affinity chromatography. Molecular & cellular proteomics : MCP 12, 369380
393. Courcelles, M., Frémin, C., Voisin, L., Lemieux, S., Meloche, S., and
Thibault, P. (2013) Phosphoproteome dynamics reveal novel ERK1/2 MAP
kinase substrates with broad spectrum of functions. Molecular systems biology 9,
669-669
394. Wang, P., Xue, L., Batelli, G., Lee, S., Hou, Y.-J., Van Oosten, M. J.,
Zhang, H., Tao, W. A., and Zhu, J.-K. (2013) Quantitative phosphoproteomics
identifies SnRK2 protein kinase substrates and reveals the effectors of abscisic
acid action. Proceedings of the National Academy of Sciences 110, 11205-11210

176
395. Rayapuram, N., Bonhomme, L., Bigeard, J., Haddadou, K., Przybylski, C.,
Hirt, H., and Pflieger, D. (2014) Identification of novel PAMP-triggered
phosphorylation and dephosphorylation events in Arabidopsis thaliana by
quantitative phosphoproteomic analysis. Journal of proteome research 13, 21372151
396. Vandenbogaert, M., Hourdel, V., Jardin-Mathe, O., Bigeard, J.,
Bonhomme, L., Legros, V., Hirt, H., Schwikowski, B., and Pflieger, D. (2012)
Automated phosphopeptide identification using multiple MS/MS fragmentation
modes. Journal of proteome research 11, 5695-5703
397. Djamei, A., Pitzschke, A., Nakagami, H., Rajh, I., and Hirt, H. (2007)
Trojan horse strategy in Agrobacterium transformation: abusing MAPK defense
signaling. Science (New York, N.Y.) 318, 453-456
398. Pitzschke, A., Schikora, A., and Hirt, H. (2009) MAPK cascade signalling
networks in plant defence. Curr Opin Plant Biol 12, 421-426
399. Shim, J. S., Jung, C., Lee, S., Min, K., Lee, Y. W., Choi, Y., Lee, J. S.,
Song, J. T., Kim, J. K., and Choi, Y. D. (2013) AtMYB44 regulates WRKY70
expression and modulates antagonistic interaction between salicylic acid and
jasmonic acid signaling. The Plant journal : for cell and molecular biology 73,
483-495
400. Pitzschke, A., Djamei, A., Teige, M., and Hirt, H. (2009) VIP1 response
elements mediate mitogen-activated protein kinase 3-induced stress gene
expression. Proceedings of the National Academy of Sciences 106, 18414-18419
401. Li, J., Brader, G., and Palva, E. T. (2004) The WRKY70 transcription
factor: a node of convergence for jasmonate-mediated and salicylate-mediated
signals in plant defense. Plant Cell 16, 319-331
402. Nguyen, X. C., Hoang, M. H., Kim, H. S., Lee, K., Liu, X. M., Kim, S. H.,
Bahk, S., Park, H. C., and Chung, W. S. (2012) Phosphorylation of the
transcriptional regulator MYB44 by mitogen activated protein kinase regulates
Arabidopsis seed germination. Biochemical and biophysical research
communications 423, 703-708
403. Persak, H., and Pitzschke, A. (2013) Tight interconnection and multi-level
control of Arabidopsis MYB44 in MAPK cascade signalling. PloS one 8, e57547e57547
404. Pecher, P., Eschen-Lippold, L., Herklotz, S., Kuhle, K., Naumann, K.,
Bethke, G., Uhrig, J., Weyhe, M., Scheel, D., and Lee, J. (2014) The Arabidopsis
thaliana mitogen-activated protein kinases MPK3 and MPK6 target a subclass of
‘VQ-motif’-containing proteins to regulate immune responses. New Phytologist
203, 592-606

177
405. Bethke, G., Unthan, T., Uhrig, J. F., Pöschl, Y., Gust, A. A., Scheel, D.,
and Lee, J. (2009) Flg22 regulates the release of an ethylene response factor
substrate from MAP kinase 6 in Arabidopsis thaliana via ethylene signaling.
Proceedings of the National Academy of Sciences of the United States of
America 106, 8067-8072
406. Meng, X., Xu, J., He, Y., Yang, K.-Y., Mordorski, B., Liu, Y., and Zhang, S.
(2013) Phosphorylation of an ERF transcription factor by Arabidopsis
MPK3/MPK6 regulates plant defense gene induction and fungal resistance. The
Plant cell 25, 1126-1142
407. Wang, F., Shang, Y., Fan, B., Yu, J. Q., and Chen, Z. (2014) Arabidopsis
LIP5, a positive regulator of multivesicular body biogenesis, is a critical target of
pathogen-responsive MAPK cascade in plant basal defense. PLoS Pathog 10,
e1004243
408. Merkouropoulos, G., Andreasson, E., Hess, D., Boller, T., and Peck, S. C.
(2008) An Arabidopsis protein phosphorylated in response to microbial elicitation,
AtPHOS32, is a substrate of MAP kinases 3 and 6. J Biol Chem 283, 1049310499
409. Sheikh, A. H., Eschen-Lippold, L., Pecher, P., Hoehenwarter, W., Sinha,
A. K., Scheel, D., and Lee, J. (2016) Regulation of WRKY46 Transcription Factor
Function by Mitogen-Activated Protein Kinases in Arabidopsis thaliana. Frontiers
in Plant Science 7, 61
410. Li, B., Jiang, S., Yu, X., Cheng, C., Chen, S., Cheng, Y., Yuan, J. S.,
Jiang, D., He, P., and Shan, L. (2015) Phosphorylation of trihelix transcriptional
repressor ASR3 by MAP KINASE4 negatively regulates Arabidopsis immunity.
Plant Cell 27, 839-856
411. Roux, M. E., Rasmussen, M. W., Palma, K., Lolle, S., Regué, À. M.,
Bethke, G., Glazebrook, J., Zhang, W., Sieburth, L., Larsen, M. R., Mundy, J.,
and Petersen, M. (2015) The mRNA decay factor PAT1 functions in a pathway
including MAP kinase 4 and immune receptor SUMM2. The EMBO journal 34,
593-608
412. Carrasco, J. L., Castello, M. J., Naumann, K., Lassowskat, I., NavarreteGomez, M., Scheel, D., and Vera, P. (2014) Arabidopsis protein phosphatase
DBP1 nucleates a protein network with a role in regulating plant defense. PloS
one 9, e90734
413. Andrews, S. (2012) FastQC A Quality Control tool for High Throughput
Sequence Data. http://www.bioinformatics.babraham.ac.uk/projects/fastqc/Ed.,
Babraham Bioinformatics

178
414. Bolger, A. M., Lohse, M., and Usadel, B. (2014) Trimmomatic: a flexible
trimmer for Illumina sequence data. Bioinformatics 30, 2114-2120
415. Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., and Salzberg, S.
L. (2013) TopHat2: accurate alignment of transcriptomes in the presence of
insertions, deletions and gene fusions. Genome Biology 14, R36
416. Trapnell, C., Pachter, L., and Salzberg, S. L. (2009) TopHat: discovering
splice junctions with RNA-Seq. Bioinformatics 25, 1105-1111
417. Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R.,
Pimentel, H., Salzberg, S. L., Rinn, J. L., and Pachter, L. (2012) Differential gene
and transcript expression analysis of RNA-seq experiments with TopHat and
Cufflinks. Nature Protocols 7, 562
418. Ramírez, F., Ryan, D. P., Grüning, B., Bhardwaj, V., Kilpert, F., Richter, A.
S., Heyne, S., Dündar, F., and Manke, T. (2016) deepTools2: a next generation
web server for deep-sequencing data analysis. Nucleic Acids Research 44,
W160-W165
419. Liao, Y., Smyth, G. K., and Shi, W. (2014) featureCounts: an efficient
general purpose program for assigning sequence reads to genomic features.
Bioinformatics 30, 923-930
420. Howe, E. A., Sinha, R., Schlauch, D., and Quackenbush, J. (2011) RNASeq analysis in MeV. Bioinformatics 27, 3209-3210
421. Du, Z., Zhou, X., Ling, Y., Zhang, Z., and Su, Z. (2010) agriGO: a GO
analysis toolkit for the agricultural community. Nucleic Acids Research 38, W64W70
422. Clough, S. J., and Bent, A. F. (1998) Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana. The Plant
journal : for cell and molecular biology 16, 735-743
423. Liu, S., Kracher, B., Ziegler, J., Birkenbihl, R. P., and Somssich, I. E.
(2015) Negative regulation of ABA signaling by WRKY33 is critical for
Arabidopsis immunity towards Botrytis cinerea 2100. eLife 4, e07295-e07295
424. Jefferson, R. A., Kavanagh, T. A., and Bevan, M. W. (1987) GUS fusions:
beta-glucuronidase as a sensitive and versatile gene fusion marker in higher
plants. The EMBO journal 6, 3901-3907
425. Gendrel, A. V., Lippman, Z., Martienssen, R., and Colot, V. (2005)
Profiling histone modification patterns in plants using genomic tiling microarrays.
Nature methods 2, 213-218

179
426. Veluchamy, A., Jégu, T., Ariel, F., Latrasse, D., Mariappan, K., Kim, S.-K.,
Crespi, M., Hirt, H., Bergounioux, C., Raynaud, C., and Benhamed, M. (2016)
LHP1 Regulates H3K27me3 Spreading and Shapes the Three-Dimensional
Conformation of the Arabidopsis Genome
427. Langmead, B., Trapnell, C., Pop, M., and Salzberg, S. L. (2009) Ultrafast
and memory-efficient alignment of short DNA sequences to the human genome.
Genome biology 10, R25-R25
428. Zhang, Y., Liu, T., Meyer, C. A., Eeckhoute, J., Johnson, D. S., Bernstein,
B. E., Nusbaum, C., Myers, R. M., Brown, M., Li, W., and Liu, X. S. (2008)
Model-based analysis of ChIP-Seq (MACS). Genome biology 9, R137-R137
429. Almeida Trapp, M., De Souza, G. D., Rodrigues-Filho, E., Boland, W., and
Mithöfer, A. (2014) Validated method for phytohormone quantification in plants.
Frontiers in Plant Science 5
430. A Jarillo, J., Piñeiro, M., Cubas, P., and M Martínez-Zapater, J. (2009)
Chromatin remodeling in plant development
431. Chen, W., Zhu, Q., Liu, Y., and Zhang, Q. (2016) Chromatin Remodeling
and Plant Immunity
432. Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage,
D., Amin, N., Schwikowski, B., and Ideker, T. (2003) Cytoscape: a software
environment for integrated models of biomolecular interaction networks. Genome
research 13, 2498-2504
433. Waldmann, T., Scholten, I., Kappes, F., Hu, H. G., and Knippers, R.
(2004) The DEK protein—an abundant and ubiquitous constituent of mammalian
chromatin. Gene 343, 1-9
434. Privette Vinnedge, L. M., Kappes, F., Nassar, N., and Wells, S. I. (2013)
Stacking the DEK: from chromatin topology to cancer stem cells. Cell cycle
(Georgetown, Tex.) 12, 51-66
435. Von Lindern, M., Fornerod, M., Soekarman, N., Van Baal, S., Jaegle, M.,
Hagemeijer, A., Bootsma, D., and Grosveld, G. (1992) 4 - Translocation t(6;9) in
acute non-lymphocytic leukaemia results in the formation of a DEK-CAN fusion
gene. Baillière's Clinical Haematology 5, 857-879
436. Logan, G. E., Mor-Vaknin, N., Braunschweig, T., Jost, E., Schmidt, P. V.,
Markovitz, D. M., Mills, K. I., Kappes, F., and Percy, M. J. (2015) DEK oncogene
expression during normal hematopoiesis and in Acute Myeloid Leukemia (AML).
Blood Cells, Molecules, and Diseases 54, 123-131

180
437. Piao, J., Shang, Y., Liu, S., Piao, Y., Cui, X., Li, Y., and Lin, Z. (2014) High
expression of DEK predicts poor prognosis of gastric adenocarcinoma.
Diagnostic Pathology 9, 67
438. Wang, X., Lin, L., Ren, X., Lin, Z., Li, Z., Li, C., and Jin, T. (2014) High
expression of oncoprotein DEK predicts poor prognosis of small cell lung cancer.
International journal of clinical and experimental pathology 7, 5016-5023
439. Privette Vinnedge, L. M., Benight, N. M., Wagh, P. K., Pease, N. A.,
Nashu, M. A., Serrano-Lopez, J., Adams, A. K., Cancelas, J. A., Waltz, S. E., and
Wells, S. I. (2014) The DEK oncogene promotes cellular proliferation through
paracrine Wnt signaling in Ron receptor-positive breast cancers. Oncogene 34,
2325
440. Szer, I. S., Sierakowska, H., and Szer, W. (1994) A novel autoantibody to
the putative oncoprotein DEK in pauciarticular onset juvenile rheumatoid arthritis.
The Journal of rheumatology 21, 2136-2142
441. SIERAKOWSKA, H., WILLIAMS, K. R., SZER, I. S., and SZER, W. (1993)
The putative oncoprotein DEK, part of a chimera protein associated with acute
myeloid leukaemia, is an autoantigen in juvenile rheumatoid arthritis. Clinical &
Experimental Immunology 94, 435-439
442. Mor-Vaknin, N., Kappes, F., Dick, A. E., Legendre, M., Damoc, C., TeitzTennenbaum, S., Kwok, R., Ferrando-May, E., Adams, B. S., and Markovitz, D.
M. (2011) DEK in the synovium of patients with juvenile idiopathic arthritis:
Characterization of DEK antibodies and posttranslational modification of the DEK
autoantigen. Arthritis & Rheumatism 63, 556-567
443. Smith, E. A., Gole, B., Willis, N. A., Soria, R., Starnes, L. M.,
Krumpelbeck, E. F., Jegga, A. G., Ali, A. M., Guo, H., Meetei, A. R., Andreassen,
P. R., Kappes, F., Vinnedge, L. M., Daniel, J. A., Scully, R., Wiesmuller, L., and
Wells, S. I. (2017) DEK is required for homologous recombination repair of DNA
breaks. Scientific reports 7, 44662
444. Waldmann, T., Scholten, I., Kappes, F., Hu, H. G., and Knippers, R.
(2004) The DEK protein--an abundant and ubiquitous constituent of mammalian
chromatin. Gene 343, 1-9
445. Devany, M., Kotharu, N. P., and Matsuo, H. (2005) Expression and
isotopic labeling of structural domains of the human protein DEK. Protein
expression and purification 40, 244-247
446. Kappes, F., Scholten, I., Richter, N., Gruss, C., and Waldmann, T. (2004)
Functional domains of the ubiquitous chromatin protein DEK. Mol Cell Biol 24,
6000-6010

181
447. Kappes, F., Damoc, C., Knippers, R., Przybylski, M., Pinna, L. A., and
Gruss, C. (2004) Phosphorylation by Protein Kinase CK2 Changes the DNA
Binding Properties of the Human Chromatin Protein DEK. Molecular and Cellular
Biology 24, 6011-6020
448. Cleary, J., Sitwala, K. V., Khodadoust, M. S., Kwok, R. P., Mor-Vaknin, N.,
Cebrat, M., Cole, P. A., and Markovitz, D. M. (2005) p300/CBP-associated factor
drives DEK into interchromatin granule clusters. The Journal of biological
chemistry 280, 31760-31767
449. Kappes, F., Fahrer, J., Khodadoust, M. S., Tabbert, A., Strasser, C., MorVaknin, N., Moreno-Villanueva, M., Burkle, A., Markovitz, D. M., and FerrandoMay, E. (2008) DEK is a poly(ADP-ribose) acceptor in apoptosis and mediates
resistance to genotoxic stress. Mol Cell Biol 28, 3245-3257
450. Waldmann, T., Eckerich, C., Baack, M., and Gruss, C. (2002) The
ubiquitous chromatin protein DEK alters the structure of DNA by introducing
positive supercoils. The Journal of biological chemistry 277, 24988-24994
451. Waldmann, T., Baack, M., Richter, N., and Gruss, C. (2003) Structurespecific binding of the proto-oncogene protein DEK to DNA. Nucleic Acids Res
31, 7003-7010
452. Soares, L. M. M., Zanier, K., Mackereth, C., Sattler, M., and Valcárcel, J.
(2006) Intron Removal Requires Proofreading of U2AF/3' Splice Site Recognition
by DEK. Science 312, 1961-1965
453. Le Hir, H., Izaurralde, E., Maquat, L. E., and Moore, M. J. (2000) The
spliceosome deposits multiple proteins 20–24 nucleotides upstream of mRNA
exon–exon junctions. The EMBO Journal 19, 6860-6869
454. Alexiadis, V., Waldmann, T., Andersen, J., Mann, M., Knippers, R., and
Gruss, C. (2000) The protein encoded by the proto-oncogene DEK changes the
topology of chromatin and reduces the efficiency of DNA replication in a
chromatin-specific manner
455. Kappes, F., Waldmann, T., Mathew, V., Yu, J., Zhang, L., Khodadoust, M.
S., Chinnaiyan, A. M., Luger, K., Erhardt, S., Schneider, R., and Markovitz, D. M.
(2011) The DEK oncoprotein is a Su(var) that is essential to heterochromatin
integrity. Genes & development 25, 673-678
456. Gamble, M. J., and Fisher, R. P. (2007) SET and PARP1 remove DEK
from chromatin to permit access by the transcription machinery. Nature Structural
&Amp; Molecular Biology 14, 548
457. Ko, S. I., Lee, I. S., Kim, J. Y., Kim, S. M., Kim, D. W., Lee, K. S., Woo, K.
M., Baek, J. H., Choo, J. K., and Seo, S. B. (2006) Regulation of histone

182
acetyltransferase activity of p300 and PCAF by proto-oncogene protein DEK.
FEBS Lett 580, 3217-3222
458. Hollenbach, A. D., McPherson, C. J., Mientjes, E. J., Iyengar, R., and
Grosveld, G. (2002) Daxx and histone deacetylase II associate with chromatin
through an interaction with core histones and the chromatin-associated protein
Dek. Journal of cell science 115, 3319-3330
459. Lee, K.-S., Kim, D.-W., Kim, J.-Y., Choo, J.-K., Yu, K., and Seo, S.-B.
(2008) Caspase-dependent apoptosis induction by targeted expression of DEK in
drosophila involves histone acetylation inhibition. Journal of Cellular Biochemistry
103, 1283-1293
460. Delaunay, S., Rapino, F., Tharun, L., Zhou, Z., Heukamp, L., Termathe,
M., Shostak, K., Klevernic, I., Florin, A., Desmecht, H., J. Desmet, C., Nguyen,
L., Leidel, S., E. Willis, A., Büttner, R., Chariot, A., and Close, P. (2016) Elp3
links tRNA modification to IRES-dependent translation of LEF1 to sustain
metastasis in breast cancer
461. Alexiadis, V., Waldmann, T., Andersen, J., Mann, M., Knippers, R., and
Gruss, C. (2000) The protein encoded by the proto-oncogene DEK changes the
topology of chromatin and reduces the efficiency of DNA replication in a
chromatin-specific manner. Genes & development 14, 1308-1312
462. Hu, H. G., Scholten, I., Gruss, C., and Knippers, R. (2007) The distribution
of the DEK protein in mammalian chromatin. Biochemical and biophysical
research communications 358, 1008-1014
463. Ivanauskiene, K., Delbarre, E., McGhie, J. D., Kuntziger, T., Wong, L. H.,
and Collas, P. (2014) The PML-associated protein DEK regulates the balance of
H3.3 loading on chromatin and is important for telomere integrity. Genome
research 24, 1584-1594
464. Sawatsubashi, S., Murata, T., Lim, J., Fujiki, R., Ito, S., Suzuki, E.,
Tanabe, M., Zhao, Y., Kimura, S., Fujiyama, S., Ueda, T., Umetsu, D., Ito, T.,
Takeyama, K., and Kato, S. (2010) A histone chaperone, DEK, transcriptionally
coactivates a nuclear receptor. Genes & development 24, 159-170
465. Kavanaugh, G. M., Wise-Draper, T. M., Morreale, R. J., Morrison, M. A.,
Gole, B., Schwemberger, S., Tichy, E. D., Lu, L., Babcock, G. F., Wells, J. M.,
Drissi, R., Bissler, J. J., Stambrook, P. J., Andreassen, P. R., Wiesmuller, L., and
Wells, S. I. (2011) The human DEK oncogene regulates DNA damage response
signaling and repair. Nucleic Acids Res 39, 7465-7476
466. Deutzmann, A., Ganz, M., Schonenberger, F., Vervoorts, J., Kappes, F.,
and Ferrando-May, E. (2015) The human oncoprotein and chromatin

183
architectural factor DEK counteracts DNA replication stress. Oncogene 34, 42704277
467. Pendle, A. F., Clark, G. P., Boon, R., Lewandowska, D., Lam, Y. W.,
Andersen, J., Mann, M., Lamond, A. I., Brown, J. W. S., and Shaw, P. J. (2005)
Proteomic analysis of the Arabidopsis nucleolus suggests novel nucleolar
functions. Molecular biology of the cell 16, 260-269
468. Waidmann, S., Kusenda, B., Mayerhofer, J., Mechtler, K., and Jonak, C.
(2014) A DEK domain-containing protein modulates chromatin structure and
function in Arabidopsis. Plant Cell 26, 4328-4344
469. Dinkel, H., Van Roey, K., Michael, S., Kumar, M., Uyar, B., Altenberg, B.,
Milchevskaya, V., Schneider, M., Kühn, H., Behrendt, A., Dahl, S. L., Damerell,
V., Diebel, S., Kalman, S., Klein, S., Knudsen, A. C., Mäder, C., Merrill, S.,
Staudt, A., Thiel, V., Welti, L., Davey, N. E., Diella, F., and Gibson, T. J. (2016)
ELM 2016—data update and new functionality of the eukaryotic linear motif
resource. Nucleic Acids Research 44, D294-D300
470. Felsenstein, J. (1985) CONFIDENCE LIMITS ON PHYLOGENIES: AN
APPROACH USING THE BOOTSTRAP. Evolution; international journal of
organic evolution 39, 783-791
471. Kumar, S., Stecher, G., and Tamura, K. (2016) MEGA7: Molecular
Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets. Molecular
biology and evolution 33, 1870-1874
472. Rayapuram, N., Bigeard, J., Alhoraibi, H., Bonhomme, L., Hesse, A. M.,
Vinh, J., Hirt, H., and Pflieger, D. (2018) Quantitative Phosphoproteomic Analysis
Reveals Shared and Specific Targets of Arabidopsis Mitogen-Activated Protein
Kinases (MAPKs) MPK3, MPK4, and MPK6. Molecular & cellular proteomics :
MCP 17, 61-80
473. Nejat, N., Rookes, J., Mantri, N., and M Cahill, D. (2016) Plant-pathogen
interactions: toward development of next-generation disease-resistant plants
474. Panchy, N., Lehti-Shiu, M., and Shiu, S.-H. (2016) Evolution of Gene
Duplication in Plants. Plant physiology 171, 2294-2316
475. Jacob, Y., Feng, S., LeBlanc, C. A., Bernatavichute, Y. V., Stroud, H.,
Cokus, S., Johnson, L. M., Pellegrini, M., Jacobsen, S. E., and Michaels, S. D.
(2009) ATXR5 and ATXR6 are H3K27 monomethyltransferases required for
chromatin structure and gene silencing. Nature structural & molecular biology 16,
763-768
476. Mittelsten Scheid, O., Probst, A. V., Afsar, K., and Paszkowski, J. (2002)
Two regulatory levels of transcriptional gene silencing in Arabidopsis.

184
Proceedings of the National Academy of Sciences of the United States of
America 99, 13659-13662
477. Vaillant, I., Schubert, I., Tourmente, S., and Mathieu, O. (2006) MOM1
mediates DNA-methylation-independent silencing of repetitive sequences in
Arabidopsis. EMBO reports 7, 1273-1278
478. Kim, J.-M., Sasaki, T., Ueda, M., Sako, K., and Seki, M. (2015) Chromatin
changes in response to drought, salinity, heat, and cold stresses in plants.
Frontiers in Plant Science 6, 114-114
479. Luo, M., Liu, X., Singh, P., Cui, Y., Zimmerli, L., and Wu, K. (2012)
Chromatin modifications and remodeling in plant abiotic stress responses.
Biochimica et Biophysica Acta (BBA) - Gene Regulatory Mechanisms 1819, 129136
480. Kouzarides, T. (2007) Chromatin modifications and their function. Cell
128, 693-705
481. Chen, M., Lv, S., and Meng, Y. (2010) Epigenetic performers in plants.
Development, growth & differentiation 52, 555-566
482. Zhang, X. (2012) Chromatin Modifications in Plants. In: Wendel, J. F.,
Greilhuber, J., Dolezel, J., and Leitch, I. J., eds. Plant Genome Diversity Volume
1: Plant Genomes, their Residents, and their Evolutionary Dynamics, pp. 237255, Springer Vienna, Vienna
483. Jackson, J. P., Johnson, L., Jasencakova, Z., Zhang, X., PerezBurgos, L.,
Singh, P. B., Cheng, X., Schubert, I., Jenuwein, T., and Jacobsen, S. E. (2004)
Dimethylation of histone H3 lysine 9 is a critical mark for DNA methylation and
gene silencing in Arabidopsis thaliana. Chromosoma 112, 308-315
484. Yun, M., Wu, J., Workman, J. L., and Li, B. (2011) Readers of histone
modifications. Cell research 21, 564-578
485. Lachner, M., O'Carroll, D., Rea, S., Mechtler, K., and Jenuwein, T. (2001)
Methylation of histone H3 lysine 9 creates a binding site for HP1 proteins. Nature
410, 116
486. Bannister, A. J., Zegerman, P., Partridge, J. F., Miska, E. A., Thomas, J.
O., Allshire, R. C., and Kouzarides, T. (2001) Selective recognition of methylated
lysine 9 on histone H3 by the HP1 chromo domain. Nature 410, 120
487. Turck, F., Roudier, F., Farrona, S., Martin-Magniette, M.-L., Guillaume, E.,
Buisine, N., Gagnot, S., Martienssen, R. A., Coupland, G., and Colot, V. (2007)
Arabidopsis TFL2/LHP1 specifically associates with genes marked by
trimethylation of histone H3 lysine 27. PLoS genetics 3, e86-e86

185
488. Zhang, X., Germann, S., Blus, B. J., Khorasanizadeh, S., Gaudin, V., and
Jacobsen, S. E. (2007) The Arabidopsis LHP1 protein colocalizes with histone
H3 Lys27 trimethylation. Nature Structural &Amp; Molecular Biology 14, 869
489. Zhao, S., Cheng, L., Gao, Y., Zhang, B., Zheng, X., Wang, L., Li, P., Sun,
Q., and Li, H. (2019) Plant HP1 protein ADCP1 links multivalent H3K9
methylation readout to heterochromatin formation. Cell research 29, 54-66
490. Cubas, P., Lauter, N., Doebley, J., and Coen, E. (1999) The TCP domain:
a motif found in proteins regulating plant growth and development. The Plant
journal : for cell and molecular biology 18, 215-222
491. Martin-Trillo, M., and Cubas, P. (2010) TCP genes: a family snapshot ten
years later. Trends in plant science 15, 31-39
492. Manassero, N. G., Viola, I. L., Welchen, E., and Gonzalez, D. H. (2013)
TCP transcription factors: architectures of plant form. Biomolecular concepts 4,
111-127
493. Navaud, O., Dabos, P., Carnus, E., Tremousaygue, D., and Herve, C.
(2007) TCP transcription factors predate the emergence of land plants. Journal of
molecular evolution 65, 23-33
494. Howarth, D. G., and Donoghue, M. J. (2006) Phylogenetic analysis of the
"ECE" (CYC/TB1) clade reveals duplications predating the core eudicots.
Proceedings of the National Academy of Sciences of the United States of
America 103, 9101-9106
495. Kosugi, S., and Ohashi, Y. (2002) DNA binding and dimerization
specificity and potential targets for the TCP protein family. The Plant journal : for
cell and molecular biology 30, 337-348
496. Mukhtar, M. S., Carvunis, A. R., Dreze, M., Epple, P., Steinbrenner, J.,
Moore, J., Tasan, M., Galli, M., Hao, T., Nishimura, M. T., Pevzner, S. J.,
Donovan, S. E., Ghamsari, L., Santhanam, B., Romero, V., Poulin, M. M.,
Gebreab, F., Gutierrez, B. J., Tam, S., Monachello, D., Boxem, M., Harbort, C. J.,
McDonald, N., Gai, L., Chen, H., He, Y., Vandenhaute, J., Roth, F. P., Hill, D. E.,
Ecker, J. R., Vidal, M., Beynon, J., Braun, P., and Dangl, J. L. (2011)
Independently evolved virulence effectors converge onto hubs in a plant immune
system network. Science (New York, N.Y.) 333, 596-601
497. Kim, S. H., Son, G. H., Bhattacharjee, S., Kim, H. J., Nam, J. C., Nguyen,
P. D., Hong, J. C., and Gassmann, W. (2014) The Arabidopsis immune adaptor
SRFR1 interacts with TCP transcription factors that redundantly contribute to
effector-triggered immunity. The Plant journal : for cell and molecular biology 78,
978-989

186
498. Sugio, A., Kingdom, H. N., MacLean, A. M., Grieve, V. M., and
Hogenhout, S. A. (2011) Phytoplasma protein effector SAP11 enhances insect
vector reproduction by manipulating plant development and defense hormone
biosynthesis. Proceedings of the National Academy of Sciences of the United
States of America 108, E1254-1263
499. Danisman, S., van der Wal, F., Dhondt, S., Waites, R., de Folter, S.,
Bimbo, A., van Dijk, A. D., Muino, J. M., Cutri, L., Dornelas, M. C., Angenent, G.
C., and Immink, R. G. (2012) Arabidopsis class I and class II TCP transcription
factors regulate jasmonic acid metabolism and leaf development antagonistically.
Plant physiology 159, 1511-1523
500. Guo, Z., Fujioka, S., Blancaflor, E. B., Miao, S., Gou, X., and Li, J. (2010)
TCP1 modulates brassinosteroid biosynthesis by regulating the expression of the
key biosynthetic gene DWARF4 in Arabidopsis thaliana. Plant Cell 22, 11611173
501. Li, S., and Zachgo, S. (2013) TCP3 interacts with R2R3-MYB proteins,
promotes flavonoid biosynthesis and negatively regulates the auxin response in
Arabidopsis thaliana. The Plant journal : for cell and molecular biology 76, 901913
502. An, J., Guo, Z., Gou, X., and Li, J. (2011) TCP1 positively regulates the
expression of DWF4 in Arabidopsis thaliana. Plant Signal Behav 6, 1117-1118
503. Nicolas, M., and Cubas, P. (2016) TCP factors: new kids on the signaling
block. Current Opinion in Plant Biology 33, 33-41

