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ABSTRACT

Responses to environmental changes are mediated via complex signaling networks
in plants. Overlapping signaling pathways guarantee information flow from many
simultaneous stress factors leading to both synergistic and antagonistic responses
in order to maintain the most optimal conditions for growth under non- or
suboptimal conditions. Adaptation to stressful environmental conditions is based
on flexible interactions between hormone and reactive oxygen species (ROS)
signaling. During the recent years researchers have started to understand the
complexity of the crosstalk needed for stress tolerance. However, there are still
many fundamental questions unanswered. For example, how are the intertwined
signal transduction networks regulated, and how are ROS sensed and signaling
specificity achieved?

Receptor-like protein kinases (RLKs) are plasma membrane proteins which have a
role in signal sensing. RLKs have been linked to many different physiological
processes, such as plant development, pathogen defense and abiotic stress
response. RLKs are involved in ROS signaling and it has been suggested that
members of the cysteine-rich protein kinase (CRK) subfamily could be involved in
direct ROS sensing due to the redox regulation possibilities in their extracellular
protein domain. The large number of CRKs and their protein similarity suggests
partly overlapping functions and possibilities for fine-tuning the stress responses. In
this study, Arabidopsis CRKs, especially CRK6 and CRK7, have been characterized
and their involvement in ROS signaling studied.

Based on the presence of conserved kinase subdomains, this study suggests that
Arabidopsis CRKs are active kinases and verifies kinase activity for CRK6 and CRK7 in
vitro. This study shows that in addition to stress responses, as previously suggested,
CRKs are involved also in many important developmental processes, such as
germination and senescence. This novel finding broadens our understanding of the
role of CRKs' in plants. Despite the observed redundancy in crk phenotypes due to
sequence similarity, some crk mutants, such as crk2 and crk5, showed clear
individual phenotypes suggesting specific functions for these CRKs. crk6 and crk7
phenotypes were partly disguised by redundancy effect. Based on the obtained
results and proposed redox regulation possibilities of CRK ectodomain, it can be
proposed that CRKs are essential regulatory elements of cellular redox circuits that
relay environmental information to the cell. Therefore the role of CRKs in cellular
crosstalk is essential for maintaining the delicate balance between growth and
defense. The loss of CRK function disrupts the information flow and leads to
impaired stress tolerance. Thus, the obtained results suggest protective roles for
CRKs. Furthermore, the large number of CRKs and their specific yet partly
overlapping functions could bring operational reliability to the signal transduction
and suggests specificity and fine tuning opportunities for signal transduction.



1 INTRODUCTION

Why study plants?

Plants are fundamental to all life on Earth and their importance cannot be
neglected. Plants are important not only because of the oxygen they produce but
also for food, fuel, fiber and medicines they provide us. Plants affect also our
mental wellbeing. Being in the nature, or even watching pictures of it, has a calming
and relaxing effect on us. Unfortunately, too often humans take plants and the
benefits they provide for granted. Especially during the 20t century plants and
nature have been used for industrial benefits with huge negative, even
catastrophic, environmental effects. In the 21* century climate change is creating
new challenges for food and wood production when at the same time fossil fuel
reserves are declining. Raising the awareness of importance of plants for our past
and for our future is one of the major goals for the 21° century as plants will
provide solutions to many of the coming grand challenges facing the Earth e.g. food
and energy crises.

How do we feed our children and their children is not the only question concerning
the food crisis. Secure food production and food quality are important questions
too. The potential of optimizing the nutritional content of foods is an important and
relevant research topic but the use of GMO plants for food production raises many
environmental and health related concerns in customers. Can we develop stress
tolerant and disease resistant crops to increase yields without creating invasive
plants or harming biodiversity? And to what extent do epigenetic changes affect
heritable characteristics of plants? Can we optimize photosynthesis to better
harness the energy of the sun? How can we use our knowledge of plants and their
properties to improve human health? For a long time, the most effective medicinal
molecules have been identified from plants. With GMO technologies we can
develop new medicinal molecules which mimic the originals at lower cost. Using
plants as chemical factories for drug production may not be a futuristic idea
anymore. Furthermore, many new novel medicinal molecules might be still found
from plants. These are only few of the important questions that the plant science
research has to face in the near future (Grierson et al., 2011).

Raising awareness of the potential of plant science and its solutions and
applications for solving the future environmental challenges will hopefully attract
many young talented scientists to the field. Thinking beyond the limits of plant
science combined with integrated efforts of scientists with diverse expertise will be
required for creating new scientific methods for resolving the coming crises
(Allahverdiyeva et al., 2015). Priorities of research challenges will change as new
needs arise but the need for solid understanding of plant biology will exist as long
as plants and people co-exist on Earth.



1.1 How to survive under ever-changing conditions?

Plant life is full of compromises as growth conditions in nature are rarely optimal.
Indeed, most plants grow under suboptimal conditions and have to adapt to
survive. Adaptation to the changing environmental conditions costs energy and
requires compromises in metabolism and growth which is why it is considered as
stress. Traditionally stress is defined as any adverse environmental parameter that
limits plant growth and productivity (Boyer, 1982). The most important criterion of
plant life is reproduction. Stress induced early flowering is a common phenomenon
which aims only to earlier seed production and thus successful reproduction (Wada
and Takeno, 2010; Xu et al., 2014). If the ability to reproduce fails, all other criteria
of productivity e.g., growth and yield, become meaningless. From the economical
point of view yield is the most important criterion. As environmental stress often
decreases growth and vyield the research focus has been on improving the stress
tolerance of economically important crop plants (Baena-Gonzalez and Sheen, 2008;
Bohra, 2013; Collinge et al., 2010; Manavalan et al., 2009; Mittler and Blumwald,
2010; Nemali et al, 2014; Prado et al., 2014; Ronald, 2014; Tran and Mochida,
2010).

Plants have developed many sophisticated ways to optimize growth in response to
changing conditions. For example, plants can gather water and nutrients in roots
and stems and regulate their use; they have ways to adapt to changes in light
intensity and temperature; they also have developed sophisticated methods to
defend against many pathogens (Dodds and Rathjen, 2010; Jones and Dangl, 2006).
In life-threatening situations, programmed cell death (PCD) is employed to limit
entry and growth of pathogens in the plant (Bruggeman et al., 2015; Coll et al.,
2011; Jones and Dangl, 2006; Williams and Dicman, 2008). For example, by leaf
abscission plants can eliminate the infected leaves to save the mother plant
(Gonzalez-Carranza et al.,, 1998; Taylor and Whitelaw, 2001). In addition, plant
hormones have an important role in the coordination of stress responses to
improve stress tolerance, survival and growth (Chouldhary et al., 2012a; Ha et al.,
2012; Lozano-Durdn and Zipfel, 2015; Peleg and Blumwald, 2011). Noteworthy,
plants have not only evolved methods to protect themselves but also to protect
other plants growing nearby. For example, under dangerous circumstances e.g.
herbivore attack, plants can emit volatile organic compounds (VOCs) to warn other
plants of impending danger (Baldwin et al., 2006; Ueda et al., 2012). Nearby plants
respond to VOCs by strengthening their own defense system before being attacked
themselves. VOCs also help predators to locate feeding herbivores and flowers to
attract pollinator to ensure reproduction (Baldwin et al., 2006; Schuman et al.,
2012; Ueda et al., 2012).

Guard cells, surrounding the stomatal pores in the leaf epidermis, are considered to

be one of the most important sensors of environmental conditions. Multiple
receptors in their plasma membrane can respond to different stimuli. Depending on
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the stimuli, guard cells can open or close stomatal pores by regulating their osmotic
pressure. Like their name suggests, guard cells are like gatekeepers controlling what
goes in and out though the pore. Noteworthy, by controlling their primary
processes i.e. the exchange of water vapor and carbon dioxide (CO,), the tiny
stomatal pores play a central role in the regulation of the Earth’s water and carbon
cycles (Outlaw, 2003). In addition to gas exchange, guard cells respond to air
pollutants, plant hormones, water status, light intensity, reactive oxygen species
(ROS) and pathogens (Kollist et al., 2014). As natural openings to the plant,
pathogens and gaseous substances try to enter plants through stomatal pores. By
closing the pores plants can limit the entry of pathogens, as well as air pollutants
e.g., ozone (03).

Similar to guard cells, plasma membrane of all cells contains a variety of receptors
for environmental parameters. Receptors sense various environmental (and
endogenous) signals with their extracellular domain. Signal recognition activates or
inhibits the corresponding biochemical pathway. Receptor kinases deliver the signal
downstream via their intracellular kinase domain (Cock et al., 2002; Lehti-Shiu and
Shiu, 2012; Stone and Walker, 1995; Tichtinsky et al., 2003). The biggest group of
receptor kinases in plants is receptor-like protein kinases (RLKs) and histidine
kinases (HKs) (Nongpiur et al., 2012; Shiu and Bleecker, 2001a, b, 2003). Protein
kinases are capable of transferring a phosphate group (PO,*) to a substrate protein
and thus capable of regulating the function, localization and stability of their target
proteins and interactions with other proteins. Reversible phosphorylation is the key
mechanism in signal transduction. In general, by phosphorylation kinases activate
or inactivate their target proteins and phosphatases do the process vice versa
through dephosphorylation (Luan, 1998).

Compared to animals the number of kinases in land plants is huge. The human
genome contains about 500 protein kinases, whereas Arabidopsis thaliana contains
over 1000 protein kinases and rice over 1400 (The Arabidopsis Genome Initiative,
2000; Dardick et al., 2007; Lehti-Shiu and Shiu, 2012; Lehti-Shiu et al., 2009; Mannig
et al.,, 2002; Shiu and Bleecker, 2001a, b, 2003). The large number of protein
kinases in land plants is a consequence of tandem and whole genome duplications
and could be an evolutionary result of a need to adapt to changing environmental
conditions (Hanada et al., 2008; Lehti-Shiu and Shiu, 2012). Adaptation and survival
is based on extensive intra- and intercellular signaling and most of the plant
responses are based on regulation of phosphorylation status of the proteins.
Different environmental signals, including drought, light intensity, temperature
changes, air pollutants and pathogens, lead to the activation or inactivation of
separate signal transduction pathways for delivering the message to the nucleus for
decision making. The readout of all messages aims to maintain the best possible
cellular conditions for growth.

Membrane-localized RLKs play a central role in sensing the environmental stress

signals (Morris and Walker, 2003; Osakabe et al., 2013). RLKs can bind different
kind of ligands, such as carbohydrates, polypeptides, cell wall components,
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hormones, etc., depending on their extracellular domain (Shiu and Bleecker,
2001b). RLKs can be activated by ligand binding or conformational change induced
by receptor complex formation upon ligand binding (Han et al., 2014; Shiu and
Bleecker, 2001b). Resent research has suggested that ROS might have an important
role in receptor activation (Kangasjarvi and Kangasjarvi, 2014; 1l). ROS molecules
which are released during stressful conditions can damage cell wall components
and the breakdown products might act as ligands for receptors. It has been
suggested that ROS molecules could activate receptors also by direct redox
modification (Kangasjarvi and Kangasjarvi, 2014; Shapiguzov et al, 2012). In
addition, ROS have been shown to deliver both local stress signals to the
neighboring cells and long-distance signals throughout the plant (Gilroy et al., 2014;
Miller et al., 2009; Mittler et al., 2011; Suzuki et al., 2013). Through intra- and
intercellular ROS signaling plants are able to coordinate the responses induced by
environmental changes and maintain the cellular balance for optimal growth. These
new findings have broadened our understanding of processes coordinating
adaptation to changing environmental conditions and opened up an exciting new
research field.

1.2 “ROS-talk” coordinates adaptation to the changing environmental
conditions

ROS are highly reactive oxygen-based molecules that are constantly produced as
by-products of cellular metabolism in plants, animals and microbes. The main
sources of intracellular ROS in plants are chloroplasts, peroxisomes and
mitochondria, nucleus, cytosol and endoplasmic reticulum being minor production
sites. ROS molecules, i.e. hydrogen peroxide (H,0,), hydroxyl radical (HO®), singlet
oxygen ('0,) and superoxide (0,), have ability to oxidize a wide range of
biomolecules which is why ROS levels are tightly controlled to avoid cellular
damage (Correa-Aragunde et al., 2015; Mgller et al., 2007; Tripathy and Oelmdiller,
2012; Wrzaczek et al., 2011, 2013). Especially hydroxyl radical and superoxide are
very reactive due to their radical nature. Antioxidants e.g., ascorbic acid and
glutathione, and scavenging enzymes e.g., superoxide dismutase (SOD), ascorbate
peroxidase (APX) and catalase (CAT), have important roles in keeping ROS levels low
under normal growth conditions (Foyer and Noctor, 2005, 2009, 2011; Mittler et al.,
2004; Noctor et al., 2012; Potters, 2010; Shigeoka and Maruta, 2014; Wrzaczek et
al., 2011) as high ROS levels can cause oxidative damage to proteins, lipids and
nucleic acids and ultimately cell death (Mgller et al., 2007; Wrzaczek et al., 2011).

In addition to the metabolic by-products, ROS are important messenger molecules
in intra- and intercellular signaling. ROS signaling is highly conserved and controls a
wide range of biological processes such as growth and development, and responses
to environmental stress such as drought, salinity, heavy metals, strong light, heat
and cold, nutrient deprivation, pathogen attack, mechanical stress and air
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pollutants (Figure 1). Changes in ROS levels lead to changes in the cellular redox
homeostasis. The redox state of the cell plays an important role in plant life
defining the physiological status of a plant. Tightly regulated ROS production guides
plant development by regulating for example cell division and cell expansion, stem
cell renewal and differentiation, and cell cycle (Considine and Foyer, 2014, Potters
et al., 2010; Swanson and Gilroy, 2010). In addition, it guides stress acclimation,
programmed cell death (PCD), metabolism and hormonal response (De Pinto et al.,
2012; Dietz, 2014; Shigeoka and Maruta, 2014; Torres, 2010; Van Breusegem and
Dat, 2006). Environmental stress leads to redox imbalances in different subcellular
compartments and leads to local and even systemic acclimation processes involving
coordinated changes in gene expression and optimization of metabolic pathways.
ROS play important roles also in transcriptional regulation (Gadjev et al., 2006;
Geisler at al., 2006; Vaahtera et al., 2014; Wang et al., 2013). Information flow via
inter-compartmental ROS signaling is highly important for cellular homeostasis,
hormonal balance and coordinated stress responses (Baxter et al., 2014; Considine
and Foyer, 2014; Kangasjarvi and Kangasjarvi, 2014; Mittler and Blumwald, 2015;
Shapiguzov et al., 2012; Shigeoka and Maruta, 2014; Sierla et al., 2013; Suzuki et al.,
2012; Vaahtera et al., 2014).

Water

Air pollutants

Growth Nutrients

Auxin

Insects,
pathogens ABA
SA
Light
Stress NO

Antioxidants

Defense

Temperature

Mechanical wounding

Figure 1. Adaptation is based on the delicate balance between growth and defense. The flexible
interactions between hormone and ROS signaling pathways control growth and defense responses.
Environmental stresses disturb the delicate balance and lead to metabolic changes needed for
rebalancing the system. The flexibility guarantee high buffering capacity against environmental
stresses but in the case of a strong stress system overload leads to the collapse of vital processes
and cell death. ABA: abscisic acid; SA: salicylic acid; GA: gibberellic acid; JA: jasmonic acid; ET:
ethylene, NO: nitric oxide
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ROS signaling shares similarities with nitric oxide (NO) signaling. The free radical NO
is a secondary messenger which controls essential biological processes in animals,
plants and microbes. In plants, NO has important role in seed germination, primary
and lateral root growth, stomatal closure, flowering, pollen tube growth, fruit
ripening, senescence and programmed cell death (Belenghi et al.,, 2007;
Delledonne, 2005; Bethke et al, 2006; Corpas et al., 2004; Correa-Aragunde et al.,
2004; He et al., 2004; Leshem et al., 1998; Neil et al., 2002; Prado et al., 2004; Sanz
et al., 2015; Serrano et al., 2015; Zhao et al., 2007). In addition, NO controls plant
immune responses (Delledonne et al., 1998; Durner et al., 1998; Yu et al., 2012) and
abiotic stress responses (Corpas et al.,, 2011). Based on their reactivity and
involvement in the same biological processes, ROS and NO are suggested to
function together, at least in plant biotic interactions (del Rio, 2015; Scheler at al.,
2013; Wendehenne et al., 2014; Yun et al., 2011). NO improves plant’s antioxidant
capacity to counteract the ROS-generated oxidative environment (Correa-Aragunde
et al., 2015). For example, NO reduces H,0, levels, ROS accumulation and cell
damage during salt stress (Bai et al., 2011), photo-oxidative stress (Beligni and
Lamattina, 2002) and UV exposure (Tossi et al., 2011). Thus, together ROS, NO and
antioxidant molecules and enzymes regulate cellular redox balance which is crucial
for plant growth and survival (Correa-Aragunde et al., 2015).

1.2.1 ROS in stress responses

ROS production, especially extracellular ROS production, increases dramatically
under environmental stress and stress-induced ROS signaling has an important role
in stress responses and stress tolerance (Baxter et al.,, 2014; Jaspers and
Kangasjarvi, 2010; Miller et al., 2008, 2010; Mittler et al., 2011; Suzuki et al., 2012;
Tripathy and Oelmdller, 2012; Wendehenne et al., 2014). When the antioxidant
capacity of the apoplast is exceeded, ROS can accumulate and activate stress-
specific signaling pathways thereby “alarming” cells leading to fast and proper
stress responses. ROS signaling leads to a local response and later to a systemic
whole plant response. Apoplastic ROS production by plasma membrane respiratory
burst oxidases (RBOH) induces a rapid long distance auto-propagating “ROS wave”
signal which is transmitted throughout the plant (Baxter et al., 2014; Miller et al.,
2009; Mittler et al., 2011. It is suggested that superoxide, produced by NADPH
oxidase (respiratory burst oxidase D, RBOHD), is dismutated by superoxide
dismutase to H,0, which would be the primary ROS mediating the rapid systemic
signal (Miller et al., 2009). The ROS wave which spreads relatively fast, about 8
cm/min, transmits the “alarm” signal from affected parts of the plant to the
unaffected parts, which have not received the primary stimulus and plays an
important role in defense and acclimation processes (Fu and Dong, 2013; Mittler
and Blumwald, 2015; Suzuki et al, 2013).

During plant-pathogen interactions, extracellular ROS production is involved in the
regulation of the hypersensitive response (HR), which is a well-documented
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defense mechanism used in the battle against biotrophic pathogens (Lamb and
Dixon, 1997; Morel and Dangl, 1997; Torres, 2010). Plants respond to the non-host
microorganisms by inducing pathogenesis-related (PR) genes and by strictly
controlled localized programmed cell death (PCD) (Dodds and Rathjen, 2010; Fu
and Dong, 2013). Bi-phasic ROS production is characteristic for the hypersensitive
response. Apoplastic ROS production leads to the pathogen recognition which
induces ROS production in various sub-cellular compartments and activates defense
mechanisms. Intercellular ROS production combined with apolastic ROS production
by plasma membrane NADPH oxidases induces “the ROS wave” which activates
adjacent cells and alarms also the non-infected plant parts. Such pre-resistance
mechanism is termed systemic acquired resistance (SAR) (Dempsey and Klessig,
2012; Kachroo and Robin, 2013; Shah and Zeier, 2013). In the infection site ROS
signaling leads to controlled cell death of infected cells to limit the pathogen
growth and thus the infection.

ROS have an important role also in the regulation of guard cell responses (Song et
al., 2014). ROS mediate stomatal responses to both external and internal factors.
Stress induced apoplastic ROS production by NADPH oxidases leads to the rapid
closure of the stomatal pore thus protecting cells from more injury. Guard cells
have been used as a single cell model to study ROS signaling mechanisms. Recent
research has revealed a conserved sequence of events leading to stomatal closure:
stress induced apoplastic ROS production by plasma membrane NADPH oxidases in
guard cells is sensed in the apoplast and in the cytoplasm which leads to the Ca*" -
flux through the plasma membrane. Ca®'- flux leads to Ca** sensing in cytoplasm
and simultaneous anion fluxes through the SLOW ANION CHANNEL 1 (SLAC1) in the
plasma membrane which leads to rapid stomatal closure and ROS production in the
chloroplasts (Kollist et al., 2014; Sierla et al., 2013 and Song et al., 2013; Vahisalu et
al., 2010).

Environmental stress leads to elevated ROS levels not only in the apoplast but also
in chloroplasts (Kangasjarvi and Kangasjarvi, 2014; Shapiguzov et al., 2012; Sierla et
al., 2013; Song et al., 2013; Suzuki et al., 2012). ROS are produced continuously in
chloroplasts due to numerous electron transfer reactions during photosynthesis
(Tripathy and Oelmdller, 2012). Due to constantly changing environmental
conditions e.g. light, wind and temperature, the photosynthetic machinery is
continuously adjusted in order to maintain the delicate physiological equilibrium
(Dietz, 2015; Foyer et al., 2012). The flexibility of the photosynthetic machinery
combined with efficient regulatory mechanisms helps to maintain the balance
between production and consumption of reducing equivalents. Accumulation of
ROS leads to inter-organellar signaling which leads to appropriate stress response
including local and systemic acquired acclimation processes (SAA), systemic
acquired resistance (SAR) and in the extreme programmed cell death (PCD). It has
been shown that chloroplastic ROS signaling plays a crucial role at least in Og, light,
pathogen and wounding stress response (Chang et al., 2004; Dietz, 2015; Fryer et
al., 2002, 2003; Joo et al., 2005).

15



Chloroplasts respond also to ROS signals from other cellular compartments. For
example, when apoplastic ROS levels are elevated in response to pathogen attack,
the information is delivered to the chloroplasts by so far unknown mechanism.
Together with other subcellular compartments, chloroplasts contribute to ROS
production during the hypersensitive response (HR) and induce the second phase of
ROS production in the battle against pathogens (Liu et al., 2007; Stael et al., 2015;
Yao and Greenberg, 2006; Zurbriggen et al., 2009, 2010). The involvement of
chloroplast function in plant immunity has been increasingly recognized in the last
few years (Kangasjarvi et al., 2012; Shapiguzov et al., 2012; Sierla et al., 2013). The
role of chloroplasts in ROS signaling in response to pathogen attack is central to
defense and survival e.g. it has been shown that the pathogen response differs
between light and dark (Lozano-Duran and Zipfel, 2015; Roden and Ingle, 2009) and
that some bacterial and viral elicitors interact with chloroplast-targeted proteins or
are imported into chloroplasts (Padmanabhan and Dinesh-Kumar, 2010).

It has been also suggested that chloroplastic ROS production is needed for systemic
ROS signaling i.e. chloroplastic ROS signals would precede the ROS wave and not
vice versa (Joo et al., 2005, Zurbriggen et al,, 2009, 2010). The complex organellar
crosstalk via ROS molecules is a challenging research topic with many open
guestions at the moment. In spite of complexity, it is clear that chloroplasts have a
crucial role in the inter-compartmental ROS signaling. Chloroplasts are able to
amplify ROS signals and transmit them to the apoplast and nucleus via cytosolic
signaling pathways (Galvez-Valdivieso and Mullineaux, 2010; Joo et al, 2005;
Kangasjarvi and Kangasjarvi, 2014, Shapiguzov et al., 2012, Sierla et al., 2013). The
short distance between the plasma membrane and the chloroplast allow efficient
and rapid signal transduction for inter-compartmental communication. As a result,
ROS signals from apoplast and chloroplasts are decoded in the nucleus by various
transcription factors leading to appropriate response in order to maintain the most
optimal physiological conditions for growth.

1.2.2 ROS in development

ROS signaling relays information about environmental conditions and plays a
central role in maintaining optimized metabolic homeostasis for growth. The
delicate balance between growth and defense is based on flexible interactions
between hormone and ROS signaling which is regulated by antioxidants (Figure 1).
Due to this flexibility plants display an enormous capacity to adapt to changing
environmental conditions and adjust growth accordingly. Under unfavorable
conditions the growth rate decreases, or even ceases, due to changes in energy
allocations. However, when conditions become again favorable for growth, plant
continues to grow according to the genetically defined program. Plant architecture
is based on genetically defined structural units, such as roots, branches, leaves,
flowers and fruits, whose number and size depend on available resources and
environmental conditions for growth. Stress-induced alterations in plant growth
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and architecture are called stress-induced morphogenetic response (SIMR) (Potters
et al., 2007). SIMR is a well-documented phenomenon but its molecular mechanism
and connection to ROS signaling is not well-understood (Potters et al., 2007). In
addition to visible stress symptoms such as stunted growth and early flowering,
stress adaptation requires rapid changes in metabolism including transcriptional
and translational adjustments, and precise timing of cell defense activation and
developmental transitions (Dietz, 2014).

Tightly regulated ROS production guides plant development and growth by
regulating for example cell division and cell expansion, stem cell renewal and
differentiation, and cell cycle (Considine and Foyer, 2014, Potters et al., 2010;
Swanson and Gilroy, 2010). Also the transition from cell proliferation to cell
differentiation is under ROS regulation (Tsukagoshi et al., 2010). One of the most
extensively studied developmental processes is root growth. Almost every stage of
root development, starting from the breaking of the seed dormancy to the
development of lateral root and root hairs, is under redox control (Considine and
Foyer, 2014; De Tullio et al., 2010; Dunand et al., 2007; El-Maarouf-Bouteau and
Bailly, 2008; El-Maarouf-Bouteau et al., 2013; Foreman et al., 2003). For example,
the A. thaliana mutant, root hair defective2 (rhd2), defective in NADPH oxidase,
displays stunted root growth and short root hairs due to impaired ROS production
(Foreman et al., 2003). Impaired ROS production leads to a defective Ca** influx and
thus impaired cell expansion highlighting the role of NADPH oxidase in the control
of development (Foreman et al., 2003). In A. thaliana rootmeristemless (rml)
mutants, the cell cycle is arrested in the primary root at an early stage due to
glutathione (GSH) deficiency highlighting the importance of GSH in activating and
maintaining the cell division cycle in the root apical cells (Cheng et al., 1995;
Vanstraelen and Benkova, 2012; Vernoux et al., 2000). In plants, the NADPH-
dependent glutathione/glutaredoxin (GSH/GRX) and thioredoxin (TRX) systems are
the two major systems maintaining the cellular redox homeostasis and controlling
developmental processes. Overlapping function highlights the importance of these
two pathways as it has been shown that the corresponding single knock-out
mutants of the members of GRX and TRX multigene families display unaltered
phenotypes (Marty et al., 2009; Meyer et al., 2008; Reichheld et al., 2007). The two
pathways are intertwined and have common targets in developmental processes
(Reichheld et al., 2007; Potters et al, 2010). Observing the phenotypes of mutants
involved in these two pathways has revealed new functions and connections
between different hormonal pathways (Benitez-Alfonso et al., 2009; Reichheld et
al., 2007). For example, there are many reports which suggest tight connection to
auxin, which is an essential regulator for plant growth and development (Benjamins
and Scheres, 2008; Salehin et al., 2015; Schaller et al., 2015). The flowerless triple
mutant ntra ntrb cad2, generated by crossing the TRX reductase mutation (ntra
ntrb) with GHS biosynthesis mutation (cad2), is reminiscent of polarized auxin
transport (PAT) mutants linking NADPH-dependent GRX and TRX pathways to auxin
signaling (Bashandy et al., 2011). The triple mutant has disturbed auxin levels and
displays pin-like phenotype, which is typical for mutants deficient in auxin transport
(Adamowski and Friml, 2015; Géalweiler et al., 1998). The results suggest that the
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pin-like phenotype of the triple mutant is due to a disturbed auxin biosynthesis and
transport while the stunned root growth is due to disturbance of polar auxin
transport (Bashandy et al., 2011). Moreover, crossing the viable TRX double mutant
ntra ntrb with rml/1, a mutant blocked in root growth due to glutathione (GSH)
deficiency, led to inhibition of both shoot and root growth (Reichheld et al., 2007).
Another well-studied example of redox regulated developmental process leading to
environment-responsive developmental plasticity is root apical meristem (RAM)
growth. Unfavorable conditions lead to reorganization of RAM leading to cessation
of new cell production in root tip but enhanced lateral root growth (De Tullio et al.,
2009). RAM growth is regulated by flexible interactions of redox/hormone
crosstalk, where auxins, gibberellins and cytokinins play a central role (De Tullio et
al., 2009). These results highlight the role of redox/hormone/antioxidant crosstalk
in the developmental processes. In conclusion, the crosstalk between hormone and
ROS signaling pathways is crucial for maintaining the cellular balance needed for
the proper development and stress adaptation in plants (Mittler and Blumwald,
2015; Palsternak et al., 2005; Tognetti et al., 2010, 2012; Xia et al., 2015).

1.2.3 ROS crosstalk

ROS signaling between the different cellular compartments is only a part of the
overall cellular control over plant life. In addition to ROS, calcium-mediated
signaling, hormonal and circadian regulation, nitrogen oxide species, antioxidants,
nutritional status, growth phase, etc., affect how plants respond to environmental
stresses (Akpinar et al., 2012; Baena-Gonzdlez and Sheen, 2008; Bartoli et al., 2012;
Dodd et al.,, 2010; Du and Poovaiah, 2005; Mazars et al., 2010; Poovaiah et al.,
2013; Ramon et al., 2008; Steinhorst and Kudla, 2013; Tognetti et al., 2012; Xia et
al., 2015; Yang and Poovaiah, 2003). Crosstalk between different signaling pathways
is crucial for information flow and the fitness and the survival of a plant is the result
of a multilayer regulation. The synergistic and antagonistic interactions of multiple
signaling pathways are thought to be important in the fine-tuning of plant
responses to abiotic and biotic stress (Shigeoka and Maruta, 2014). However, it is
not well understood how environmentally induced stress signals are transmitted
through the plasma membrane to the cytosol, chloroplasts and eventually to the
nucleus and how this complex signaling network is regulated. Nevertheless, it has
been shown that ROS production, ion fluxes across the plasma membrane,
increased cytoplasmic Ca®* levels and activation of cytoplasmic mitogen-activated
protein kinase (MAPK) signaling cascades are part of early signaling events in
response to different environmental stimuli (Baxter et al., 2014; Miller et al., 2009).

The MAPK cascade is a well-documented three-layered cytoplasmic signal
transduction unit where reversible protein phosphorylation plays a crucial role
(Pitzschke, 2015; Rodriguez et al., 2010; Taj et al., 2010; Xu and Zhang, 2015). The
first layer of the unit consists of a MAP kinase kinase kinase (MAPKKK or MAP3K)
which is activated by signals transmitted by the plasma membrane proteins. The
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MAPKKK transfers the signals to the second layer of the unit consisting of a MAP
kinase kinase (MAPKK or MAP2K). The MAPKK activates a MAP kinase (MAPK)
which finally activates its target proteins by phosphorylation. As Arabidopsis has at
least 60 MAPKKKs, 10 MAPKKs and 20 MAPKs, the number of possible combinations
of this signal transduction units is high which brings specificity to the responses
(Jaspers and Kangasjarvi, 2010; Taj et al., 2010). Crosstalk between MAPKs and
calcium dependent protein kinases (CDPKs) is known to be involved in plant stress
responses (Wurzinger et al., 2011). CDPKs are plasma membrane proteins involved
in Ca®* sensing (Steinhorst and Kudla, 2013). Ca* is an important second messenger
involved in many central signaling cascades in plants and animals. For example,
NADPH oxidase activity and the production of apoplastic ROS is controlled via Ca*'-
dependent conformational changes i.e. increased cytosolic Ca** concentration leads
to the activation of NADPH oxidase and ROS production (Baxter et al., 2014;
Dubiella et al., 2013; Kimura et al., 2012; Ogasawara et al., 2008; Sierla et al., 2013).

ROS signaling via MAPK pathways seems to be crucial to plant stress responses and
many new signaling components have been characterized in recent years (Dodds
and Rathjen, 2010; Taj et al., 2010; Teige et al., 2004; Pitzschke and Hirt, 2006,
2009; Vainonen and Kangasjarvi, 2014). In addition to CDPKs, plasma membrane
located RLKs could be another link between the apoplastic signals and the
cytoplasmic MAPK signaling pathways, as RLKs have the ability to transmit signals
through plasma membrane and regulate cytoplasmic proteins by phosphorylation.

The large number of RLKs could explain also the specificity of the responses. In the
nature plants grow under ever-changing conditions and have to respond to multiple
simultaneous stress factors which can lead to synergistic or antagonistic responses.
Albeit the complexity, somehow the plants are able to sort out the stress signals to
maintain the most optimal physiological status for growth (Vaahtera and Brosché,
2011). ROS, hormone, Ca** and MAPK signaling cascades are intertwined and there
are many open questions concerning this crosstalk. In addition, despite the recent
advances in ROS research the specificity of ROS signals is still an open question
(Mgller and Sweetlove, 2010; Shigeoka and Maruta, 2014; Vaahtera et al., 2014).
Another intriguing open question concerns ROS sensing: How are ROS molecules
sensed and how can this sensory system make distinctions between different types
of ROS?

1.2.4 ROS sensing

The apoplast is the intercellular space outside plasma membrane formed by the
continuum of cell walls and the extracellular spaces. Diffusion through apoplast is
much faster than through cytosol and therefore a place through which information
can flow rapidly from cell to cell. The apoplast has few special features affecting its
redox properties (Potters et al., 2010). Apoplastic ROS production is an active
process controlled by a plasma membrane-bound NADPH oxidase and cell wall
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peroxidases. Compared to the cytosol the apoplast has lower levels of low
molecular weight antioxidants, such as glutathione and ascorbate, and thus a lower
antioxidant buffering capacity due to which ROS are able to accumulate in the
apoplast thus enabling the activation of ROS signaling pathways. In addition, a large
number of apoplastic proteins contain thiol groups which could be redox regulated.
Despite the recent research interest towards ROS sensing in apoplast the question
of ROS sensing mechanism has remained unsolved. However, several distinct
systems have been proposed to be involved in ROS sensing in the apoplast
(Kangasjarvi and Kangasjarvi, 2014; Mittler et al., 2011; Mgller et al., 2010;
Shapiguzov et al., 2012; Wrzaczek et al., 2010, 2011, 2013). For example, changes in
apoplastic ROS levels affect the ascorbate gradient and lead to changes in cellular
redox homeostasis (Foyer et al., 2009; Munné-Bosch et al., 2013). Superoxide,
produced by NADPH oxidases, is dismutated to H,0, which can cross plasma
membranes through aquaporins (Bienert et al.,, 2007). In addition, ROS can also
cause direct oxidative modifications to secreted and membrane-localized proteins
and lipids. These changes could be sensed through conformational changes or
breakdown products, which might act as ligands for receptors. The recent results
suggest that a significant number of RLKs is involved in the response to
environmental cues (Chae et al., 2009; Kangasjarvi and Kangasjarvi, 2014; Osakabe
et al., 2013; Sierla et al., 2013). However, despite the many proposed options, ROS
perception and specificity and the role of RLKs in ROS signaling are still intriguing
questions waiting to be answered.

1.3 Therole of receptor-like protein kinases in ROS-mediated
adaptation

The largest group of kinases in plants is RLKs, which are plasma membrane proteins
involved in many important signaling processes (Shiu and Bleecker, 2001a, 2003).
Arabidopsis thaliana contains more than 610 RLKs which represents nearly 2.5 % of
its protein coding genes and 60% of all protein kinases (Shiu and Bleecker, 20013,
2003). RLKs contain a variable extracellular domain responsible for signal
perception, a transmembrane domain and a conserved intracellular kinase domain
responsible of signal transduction similar to animal receptor tyrosine kinases
(Figure 2). More than 20% of RLKs are cytoplasmic proteins (receptor-like
cytoplastic kinases, RLCKs) without extracellular and transmembrane domain
(Figure 2; Shiu and Bleecker, 2001b, 2003). RLKs can make homo- and heterodimers
with other RLKs and receptor complexes with different kind of membrane proteins,
apoplastic proteins, cytoplasmic proteins, etc. (Han et al., 2014). Receptor specific
stimulus leads to the receptor complex formation and signal transduction across
the plasma membrane and leads to the activation of otherwise inhibited
phosphorylation events on the cytoplasmic side of the plasma membrane (Clouse et
al., 2012). Ligand or stimulus induced conformational changes of the kinase domain
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reveal the active site for phosphorylation and thereby activate the cytoplasmic
signal transduction events (Clouse et al., 2012; Hubbard, 2004; Pawson, 2004).

SP TM kinase domain
[ — | — RLK
— RLCK

Figure 2. The general RLK protein structure: N-terminal signal peptide (SP) followed by a variable
extracellular domain connected by a single transmembrane domain (TM) to an intracellular protein
kinase domain. RLCKs contain only the intracellular protein kinase domain.

The RLK family is divided into 46 subfamilies according to the presence or absence
of the variable extracellular domain, kinase domain phylogeny and the intron
locations (Shiu and Bleecker, 2003). In most cases, the number of exons and intron
locations are conserved between the subfamily members. This means that in
general, members of the same subfamily have identical or similar number of exons
and intron locations (Shiu and Bleecker, 2003). There are at least 15 different
extracellular protein domains which are used to classify RLK subfamilies (Figure 3).
Some of the biggest RLK subfamilies are divided into subgroups such as leucine-rich
repeat (LRR) subfamily (LRRI I-XIV), RLCK (RLCK I-XIl) and S-domain RLKs.
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Figure 3. Extracellular protein domains found from Arabidopsis RLK subfamilies.

The variability of extracellular domains has been suggested to guarantee a wide
coverage of different signals perceived by RLKs (Lehti-Shiu et al., 2009; Shiu and
Bleecker, 2003). According to gene expression studies RLKs are involved in many
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different physiological processes including development, pathogen defense and
abiotic stress responses (Chae et al., 2009; Haffani et al., 2004; Lehti-Shiu et al.,
2009; Morillo and Tax, 2006; Morris and Walker, 2003; Munné-Bosch et al., 2013;
Wrzaczek et al., 2010). Subfamilies such as CRK, L-LEC, LRR-I, LRR-VIII-2, LRR-Xb,
RLCK-Vlla, SD1, SD-2b, WAK and WAK_LRK10L-1 show overrepresentation of genes
that have been implicated in biotic stress compared to other RLK subfamilies (Lehti-
Shiu et al., 2009). Recent research suggests that a significant number of RLKs is
involved in the response to environmental cues and has important functions in
stress acclimation and responses (II; Ill; Kangasjarvi and Kangasjarvi, 2014; Lehti-
Shiu et al., 2009; Osakabe et al., 2013; Sierla et al., 2013).

Phylogenetic analyses suggest that animal Pelle kinases are the animal homologs of
Arabidopsis RLKs, thus RLKs are usually defined as RLK/Pelle kinases (Klaus-Heisen
et al., 2011; Lehti-Shiu et al., 2012; Shiu and Bleecker, 2001). RLKs have frequently
been described as serine/threonine (Ser/Thr) kinases in contrast to animal receptor
protein kinases which usually are tyrosine (Tyr) kinases (Afzal et al., 2008; Shiu and
Bleecker, 2001). However, according to phosphoproteomic assays tyrosine
phosphorylation is more abundant in plants than generally recognized and many
RLKs possess dual-specificity kinase activity (Bojar et al, 2014; de la Fuente Van
Bentem and Hirt, 2009; Clouse et al., 2012; Sugiyama et al., 2008). Other closely
related kinases are animal receptor tyrosine kinases (RTK) and Raf kinases which
have diverged from the plant RLKs after an ancient duplication event (Shiu and
Bleecker, 2001). After the divergence of plant and animal lineages, the plant RLK
family has expanded dramatically compared to animal receptor kinases (Lehti-Shiu
et al., 2009, 2012; Lehti-Shiu and Shiu, 2012)). The expansion has been lineage
specific and based on whole genome and tandem duplication (Lehti-Shiu et al.,
2009; 2012). Today, this can be observed in a high sequence similarity between
RLKs and organization of RLKs in tandem duplications where many RLK genes are
organized in back-to-back repeats, some of which have become pseudogenes
(Lehti-Shiu et al.,, 2009; 2012). The functionally important cytoplasmic kinase
domain is highly conserved between RLKs whereas the signal perceiving
extracellular domain shows great variability, most likely to maximize the coverage
of signals that can be sensed and thus to provide fine-tuning opportunities in a
plant’s response to environmental cues. As many RLKs are implicated in the
response to environmental cues, the driving force behind expansion could be the
need to deliver environmental signals to guarantee acclimation and survival under
changing conditions (Hanada et al., 2008; Lehti-Shiu et al., 2009, 2012; Lehti-Shiu
and Shiu, 2012).

In general, there are only few if any RLKs in most eukaryotes except embryophytes
(land plants) (Lehti-Shiu et al., 2009, 2012). For example, there are no RLK genes in
yeast (Saccharomyces cerevisiae or Candida albicans) or in Ostreococcus tauri, the
smallest known free-living eukaryote (green alga), only one RLCK gene in common
fruit fly (Drosophila melanogaster), two RLCKs in Chlamydomonas reinhardtii (green
alga) and four RLCK genes in humans (Homo sapiens) (Lehti-Shiu et al., 2009).
Compared to these, the number of RLKs and RLCKs in land plants is huge. In
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addition, differential expansion of the RLK family in land plants has resulted in huge
differences in the number of RLK genes between land plants. For example, the
number of RLKs in liverworth (Marchantia polymorpha) is 29 and in Physcomitrella
patens (moss) 329 while Arabidopsis thaliana has 610 RLKs and rice (Oryza sativa)
and poplar (populus trichocarpa) over thousand RLKs (Lehti-Shiu et al., 2009, 2012;
Sasaki et al, 2007; Shiu et al., 2004). Differences in expansion can also be seen at
the RLK subfamily level. During evolution some subfamilies have remained
relatively constant in size while other has expanded dramatically. For example, the
rice WAK subfamily is six times larger than in Arabidopsis thaliana and the SD1
subfamily in rice and poplar is more than ten times larger than in Arabidopsis
thaliana. On contrast, the number of CRKs in rice, poplar and A. thaliana is similar
(Lehti-Shiu et al., 2012).

1.3.1 RLKs are involved in many central signaling pathways

Since the identification of the first RLK more than two decades ago (Walker and
Zhang, 1990) only about 10% of Arabidopsis RLKs has been characterized. The most
extensively studied RLKs belong to LRR-RLK subfamily and are involved in important
signaling processes such as growth and development such as brassinosteroid
signaling via BRASSINOSTEROID INSENSITIVE 1 (BRI1), meristem development
control by CLAVATA1 (CLV1) (Li and Chory, 1997; Clark et al., 1997; De Smet et al.,
2009) and resistance to bacteria such as the perception of flagellin by FLAGELLIN
SENSING 2 (FLS2) (Gomez-Gomez and Boller, 2000). Interestingly, most of the RLK
complexes identified in Arabidopsis seem to be complexes between the same RLK
subfamily members, especially between LRR-RLK subfamily members (Gou et al.,
2010; Han et al., 2014). For example, FLS2 and EF-Tu receptor (EFR) are LRR-RLKs
involved in innate immunity. FLS2 and EFR are pattern recognition receptors (PRRs)
for different pathogen-associated molecular patters (PAMPs), whose perception
leads to PAMP-triggered immunity (PTI) restricting pathogen growth (Albert et al.,
2010; Nirnberger and Kemmerling, 2006; Postel and Kemmerling, 2009;
Schwessinger and Zipfel, 2008). The extracellular domains of FLS2 and EFR bind
flagellin (or the surrogate flg22 peptide) and elongation factor Tu (EF-Tu, or the
surrogate elf18/elf26 peptides), respectively (Chinchilla et al., 2006; Gomez-Gomez
and Boller, 2000; Kunze et al., 2004; Zipfel et al., 2006). Interestingly, in both cases
ligand binding leads to complex formation with the BRI1-associated receptor kinase
(BAK1) (Chinchilla et al., 2007; Heese et al., 2007; Roux et al. 2011). BAK1 is a
comparatively small LRR-RLK identified originally to interact with BRI1, which is a
LRR-RLK  receptor for the growth-promoting plant steroid hormones
brassinosteroids (BR) (Kinoshita et al., 2005; Li et al., 2002; Nam and Li, 2002; Li and
Chory, 1997; Wang et al., 2001). As it has been reported that BAK1 interacts also
with LRR-RLKs PEP1 receptor 1 (PEPR1) and PEPR2, BAK1 seems to be an important
partner in many different signaling pathways and more LRR-RLK/BAK1 receptor
pairs are likely to be revealed in the future (Chinchilla et al., 2009; Postel et al.,
2010). The latest LRR-RLK identified to interact with BAK1 was the enzymatically
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inactive BAK1-interacting receptor-like kinase 2 (BIR2) (Blaum et al., 2014; Halter et
al., 20144, b). This interaction negatively regulates PAMP-triggered immunity (PTI)
by limiting BAK1-receptor complex formation in the absence of ligands (Blaum et
al., 2014; Halter et al., 20144, b).

Signaling pathways via the multifunctional BAK1 are well-characterized and
especially the BRI1/BAK1 pair has become one of the best-studied plant receptor
models. Results cover the whole signaling pathway from the ligand binding and
receptor activation to the endocytosis of the receptor complex, cytoplasmic
phosphorylation events, BR-related pathways until the regulation of BR-responsive
genes (Chinchilla et al., 2009; Han et al., 2014; He et al., 2007, 2008; Jiang et al.,
2015; Karlova and de Vries, 2006; Kemmerling et al., 2007; Kemmerling and
Nirnberger, 2008; Shimada et al., 2015; Vert, 2008; Zhang et al., 2014). Other well-
characterized LRR-RLK receptor complexes are the plant immunity related FLS2/EFR
and BAK1 pairs (Han et al., 2014; Kadota et al., 2014 Li et al., 2014; Postel and
Kemmerling, 2009; Schwessinger and Zipfel, 2008), and development and growth
related CLAVATA and ERECTA complexes (Bleckmann et al., 2010; Clark et al., 1993,
1997; Guseman et al., 2010; Lee et al., 2012; Pillitterri and Torii, 2012; Zhu et al,,
2010). The obtained results from LRR-RLK receptor complex formation and
activation mechanism provide valuable information which will facilitate
identification of other RLK receptor complexes and their function in the near future
(Han et al., 2014; Roux and Zipfel, 2012).

During the recent years a huge amount of information has been gained about the
function of RLKs in Arabidopsis thaliana but less is known about their role in crop
plants. Despite the fact that research focus has been on improving the stress
tolerance of economically important crop plants, only few RLKs have been
characterized in crop plants. However, the few RLKs characterized from crop plants
e.g., barley (Hordeum vulgare), maize (Zea mays) and wheat (Triticum aestivum),
are involved in similar biological processes as in Arabidopsis thaliana. For example,
rice XA21, barley CRK1 and wheat TaRLKs, are involved in ROS mediated disease
resistance (Lee et al., 2009; Rayapuram et al., 2011; Song et al., 1995; Zhou et al.,
2007). A tomato LysM-RLK, AvrPtoB tomato-interacting 9 (Bti9), is involved in plant
immunity and a rice LRR-RLK, defective in outer cell layer specification 1 (Docs1), is
involved in the proper development of root outer cell layers (Zeng et al., 2012 and
Huang et al.,, 2012, respectively). In addition, RLKs are also involved in
developmental processes controlling symbiosis between plant roots and bacteria
and fungi (Berrabah et al., 2014; Yoshida and Parniske, 2005). The obtained results
suggest that RLKs have as important functions in crop plants as in model plant
Arabidopsis thaliana. Better understanding of RLK function in crop plants should
provide new clues for improving crop plants’ tolerance mechanisms against
environmental challenges.

According to the obtained results, RLKs are activated by ligand binding or

conformational change induced by receptor complex formation upon ligand
binding. RLKs can bind different kind of ligands, such as carbohydrates,
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polypeptides, cell wall components, hormones, etc., depending on their
extracellular domain (Gish and Clark, 2011; Morris and Walker, 2003). For example,
a recent study by Ranf et al. showed that the bulb-type (B-type) lectin S-domain
(SD) -1 receptor-like kinase LORE (SD1-29) mediates lipopolysaccharide (LPS)
sensing in Arabidopsis thaliana (Ranf et al., 2015). SD1-RLKs have different protein
motifs on their extracellular domain for possible signal perception: an amino-
terminal B-type lectin domain followed by an S-locus glycoprotein domain or
epidermal growth factor-like domain and a plasminogen-apple-nematode domain
(PAN) (Figure 3). Arabidopsis LORE mutants, lorel, lore2, lore3 and lore4, which
had mutations in their extracellular protein domains and in the kinase domain,
were hypersusceptible to Pseudomonas syringae infection (Ranf et al., 2015). The
study showed that LORE specifically sensed the lipid A moiety of Pseudomonas and
Xanthomonas LPS and that lipid A moiety was enough for recognition (Ranf et al.,
2015).

A significant number of RLKs is involved in the response to environmental cues
(Kangasjarvi and Kangasjarvi, 2014; Osakabe et al., 2013; Sierla et al., 2013). Thus
the role of RLKs in ROS sensing and signaling has become an interesting research
topic. Resent research has suggested that ROS have important roles in receptor
activation. Apolastic ROS which are released during stressful conditions can damage
cell wall components and apoplastic proteins and the breakdown products might
act as ligands for receptors. For example, a short peptide cleaved of from the
extracellular GRIM REAPER (GRI) protein by ROS acts as a ligand for pollen-specific
receptor-like kinase 5 (PRK5) protein, which is a LRR-RLK involved in ROS-induced
cell death (Wrzaczek et al.,, 2009, 2015). It has also been suggested that ROS
molecules could activate receptors by direct redox modifications on their
extracellular domain e.g. cysteine residues leading to conformational changes and
thus receptor activation and signal transduction. Especially, it has been proposed
that cysteine-rich RLKs such as CRKs could be activated by such redox modification
and thus act as ROS sensors (II; Kangasjarvi and Kangasjarvi, 2014; Wrzaczek et al.,
2013).

1.4 The role of cysteine-rich protein kinases in ROS signaling

The cysteine-rich protein kinases (CRKs), also known as DUF26 RLKs, are one
subfamily of RLKs. CRKs have a typical RLK domain structure i.e. they contain an
extracellular domain responsible for signal perception, a transmembrane domain
and a conserved intracellular protein kinase domain responsible for signal
transduction (Figure 2). Three CRKs, CRK43, CRK44 and CRK45, consist only of the
cytoplasmic domain, thus they are considered to be receptor-like cytoplasmic
kinases (RLCKs) (Shiu et al., 2004). The subfamily contains 44 members in
Arabidopsis thaliana (1; 11; Ill). The CRKs are classified by one to three copies of the
extracellular DUF26-domain (Domain of Unknown Function, PFO1657; stress-
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antifungal domain; http://pfam.sanger.ac.uk/family/PF01657), which contain three
conserved cysteine (Cys; C) residues in C-Xg-C-X,-C configuration (Chen, 2001; Shiu
and Bleecker, 2001). The function of the domain is unknown but it is suggested to
have a function in redox regulation and protein-protein interaction (I; Chen et al.,
2004; Wrzaczek et al.,, 2013). The redox modification possibilities of the
extracellular Cys residues and comprehensive transcriptional and phenotypic
analyses of crk mutants suggest that the CRKs could be involved in apoplastic ROS
sensing (I; 1I; Chen et al., 2004; Czernic et al., 1999; Kangasjarvi and Kangasjarvi,
2014; Munné-Bosch et al., 2013; Wrzaczek et al., 2013).

1.4.1 CRKs are involved in development and stress responses

Overlapping functions due to sequence similarity has caused difficulties in analyzing
the phenotypes of the T-DNA insertion mutants in Arabidopsis thaliana.
Nevertheless, few loss-of-function phenotypes have been observed. Results of
Burdiak et al. (2015) show that development is altered in crk5 as it shows early
senescence compared to Col-0 wild type (Burdiak et al., 2015). In addition, crk5 is
sensitive to ultraviolet radiation and has impaired stomatal conductance (Burdiak et
al., 2015). Ederli et al. have reported that crk20 showed a slight reduction in
Pseudomonas syringae pv. tomato (Pst) growth (Ederli et al., 2011), and Tanaka et
al. reported that crk36 showed increased sensitivity to abscisic acid (ABA) and
osmotic stress (Tanaka et al., 2012). CRK45 is involved in ABA signaling by positively
regulating ABA responses in seed germination, early seedling development and
abiotic stress responses (Zhang et al., 2013). In contrast to crk36, crk45 was less
sensitive to ABA than wild type (Zhang et al., 2013). Plants overexpressing CRK45
were more sensitive to ABA and hypersensitive to salt and glucose inhibition of
seed germination, whereas the knockout mutants showed the opposite phenotypes
(zhang et al., 2013). Furthermore, CRK45 overexpression plants showed enhanced
drought tolerance (Zhang et al., 2013). In addition to abiotic stress responses, few
overexpression studies have suggested that CRKs have a role in cell death and
disease resistance. Chen et al. reported that overexpression of CRK4, CRK5, CRK19
and CRK20 leads to induced hypersensitive response (HR) —like cell death (Chen et
al., 2003, 2004) and Acharya et al. reported that overexpression of CRK13 leads to
enhanced tolerance to the bacterial pathogen Pseudomonas syringae pv. tomato
(Pst) (Acharya et al.,, 2007). Recent results of Yeh et al. (2015) show that
overexpression of CRK4, CRK6 and CRK36 leads to enhanced pattern-triggered
immunity (PTI) and suggests that CRK4, CRK6 and CRK36 can associate with the
well-characterized pattern-recognition receptor (PRR) FLS2 (Yeh et al., 2015).
Appendix 1 lists Arabidopsis CRKs and the publications concerning their function.

Despite the recent interest in the roles of CRKs in Arabidopsis, relatively few CRKs
have been characterized from other species. However, some CRKs have been
connected to ROS signaling also in crop plants. For example, barley (Hordeum
vulgare) HvCRK1 is involved in ROS-mediated basal resistance against powdery
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mildew infection and wheat (Triticum aestivum) TaCRK1 against Rhizoctonia cerealis
infection (Rayapuram et al., 2011; Yang et al., 2013). TaCRK1 transcript abundance
increased after R. cerealis infection and exogenous abscisic acid (ABA) treatment
(Yang et al.,, 2013). However, silencing of TaCRKI1 transcript did not lead to
susceptibility to R. cerealis (Yang et al., 2013). In rice, an apoplastic protein, O.sativa
root meander curling, OsRMC, with DUF26 domains in its extacellular domain is
reported to be involved in salt stress response and in the development of rice roots
(Zzhang et al., 2009 and lJiang et al., 2007, respectively). In Medicago truncatula,
SymCRK is involved in symbiotic interactions preventing early senescence and
defense responses (Berrabah et al., 2014). These examples suggest that CRKs in
other species are involved in similar ROS-mediated processes as in Arabidopsis
thaliana. Conserved biological functions suggest high biological importance for
CRKs in plants.

1.4.2 CRKs in ROS perception

CRKs have been suggested to be involved in ROS perception (Kangasjarvi and
Kangasjarvi, 2014; Shapiguzov et al., 2012; Vainonen and Kangasjarvi, 2014;
Worzaczek et al., 2010, 2011, 2013).The suggestion is based on structural properties
of the CRK extracellular domain, plasma membrane localization and gene
expression analyses which show that several members of the family display
elevated transcript levels in response to pathogen infection or treatment with
reactive oxygen species, salicylic acid and ozone (O3) (Du and Chen, 2000; Chen,
2011; Czernic et al., 1999; Lehti-Shiu et al., 2009; Ohtake et al., 2000; Wrzaczek et
al., 2010). Most of the CRKs display elevated transcript levels in response to ROS
and many CRKs are involved in ROS signaling pathways but could CRKs really act as
ROS sensors? In their extracellular domain CRKs have a distinct set of conserved Cys
residues. Cysteines have special roles in protein chemistry. They are important not
only to the catalytic activity of many enzymes (e.g., thiol enzymes) but also in the
formation of disulphide bonds between two thiol groups of Cys residues. Disulphide
bonds (i.e. disulphide bridges) can be internal or they can form between two
proteins (i.e. protein-protein interaction) and they have an important role in
protein folding and stability (e.g., secondary, tertiary and quaternary protein
structure). Disulphide bonds can be redox regulated i.e. bonds can form under
oxidative conditions or break under reducing conditions which can lead to
conformational changes as disulphide bonds rearrange according to the redox
conditions (Akter et al., 2015; Foyer and Noctor, 2005; Finkel, 2011; Joeng et al.,
2011; Mgller et al., 2007; Spadaro et al., 2010; Wang et al., 2012; Waszczak et al.,
2015). A well-characterized example of the redox regulation of Cys residues in
Arabidopsis is the NONEXPRESSOR OF THE PATHOGENESIS RELATED 1 (NPR1),
which is the master regulator of SAR (Mou et al., 2003). SA induced redox changes
lead to the opening of the intermolecular disulphide bonds and to the
monomerisation of the oligomeric NPR1 protein complex. The monomerisation
leads to the translocation of the protein from the cytosol to the nucleus, interaction
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with redox-sensitive TGA transcription factors and defense gene induction (Mou et
al., 2003). Potentially, the Cys residues in the CRK extracellular domain could react
to changes in the redox conditions leading to conformational change and thus
receptor activation (D’Autréaux and Toledano, 2007; Spadaro et al., 2010).

1.4.3 DUF26 domain

The extracellular DUF26 domain is plant specific and contains three conserved Cys
residues in C-Xg-C-X,-C configuration. Most of the CRKs, including CRK6 and CRK7,
have two copies of DUF26 domains in their extracellular domain. CRK15 and CRK27
are predicted to have only a single DUF26 domain while CRK23 has three DUF26
domains. CRK43, CRK44 and CRK45 lack DUF26 domains as they lack the
extracellular domain. In most cases the first DUF26 domain is located
approximately between amino acids 80 and 110 and the second from amino acids
195 to 220. CRK23'’s third motif is located between amino acids 310 and 330.The
DUF26 domain is found in at least 50 secreted Arabidopsis proteins and in eight
Arabidopsis PLASMODESMATA-LOCATED PROTEINs (PDLPs) (Amari et al., 2010;
Thomas et al., 2008; Vaattovaara et al., in preparation). PDLPs resemble CRKs but
they lack the intracellular kinase domain resembling the receptor-like proteins
(RLPs). The function of the DUF26 domain is unknown but the structural analysis of
the DUF26 domain of ginkbilobin-2 (Gnk2) from Ginkgo biloba has provided first
evidence for intramolecular disulphide bridges between Cys residues (Miyakawa et
al.,, 2009). Three internal disulphide bridges are formed between: Cys10-Cys86,
Cys62-Cys71, and Cys74-Cys99 (Miyakawa et al., 2009). Every cysteine in the Gnk2
DUF26 motif seems to be critical for the 3-dimensional structure as they all are
involved in the formation of disulphide bonds.

1.4.4 CRKKkinase domain

Arabidopsis RLKs resemble animal receptor tyrosine kinases (RTKs). RLKs and
animal RTKs share the same domain organization: extracellular ligand-binding
domain, a single-pass transmembrane domain and an intracellular kinase domain
(Figure 2; Cock et al., 2002; Shiu and Bleecker, 2001). The conserved domain
structure between animal and plant receptor kinases suggests similar functional
mechanism for signal transduction including ligand binding, receptor complex
formation and phosphorylation events (Cock et al., 2002; Hubbard, 2004; Hubbard
and Till, 2000; Johnson and Ingram, 2005; Lemmon and Schlessinger 2010; Morris
and Walker, 2003; Oh et al.,, 2009b; Pawson and Nash, 2000; Shiu and Bleecker,
2001a; Ullrich and Schlessinger, 1990; Wang et al., 2005a, b, 2008). Generally
speaking, protein kinases are molecular switches whose activity can be either “on”
or “off” depending on their three-dimensional conformation (Huse and Kuriyan,
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2002). However, protein kinases can adopt many distinct conformations depending
on their functional state and this conformational plasticity is important for kinase
regulation (Huse and Kuriyan, 2002; Tong and Seeliger, 2015). In general, protein
kinases are kept in “off” state by various regulation mechanisms (Huse and Kuriyan,
2002).

The general RLK and RTK receptor activation mechanism is phosphorylation
dependent and reversible phosphorylation plays a key role in downstream signal
transduction. Protein kinases transfer the y-phosphate from ATP (ATP -> ADP) to
the hydroxyl group of serine (Ser; S), threonine (Thr; T), or tyrosine (Tyr; Y) and are
thus able to regulate the function, localization, stability and protein-protein
interactions of their target proteins. The active “on” conformation is structurally
very similar in all protein kinases while the inactive “off” conformation varies
among protein kinases (Huse and Kuriyan, 2002; Johnson et al., 1996; Noble et al.,
2004; Tong and Seeliger, 2015). The catalytic cleft is formed between the small and
large lobes (N-lobe and C-lobe, respectively), where the small lobe binds ATP and
the large lobe binds the protein substrate. Phosphorylation can be counteracted by
phosphatases which dephosphorylate their target proteins (ADP -> ATP). Albeit the
structural and functional similarity, RLKs and RTKs display differences in their kinase
specificity towards substrates. According to the results, Ser/Thr kinase specificity is
more common in plant RLKs, whereas animal RTKs show mostly Tyr kinase
specificity (Cock et al., 2002; Shiu and Bleecker, 2001).

Nevertheless, some RLKs have also Tyr kinase activity (de la Fuente van Bentem and
Hirt, 2009; Mithoe and Menke, 2011; Nakagami et al., 2010; Oh et al., 2009b;
Sugiyama et al., 2008). For example, in addition to Ser/Thr activity, the recently
found Tyr phosphorylation of BRI1 and BAK1 seems to play essential role in BR-
signaling (Figure 4; Macho et al., 2015). The exact order of events is not known but
it is suggested that release of BRI1 KINASE INHIBITOR 1 (BKI1) from BRI1 precedes
formation of the BRI1-BAK1 heterodimer (Clouse et al., 2012). BL binding to BRI1
leads to the several phosphorylation events, e.g. BAK1 is phosphorylated at the
TYR610 (Y610) site and BRI1 at the Tyr831 (Y831), Tyr956 (Y956) and Thr1049
(T1049), and to the release of BKI1 and formation of BRI1-BL-BAK1 receptor
complex (Oh et al., 2009b, 2010). Phosphorylation of BAK1 at the Tyr610 (Y610) and
BRI1 at Thr1049 (T1049) are essential for BR signaling (Oh et al., 2010 and Wang et
al., 2005a, respectively). According to the structural studies of BRI1-BL-BAK1
complex, BRI1 and BAK1 together form the hormone binding pocket and interact
with BL (Santiago et al.,, 2013). Thus BL acts as a “molecular clue” promoting
association of BRI1 with BAK1 (Santiago et al., 2013). The formation of BRI1-BL-
BAK1 complex induces interaction of their cytoplasmic kinase domains and
activation of the downstream signaling pathway (Santiago et al., 2013). The
formation of BRI1-BL-BAK1 signaling complex activates the PP1-related protein
phosphatase BRI SUPPRESSOR 1 (BSU1) (Jaillais et al., 2011), which leads to the
inactivation of BRASSINOSTEROID INSENSITIVE 2 (BIN2) by dephosphorylation at
the Tyr200 site (Tang et al, 2010). Inactivation of BIN2 leads to the
dephosphorylation of the transcription factors BRASSINAZOLE-RESISTANT1/2
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(BZR1/2) whose activation leads to the BR-responsive gene expression (Tang et al.,
2011; Wang et al., 2002). The very detailed information of BR-signaling pathway
starting from the ligand binding to the essential phosphorylation events provides a
valuable model for studying other RLK signaling complexes and their functional
mechanisms (Figure 4; Belkhadir and Chory, 2006; Bojar et al., 2014; Han et al.,
2014; Hothorn et al., 2011; Oh et al., 2009b; Santiago et al., 2013; Wang et al.,
200543, b, 2008; Wang and Chory, 2006).

BAK1
—
BKI1
T10490P]
BRI1
BKI1j * 4.
BIN2 —
o7 inactive (3
* )
inactive active
gene expression gene expression

Figure 4. Simplified schematic representation of some of the essential Ser/Thr and Tyr
phosphorylation events regulating the BR signaling pathway.

1.

In the absence of BL ligand, BRI1 and BAK1 kinases are separated and inactive in the plasma
membrane (PM). The cytoplasmic BIN2 kinase is active due to phosphorylation on Tyr-200
(Y200) and inactivates BZR1 by phosphorylation. Inactive BZR1 repress BL-regulated gene
expression (Wang et al., 2002)

BL binding to the BRI1 leads to the phosphorylation of several Ser (S) and Thr (T) residues
including the essential T1049 site and thereby BRI1 kinase activation. The BRIl
phosphorylates BKI1 Y211 site, located within the membrane targeting motif, which leads
to the release of inhibitor BKI1 from BRI1. Release of BKI1 inhibition allows BRI1 association
with BAK1.

The formation of BRI1-BL-BAK1 receptor complex activates auto- and/or trans-
phosphorylation events and leads to the activation of the PP1-related protein phosphatase
BSU1 which dephosphorylates soluble BIN2 kinase at Y200 site and thereby inactivates
BIN2.

Inactivation of BIN2 activates transcription factor BZR1 through dephosphorylation by PP2A
family members which leads to the activation of BL-regulated gene expression.

Other BRI1 interacting proteins, such as transthyretin-like (TTL) protein, TGF-B receptor interacting
protein 1 (TRIP-1) and kinase-associated protein phosphatase (KAPP), are not included in the figure.
Modified from Clouse et al., 2012.
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Predictions of kinase function can be done also by analyzing the amino acid
sequence of the kinase domain (Johnson et al., 1996; Nolen et al., 2004; Zhou et al,
2007). The importance of the kinase function is reflected in the conservation of the
amino acid sequence between eukaryotic protein kinases. As the three-dimensional
structure is based on the amino acid sequence, the structurally important residues
are highly conserved among protein kinases and mutations in these residues leads
to the changes in kinase activity. The catalytic domain contains 250-300 amino
acids. This area contains 11 conserved subdomains with highly conserved amino
acids which are essential for the kinase function (Figure 5; Hanks and Hunter, 1995;
Hanks et al., 1988; Walker, 1994). Protein structures which have functional
importance usually contain residues from more than one subdomain. In general,
the juxtamembrane domain (JM) is important for dimerization and thereby for
kinase activity (Jura et al., 2009). Phosphorylation of amino acid residues in the JM
and carboxyterminal (CT) region is also important as phosphorylation-induced
conformational changes may release the kinase activity inhibition (Hubbard, 2004;
Pawson 2004). In addition, phosphorylation of JM and CT residues generates
docking sites for kinase interacting substrates (Clouse et al., 2012). Other essential
residues for kinase activity are located in the activation loop formed between the
kinase subdomains VII and VIII and the catalytic loop of subdomain Vlb (Figure 5;
Hubbard, 2004; Pawson 2004).

I Ir IIT IV V VIa VIb VII VIII IX X XI

CRK l JM | Kinase domain ICT

Figure 5. Schematic representation of the cytoplasmic CRK juxtamembrane (JM), kinase domain and
carboxy terminus (CT) organization and the localization of the conserved subdomains (I-XI).

Definition of the conserved kinase subdomains I-XI:

Subdomain | forms two beta strands connected by the glycine-rich ATP-binding loop with the conserved
GXxGxxG motif.

Subdomain Il contains a highly conserved lysine (K) residue that interacts with the phosphates of ATP.
Subdomain Ill forms an a-helix structure whose orientation is central for kinase activity. ATP is coupled to
subdomain Ill by the salt bridge that is formed between the highly conserved glutamate (E) of the subdomain IlI
and the lysine (K) from the subdomain I1.

Subdomain IV forms a structurally important B-strand of the small lobe (N-lobe).

Subdomain V is structurally very important. It links together the small and large lobes and contributes residues
to the ATP binding pocket and for peptide substrate binding.

Subdomain Vla forms a long a-helix that parallels another a-helix from subdomain IX.

Subdomain VIb contains the catalytic loop with the conserved HRDLKxxN motif where D is highly conserved in
active kinases.

Subdomain VII forms Mg-binding loop with the DFG motif. Activation loop is formed between the DFG motif of
the subdomain VIl and the APE motif of the subdomain VIII. D and G of the DFG motif are conserved in active
kinases.

Subdomain VIII contains structurally essential amino acids. In addition to the activation loop that it forms
together with subdomain VII, it forms a salt bridge (between the glutamate (E) of the subdomain VIl and the
arginine (R) in the subdomain XI) that is critical for forming the stable kinase core. P+1 loop starts from APE
motif until the phosphorylated residue. P+1 residue is the next residue in the sequence.

Subdomain IX forms a very hydrophobic a-helix and contains an invariant aspartate (D) residue in the DxWxxG
motif.

Subdomain X and subdomain XI forms three a-helices that form the kinase core and which are involved in
substrate binding. Subdomain XI contains a conserved arginine (R).
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Kinases can be divided into two classes, RD or non-RD kinases, according to the
presence or absence of an arginine (R) residue before the conserved aspartate (D)
residue in the catalytic loop of subdomain VIb (Figure 5). Most of the plant and
animal kinases, including RLKs, are RD-kinases. In RD kinases, the positively charged
R residue resides in a charged cluster and inhibits catalysis by the neighboring
negatively charged D residue keeping the kinases in inactive state. Phosphorylation
of the activation loop removes inhibition by introducing negative charges which
neutralize the positively charged R residue leading to kinases activation (Adams,
2003; Johnson et al., 1996). Non-RD kinases, which lack the R residue, usually have
an uncharged residue such as Cys, Gly, Phe, or Leu in its place (Dardick et al., 2012;
Krupa et al., 2004). The lack of a positive charge leads to the possible mechanistic
differences in the mode of action of non-RD kinases, such as the lack of auto-
phosphorylation of the activation loop leading to either constitutively active or
inactive mode (Dardick et al., 2012). Most of the characterized non-RD kinases in
plants are pattern recognition receptors (PRRs), such as FLS2 and EFR, which
recognize conserved microbial signatures leading to innate immunity via PTI
(Pathogen Associated Molecular Pattern (PAMP) Triggered Immunity) pathway
(Dardick et al., 2012; Dardick and Ronald, 2006; Jones and Dangl, 2006; Ronald and
Beutler, 2010; Schwessinger and Ronald, 2012). Recently, it was reported that in
Medicago truncatula, the non-RD kinase symCRK is involved in symbiotic
interactions, which are connected to immunity, preventing defense responses
during symbiosis (Berrabah et al., 2014). Thus the absence of RD-motif in a kinase
could suggest a role in innate immunity signaling but not vice versa as there are
kinases with RD-motif which are involved in innate immunity, such as the ones
involved in DAMP (Danger-Associated Molecular Patterns) perception
(Schwessinger and Ronald, 2012). In conclusion, by analyzing the absence or
presence of the conserved motifs or amino acids of the kinase domain it is possible
to make predictions about the kinase domain function e.g., activity and kinase
specificity (Ser/Thr vs. Tyr phosphorylation) or the possible biological role in
signaling.

According to such predictions, roughly 13% of all Arabidopsis kinases are kinase-
defective i.e. pseudokinases, whereas the level in humans and yeast is lower, 10%
and 6%, respectively (Castells and Casacuberta, 2007). Interestingly, in the
Arabidopsis RLK family the level of kinase-defective RLKs is 20% (Castells and
Casacuberta, 2007). The high level of pseudokinases in plants, especially among
RLKs, could be a result of duplication based expansion of the kinase family and
might be on their way to becoming pseudogenes (Lehti-Shiu and Shiu, 2012).
However, during the evolution, pseudokinases might have been also maintained
due to new functions gained in signal transduction (Stein and Staros, 2000). Most of
the observed kinase-defective RLKs belong to the LRR-RLK subfamilies or to the
receptor-like cytoplasmic kinase (RLCK) subfamilies (Blaum et al., 2014; Castells and
Casacuberta, 2007; Chevalier et al., 2005; Halter et al., 2013). For example, a small
peptide derived from apoplastic GRI protein is recognized by PRK5 which is a kinase
deficient LRR-RLK (Wrzaczek et al., 2015). Recognition triggers ROS-dependent cell
death response in Arabidopsis though yet uncharacterized pathway (Wrzaczek et
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al., 2009, 2015). This observation suggests that phosphorylation independent
signaling mechanism, such as protein-protein interaction based mechanisms, are
also important in plant signal transduction as it has been shown for animal RTKs
(Castells and Casacuberta, 2007; Kroiher et al., 2001). Also STRUBBELIG kinase,
which is central for proper A. thaliana development, lacks enzymatic phospho-
transfer activity (Chevalier et al., 2005). Moreover, the number of predicted
pseudokinases might be overestimated as some of these pseudokinases possess a
kinase activity (Kannan and Taylor, 2008). For example, the human pseudokinase
CASK, which lacks the essential DGF motif, possesses a kinase activity (Mukherjee et
al., 2008). The result suggests that also other pseudokinases might be active in
physiologically relevant environments and opens a new vision into the phospho-
transfer reactions and kinase activation mechanisms (Kannan and Taylor, 2008;
Mukherjee et al., 2008).

Interestingly, the results obtained from LRR-RLKs suggests that in vitro kinase
domain autophosphorylation sites are highly predictive of in vivo phosphorylation
sites (Clouse et al., 2012; Oh et al., 2000; Wang et al., 2005a, 2008). Thus comparing
the in vitro phosphorylation sites with the in vivo phosphorylation sites is a valuable
in silico analysis in pre-examining the kinase domain function (Clouse et al., 2012;
Oh et al., 2000; Wang et al., 2005a, 2008). Advances in technology, such as in mass
spectrometry and phosphopeptide enrichment, have facilitated the analysis of the
kinase domain function and understanding of RLK phosphorylation mechanism and
its role in plant signal transduction. Unravelling the mechanisms of CRK
phosphorylation and its role in signal transduction will provide new clues for plants’
adaptation mechanisms and hopefully one day possibilities for enhancing plants’
tolerance mechanisms against future challenges.
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2 AIMS OF THE STUDY

The topic of this PhD study is the role of CRKs in ROS signaling in Arabidopsis
thaliana. As sessile organism plants cannot “walk away” from stressful conditions,
instead they have to face the conditions on the very spot they are growing.
Adaptation to continuously changing, even stressful, environmental conditions
demands extensive amount of signaling. ROS are universal messenger molecules in
plants known to deliver signals in growth, development and environmental related
processes. Adaptation is based on flexible interactions between hormone and ROS
signaling which controls growth and defense responses. Despite the extensive
research on ROS field during the last two decades, some fundamental questions still
remain: how are ROS sensed and how is ROS signaling specificity achieved? The
cysteine-rich CRK ectodomain can potentially sense apoplastic redox changes due
to which CRKs are interesting candidates for ROS sensors. In addition, large number
of CRKS and overlapping functions due to sequence similarity between the family
members could provide specificity and security for signal transduction in essential
biological pathways.

To gain understanding of the role of CRKs in ROS signaling the transcriptional
responses of the whole CRK family members and the phenotypical responses of the
crk family mutants to ROS-inducing conditions were analyzed with special interest
in CRK6 and CRK7. For thorough analysis of CRK6 and CRK7, overexpression,
complementation, multi-knockdown lines and promoter-GUS lines were created. In
addition to stress related studies, some growth and development related studies
were performed to analyze the role of CRKs in growth and development.

The specific aims of this project were:

1. To study the role of CRKs in ROS mediated stress processes in Arabidopsis
thaliana by characterizing the phenotypes of existing and novel CRK mutant
lines under control and different ROS inducing conditions.

2. To study the role of CRKs in growth and development related processes.

3. To analyze the conservation and organization of ectodomain cysteine
residues and their possible role in ROS sensing.

4. To analyze the kinase domain properties and predict kinase activity based
on the presence or absence of the conserved kinase domains.

5. To examine CRK6 and CRK7 kinase activity in vitro.



3 MATERIAL AND METHODS

The materials and methods used in the articles I-Ill are described within each
publication and only the procedures concerning unpublished results and the work
in general are described here.

Plant material and growth conditions I, 1,1
Gene expression analyses |
Transgenic plant lines I, 11, 1l

Plasmid transformation to Agrobacterium tumefaciens Il
Floral dip transformation Il
Ozone exposures I, 10,1
lon leakage measurements 1,10, 1
qPCR I, Il
Trypan blue staining Il
DAB staining 1]
GUS staining Il
Xanthine + xanthine oxidase experiments I, 1
Methyl viologen assays I, 1
Pathogen treatments 11, 1
in vitro kinase assay Il
Light stress experiments 1]
UV-A and UV-B treatments 1
Analysis of fluorescence transients I
Germination assay 1]
Root length 11
Bolting, flowering and senescence assays 1l
Salt stress 11
Water loss I
Gas exchange 1}

Transgenic plant lines used in this study

For comprehensive phenotypic characterization of the CRK family, T-DNA insertion
mutants were ordered from the Nottingham Arabidopsis Stock Centre (NASC;
http://nasc.life.nott.ac.uk/) (lll: Fig. 1B; S3; Table S1). For CRK7, a second
independent T-DNA insertion allele (crk7-1) was obtained. Two genes were
excluded from this collection: the putative pseudogene CRK35 (At4g11500) and
CRK9 (At4g23170) which has a truncated kinase domain. An age-matched seed
collection was generated for homozygous crk mutant lines. However, no
homozygous T-DNA insertion lines for crk27, crk34 and crk44 were obtained;
consequently these lines were excluded from analyses. This could suggest a critical
role for crk27, crk34 and crk44 in plant development. However, expression analysis
did not reveal any clues towards their function (lll: Table S5) thus further analyses



are needed to reveal their biological roles. Expression levels of obtained
homozygous crk mutants were determined by RT-PCR and gPCR (lll: Fig. 1B; S4).
Most of crk mutants, including crk6, crk7-1 and crk7-2, and the most heavily
affected crk2, crk5 and crk31, displayed absent or reduced transcript levels of the
corresponding CRK (lll: Fig. 1B). In crk18 and crk36, the T-DNA insertion did not lead
to reduction of transcription levels and in crk15, crk26 and crk30 transcript levels
were even increased due to which these crk mutants were not included in the
phenotype analyses (llI). No transcript was detected for CRK1, CRK32, CRK33 and
CRK46 in Col-0 wild type due to which their expression status is unclear (lll: 1B). In
total, 39 crk mutants were included in this study. Overexpression/complementation
constructs were created only for few heavily affected crk mutants, such as crk2,
crk5 and crk45 (1ll).

crk T-DNA insertion lines used in the phenotype studies:

crk1-1%*, -2*, crk2, crk3, crk4, crk5, crk6, crk7-1, -2, crk8, crk10-2, -4, crk11, crki2,
crk13, crk14, crk16, crk17, crk19 -2, crk20, crk21-1, crk22, crk23-1, -2, crk24, crk25,
crk28, crk29, crk31, crk32*, crk33*, crk37, crk38, crk39, crk40, crk41, crk42, crk45,
crk46*

* Transcript not detected in wild type, expression status unclear

Not included:

Expression level similar to Col-0 wild type: crk18, crk19-1, crk21-2, crk36, crk43
Increased expression: crk15, crk26, crk30

No homozygous lines obtained: crk27, crk34, crk44

Putative pseudogenes: CRK9, CRK35

For CRK6 and CRK7, artificial microRNA (ami-RNA) lines were created where the
five closely related CRK6, CRK7, CRK8, CRK10 and CRK15 showed reduced transcript
abundance (II: Fig. 1A and S4). Ami-RNA lines were included in the experiments to
overcome the problems caused by phenotype redundancy. For CRK6 and CRK7, in
addition to the loss-of-function mutants, overexpression (35S::CRK6 and
35S::CRK7), genomic complementation lines (CRK6::CRK6 and CRK7::CRK7) and
promoter::GUS lines (CRK6::uidA and CRK7::uidA) were created to verify the loss-of-
function phenotypes and to visualize the stress induced spatiotemporal expression
of the GUS reporter gene under the control of CRK6 and CRK7 promoters (ll).

Methods used to induce ROS production in this study
Different artificial systems have been developed to study apoplastic ROS signaling
(Kangasjarvi and Kangsjarvi, 2014). In this study ozone (O3), xanthine oxidase (XO)

and pathogen treatments were used to induce apoplastic ROS production in order
to study ROS induced responses in different mutant plant lines. Os induces
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extracellular ROS production and has been used to study ROS signaling events and
to identify novel components in ROS signaling (Baier et al., 2005; Kangasjarvi et al.,
2005; Kangasjarvi and Kangasjarvi, 2014; Overmyer et al., 2000; Vaahtera et al.,
2013; Vainonen and Kangasjarvi, 2014; Wrzaczek et al., 2009; Wrzaczek et al.,
2010). Osis a gentle and convenient tool to produce apoplastic ROS in non-invasive
way. O3 enters the cells through stomata, it degrades into various ROS in the
apoplast and reacts with plasma membrane components causing oxidative damage
which leads to downstream responses and ultimately cell death in sensitive plants
(Kangasjarvi et al., 2005; Vaultier and Jolivet, 2015). In contrast to the rather gentle
O3 treatment, xanthine oxidase treatment is a harsh method to produce apoplastic
ROS. Xanthine-xanthine oxidase (X+XO) is an enzymatic system that produces
apoplastic ROS (O, and H,0,) similar to O3 but in comparison to O3 treatment X+XO
treatment is not controlled by the stomatal aperture. Instead, X+XO is vacuum-
infiltrated to the cells leading to a more dramatic effect on ROS production. In
addition, as increased ROS production in apoplast is a well-documented component
of pathogen defense in plants, also the responses of crks to different pathogen
treatments were analyzed. UV-B treatment was used to produce ROS both in
apoplast and in the chloroplasts. Chloroplastic ROS production was induced by light
stress, methyl viologen (MV, also known as paraquat) and 3-(3, 4-dichlorophenyl)-
1,1-dimethylurea (DCMU).

Microarray experiments

Microarray experiments were performed with ozone exposed wild-type Columbia
to identify new regulators in the ozone induced stress response. Plants were grown
for three weeks and then exposed to ozone (250 ppb) for seven hours. Samples
were taken for RNA isolation and expression analysis after 30 min, 1 h, 2 h, 4.5 h
and 8 h. About 50 of the highly ozone inducible genes and about 10 of the down-
regulated genes were obtained as T-DNA knock-out mutants from SALK
(http://signal.salk.edu/cgibin/tdnaexpress). Preselected knock-outs were screened
with ozone and sensitive plants were identified. These include amongst others
various proteins of unknown function and several RLKs. One of the RLK families
identified was the CRKs.

Flowering time

For analyzing the flowering time differences between age-matched Col-0 wild type
and the crk mutants the plants were grown in the short day (12 h photoperiod) and
long day (16 h photoperiod) conditions in controlled growth chambers (Sanyo,
Sakata, Japan) with 130 umol m™? s™ and at 23 °C / 19 °C (day / night) under 70 %
relative humidity, or in the growth rooms or green house conditions . The following
developmental milestones were recorded: bolting time when the plants change
from the vegetative growth state into flowering state, the day when the stem was
1cm long and the day when the first flower opened.
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4 RESULTS

This PhD project focuses on ROS signaling, sensing and ROS-induced cell death. In a
broader context it studies how plants sense stress and transmit stress signals at the
cellular level leading to a proper response in order to survive under changing
environmental conditions. Plants’ enormous flexibility to respond to different
environmental stresses is based on finely balanced interactions between hormonal
growth regulators and ROS molecules. Information about environmental changes
and cellular physiology is sensed as changes in redox balance. Through ROS-
mediated crosstalk plants can regulate their responses to different stresses in order
to maintain the delicate cellular balance crucial for optimal growth, reproduction
and adaptation.

4.1 Localization and grouping of CRK genes (II, III)

Most of the CRKs in Arabidopsis thaliana are arranged in several clusters (lll: Fig.
S2). Chromosome |V contains the majority of CRKs and the biggest CRK gene cluster
with 19 genes, including CRK6 and CRK7, arranged one after the other (ll: Fig. 1A; llI:
Fig. S2; Shiu and Bleecker, 2001). Smaller clusters are located in chromosome | and
IV (Ill: Fig. S2). One separated CRK is located in both chromosome Il and V (lll: Fig.
S2). In a cluster, CRKs are organized in back-to-back repeats separated only by short
promoter areas (ll: Fig. 1A). This tight genetic linkage makes traditional
double/triple/quadruple mutant approaches difficult which is why other silencing
techniques, such as artificial microRNA (ami-RNA)-lines, have been used to
overcome the problem (l1).

In general, 33% of RLKs in Arabidopsis thaliana are organized in tandem clusters,
but among CRKs the extent of clustering is as high as 84% (Lehti-Shiu et al., 2009;
Shiu and Bleecker, 2003). The CRK distribution into several clusters suggests that
tandem duplications and an internal chromosomal duplication are behind the
expansion of this subfamily (Shiu and Bleecker, 2001). CRK evolution by tandem
duplications is somewhat reflected in the new grouping of CRKs. According to
phylogenetic clustering based on amino acid sequence of the extracellular or the
intracellular kinase domain of Arabidopsis thaliana CRKs can be divided into five
distinct groups (Figure 8; Ill: Fig. S1A and B). The phylogenetic analysis suggests
tightly linked evolution of both extra-and intracellular domains as division into
groups according to both extra- and intracellular domain gives the same result.
According to the above mentioned grouping, CRK6 and CRK7, together with their
closest homologs CRK8, CRK10 and CRK15, belong to the group V which is the group
most distant from the basal group I. Group | represents an ancestral clade that is
common to most plant species (Vaattovaara et al., in preparation). Group | CRKs are
distributed over different chromosomes, with the exception of CRK2 and CRK3,



which are located next to each other on chromosome | (llI: Fig. S2). T-DNA insertion
mutants representing group | CRKs display the greatest difference and the most
striking phenotypes compared to each other and other crk mutants. For example, in
many cases crk2 shows opposite phenotype compared to other crk mutants (lll).

4.2 Transcriptional profiling of CRKs (1)

This study was initiated with O3 screens. A microarray-based gene expression
profiling approach was performed to identify new elements in ROS signaling
(described in material and methods). Genes, whose expression was changed in
response to Os-induced increased extracellular ROS production, were identified by
comparing gene expression profiles from treated and control samples. Microarray
experiments were performed using Os exposed Col-0 wild type plants. CRK6 and
CRK7 were among the 50 genes whose transcript abundance levels increased after
O3 treatment (Mikael Brosché, Nina Federoff and Jaakko Kangasjarvi, unpublished
microarray data). CRKs were interesting ROS signaling components based on their
plasma membrane localization and proposed redox regulation possibility of their
extracellular thiol groups. In addition, supporting transcriptional studies had shown
that CRK5, CRK6, CRK10 and CRK11, were involved in ROS mediated signaling
processes as their transcript abundance increased after treatment with SA,
pathogens and ROS (Du and Chen, 2000; Chen, 2001; Chen et al., 2003, 2004;
Czernic et al., 1999; Ohtake et al., 2000). Later, with the help of more sensitive
technology, the transcriptional responses of the CRK family to Os- and
pathogen/elicitor —induced extracellular and high light —induced chloroplastic ROS
production were analyzed by quantitative real-time PCR (qRT-PCR) (l). In addition,
the role of hormone signaling on transcriptional regulation of CRKs was addressed
by analyzing the transcript abundance levels of CRKs in several mutants impaired in
hormone biosynthesis and/or signaling, including the salicylic acid induction
deficient 2 (sid2), non-expressor of pathogenesis-related genes 1 (nprl), defense, no
death 1 (dnd1), ethylene insensitive 2 (ein2), and fatty acid desaturase 3/7/8
(fad3/7/8) (1). Especially the role of SA was addressed.

Approximately 60% of the CRKs, including CRK6 and CRK7, displayed elevated
transcript abundance levels after Os; fumigation (25 out of 42 CRKs at 1 h time point
and 26 out of 42 CRKs at 8 h time point (6 h fumigation followed by 2 h recovery
under clean air conditions) (I: Fig. 1). Eight CRKs displayed fast response i.e. their
transcript levels were higher at 1h time point than at 8 h time point and 15 CRKs
displayed late response i.e. they displayed higher transcript abundance level at 8 h
time point than at 1 h time point (I: Fig.1). CRK21, CRK22, CRK30, CRK33 and CRK46
displayed reduced transcript abundance levels in response to O3 treatment at both
time points (I: Fig. 1). Sequence similarity of CRK kinase domains could not explain
the transcriptional response of CRKs to Os; treatment, instead Os-induced genes
were distributed across the phylogenetic tree (I: Fig.2). However, there was a
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correlation with the closest family members. For example, CRK36, CRK37, CRK38,
CRK39 and CRK40 were all significantly induced by O3 (I: Fig. 2).

Transcriptional response of CRKs to high light induced chloroplastic ROS production
led to transcriptional downregulation of most CRKs, only eight CRKs displayed
increased transcript abundance levels (I: Fig. 3). Transcriptional response of CRKs to
other ROS inducers, such as chloroplastic ROS producing norflurazon and paraquat
and mitochondrial ROS producing rotenone, was analyzed by examining the publicly
available microarray data. The study revealed that Os-triggered expression profile
was not related to the expression profiles triggered by chloroplastic or
mitochondrial ROS inducers. Instead, the Os-triggered expression profile was similar
to the expression profiles triggered by several pathogen and PAMP treatment, such
as as Blumeria graminis var. hordei (Bgh), hairpin Z (HrpZ), and flg22 (I: Fig. 4).

To study the role of plant hormones SA, ET and JA in ROS signaling, the Os-triggered
changes in transcript abundance levels of CRKs in Col-0 wild type plants and in the
SA signaling deficient sid2 and nprl, ET signaling deficient ein2, JA-deficient
fad3/7/8 and Ca**-transport deficient dnd1 mutants were analyzed by gPCR (I). In
general, Os-induced transcriptional activation pattern was similar to Col-0 in sid2
and nprl mutants, but stronger (I: Fig. 6). In contrast, in ein2 and fad3/7/8 mutants
CRKs displayed reduced transcript abundance levels and in dnd1 there was hardly
any induction compared to Col-0 wild type plants (I: Fig. 6). The results suggest that
SA plays more important role in CRK-mediated ROS signaling than ET and JA. The
lack of O3 response of CRKs in dnd1 mutant could be due to increased SA levels of
the dndImutant leading to stronger SA signaling compared to ROS signaling. Other
reason could be the Ca®'-transport deficiency of the dndl mutant leading to
abolished apoplastic ROS production by NADPH and Os response.

4.3 CRKs - possible candidates for ROS sensors?

No ROS sensor has yet been identified in plants but CRKs have been suggested as
candidate ROS sensors. Based on their proposed redox regulation possibility of their
extracellular thiol groups and highly conserved intracellular kinase domain they
could be involved in ROS sensing.

As the name “cysteine-rich” receptor-like protein kinases suggests there are many
Cys residues in the CRK extracellular domain. The DUF26 domain contains three
conserved Cys residues. It has been published that the fourth Cys residue relies in
the C-terminal side of the domain but its position varies slightly among subfamily
members (Chen, 2001). Actually, the level of conservation is much higher. Every
CRK has more Cys residues in common than just the three conserved Cys residues in
the DUF26 domain. CRKs can be organized into four different categories according
to the level of conserved Cys residues in the following way:
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10 Cys CRKs:  C-X{a5.53)"C-X5-C-X5-C-X(10-13)"C-X(12-18)"C-X 45.96)-C-Xg-C-X;-C-X(3.24)-C

CRK4, CRK5, CRK6, CRK7, CRKS, CRK10, CRK15, CRK16, CRK17, CRK19, CRK20,
CRK36, CRK37, CRK39, CRK40, CRK41, CRK46

11 Cys CRKs:  C-X(a5.50)-C-X5-C-X;,-C-X(10-11)-C-X(g-16)"C-X(9-22)"C-X(41.82)~C-X5-C-X,-C-X(10-20-C
CRK1, CRK2, CRK3, CRK38, CRK42
12 Cys CRKs:  C-Xas-68)~C-X5-C-X5-C-X11-C-X(12-18)"C-X(74.96)"C-Xg-C-X-C-X(10.12)"C-C-X(12.63)-C

CRK11, CRK12, CRK13 CRK14, CRK18, CRK21, CRK22, CRK24, CRK25, CRK26, CRK28
CRK29, CRK30, CRK31, CRK32, CRK33

Uncategorized: CRK23, CRK27, CRK34 and CRKs without extracellular domain: CRK43,
CRK44 and CRK45.

Figure 6. The organization of the conserved Cys residues in the CRK extracellular domains. The
conserved core unit (consensus sequence) with 10 Cys residues is marked with grey color. DUF26
domain is underlined. Conserved Cys residues are marked with bold letters (C). There are small
differences in the number of amino acids between Cys residues in the core unit. CRK9 has truncated
kinase domain and CRK35 is a putative pseudogene which is why they are not included in the list. In
addition to these organized Cys residues some CRKs have a variable number of extra Cys residues
located in the N-terminal or C-terminal side of the extracellular domain (Appendix 2.)

The core unit consists of 10 Cys residues (group 10 Cys-CRKs) and CRK6 and CRK7
together with their closest homologues belong to this group (Figure 6). In the group
11 Cys-CRKs, the core unit is divided by one extra Cys residue between the DUF26
domains (total of 11 Cys residues) (Figure 6). Group 12 Cys-CRKs have two extra Cys
residues in C-X(12-63)-C configuration after the core unit (total of 12 Cys residues)
(Figure 6). Czernic et al. reported that RLK3 (CRK11) contains 12 Cys residues and
that eight of these Cys residues are found within two stretches where they are
organized as C-Xg-C-X,-C-X1;-C configuration (Czernic et al., 1999). Only few CRKs
cannot be classified into these three categories. CRK27 and CRK34 resemble the
core unit configuration except CRK27 has C-Xg-C-X,-C configuration in the place of
the first DUF26 domain and CRK34 has two Cys residues in a row (C-C) between the
two DUF26 domains (Appendix 2). CRK23 has three DUF26 domains: a DUF26
domain plus the 11 Cys unit which includes two DUF26 domains (Appendix 2). In
addition to these organized Cys residues some CRKs have a variable number of
extra Cys residues located in the N-terminal or C-terminal side of the extracellular
domain (Appendix 2.) CRK43, CRK44 and CRK45 cannot be classified as they lack
extracellular domain.

The sequence similarity between ginkbilobin-2 (Gnk2) from Ginkgo biloba and CRK

extracellular domains is approx. 30% (Miyakawa et al., 2009). Interestingly, Gnk2,
CRK6 and CRK7 have identical organization of Cys residues in the first DUF26 motif
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(Figure 7). Three internal disulphide bridges (Cys10-Cys86, Cys62-Cys71, and Cys74-
Cys99) have been identified for Gnk2 (Miyakawa et al., 2009). The structure of CRK6
and CRK7 is not determined but it could be postulated that three internal
disulphide bonds are formed similarly in CRK6 (Cys34-Cys110, Cys86-Cys95, and
Cys98-Cys123) and in CRK7 (Cys33-Cys109, Cys85-Cys94, and Cys97-Cys122).
Noteworthy, as CRK6 and CRK7 have two copies of DUF26 domain in their
extracellular domain, whereas Gnk2 has only one, the 3-dimensional domain
structure might not form similarly in CRKs. However, the conserved organization of
Cys residues suggests that they are important for the three-dimensional structure
of the DUF26 domain while some of the extracellular Cys residues could have a role
in ROS signaling.

C-Xs1-C-Xa-C-X5-C-X1-C-Xi12-C
| | | | | |

Figure 7. The organization of Cys residues in the first DUF26 motif of CRK6, CRK7 and Gnk2 is
identical. The DUF26 domain is underlined. The three disulphide bridges (Cys10-Cys86, Cys62-CYs71,
Cys74-Cys99) have been identified for Gnk2 (Miyakawa et al., 2009).

The level of Cys conservation correlates well with the phylogenetic grouping done
in the publication Il (lll: Fig. S1A and B) i.e. the members of the phylogenetic
groups |-V have similar number of conserved Cys residues in their ectodomain with
few exceptions in the group I, Il and Ill. Group Il and V CRKs have a 10 Cys
configuration, group | CRKs have a 11 Cys configuration and group Il and IV CRKs
have a 12 Cys configuration (Figure 8).

In conclusion, the conserved organization of Cys residues suggests that they are
important for the three-dimensional structure of the DUF26 domain and some of
the extracellular Cys residues could have a role in ROS signaling. Potentially, the Cys
residues could react to changes in the redox conditions leading to conformational
change and thus receptor activation (D’Autréaux and Toledano, 2007; Spadaro et
al., 2010).
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Figure 8. Correlation of phylogenetic clustering according of the CRK ectodomain and Cys residue
organization in CRKs. CRK43, CRK44 and CRK45 are cytoplasmic CRKs (RLCKs) without extracellular
domain and CRK9 (truncated kinase domain) and CRK35 (putative pseudogene) are not included in
the figure.



4.4 The role of CRKs in apoplastic ROS signaling

4.4.1 One for all and all for one - the effect of redundancy in crk6 and
crk7 responses to ozone and xanthine oxidase (II, III)

Oxidative stress causes plasma membrane damage and electrolyte leakage is one
sign of such damage. Therefore, an easy way to quantify O3 and X+XO induced cell
damage is to measure the amount of electrolyte leakage with a conductivity meter.
Sensitive plant lines can be identified by comparing electrolyte leakage of treated
samples to that of untreated samples. To study the role of CRKs in apoplastic ROS
signaling, the level of O3 induced cell damage in the T-DNA insertion mutants were
analyzed after fumigation with 350 ppb Os for six hours. Col-0 wild type plants were
used as an Os-tolerant control line. Although approximately 60% of CRKs showed
elevated transcript abundance levels in response to Os (I: Fig. 1), only one fourth of
crk mutants displayed increased electrolyte leakage levels (i.e. sensitivity to Os)
compared to Col-0 wild type plants after O; fumigation (lll: Fig. 4D, Fig. S10). crk1-2,
crk2 and crk31, responded fast to O3 treatment displaying significantly increased
electrolyte leakage at the early time points (8h and 9.5h after the onset of O;
experiment) while crk3, crk13, crk20, crk25, crk28, crk41, crk42 displayed increased
ion leakage at the later time points (9.5h, 24h and 32h) (lll: Fig. 4D, Fig. S10). Three
fourths of the crk mutants, including crk6, crk7-1, crk7-2, crk8 and crk10, did not
show significantly elevated electrolyte leakage levels after treatment with O3 for 6h
(I: Fig. 4A; lll: Fig. S10). Also crk6/crk7/crk8/crk10/crk15-1/2 ami-RNA plants
showed only slightly elevated electrolyte leakage levels compared to crk6 and crk7-
2 (ll: Fig. 4A). In conclusion, even though Os; fumigation is inducing CRK gene
expression, most of the single knockout mutants did not display great sensitivity to
O3 suggesting that absence of the corresponding CRK protein is not detrimental to
Arabidopsis thaliana.

To further study the role of CRKs in apoplastic ROS signaling, xanthine-xanthine
oxidase (X + XO) system was used to generate extracellular ROS (O, and H,0,)
similar to O3. However, X+XO treatment is not controlled by the stomatal aperture.
Instead, it is vacuum-infiltrated to the cells leading to a more dramatic effect on
ROS production. X+XO-induced cell damage was quantified with electrolyte leakage
measurements. Most of crk mutants did not differ from Col-0 wild type plants in
their response to X+XO (lll: S12). The responses of crk6 and crk7 to X+XO were
weak, only crk7-2 showed slightly increased electrolyte leakage after the treatment
(II: Fig 4B). crk6 and crk6/7/8/10/15 -1/2 ami-RNA lines did not show significantly
increased electrolyte leakage compared to Col-0 wild type plants (ll: Fig. 4B).
Several crks, especially crki1-2, crk4, crk11, crk21-1, crk38 and crk46 displayed
greater tolerance, showing reduced electrolyte leakage compared to Col-0 wild
type plants (Ill: Fig. 4E, S12). Only crk19-2 was significantly more sensitive to X+XO
than Col-0 wild type plants displaying significantly increased electrolyte leakage (lll:
Fig. 4E, S12).
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Generally, most crk mutants did not show altered response to Oz or X+XO
treatments although more than half of CRKs displayed elevated transcript
abundance levels in response to treatment with Os. As the CRKs are very similar to
each other at the amino acid level, the responses of the single knockout mutants
could be disguised by the redundancy effect i.e. the highly similar sister gene could
compensate the loss of one gene leading to unaltered response. However, silencing
the five closest homologues did not lead to elevated sensitivity or stronger
responses of crk6/crk7/crk8/crk10/crk15-1/2 ami-RNA plants. This suggests that
more than these five CRKs are involved in the signal transduction processes during
the apoplastic oxidative stress or that the role of the CRKs in extracellular ROS
signaling is more complex than anticipated.

4.4.2 Ozone induces visible signs of cell damage in crké6 and crk7-2
mutant plants (II)

Different staining methods have been developed to visualize cell damage and cell
death in plants. Trypan blue (TB) stains only dead cells and it can be used to
visualize localization and the amount of cell death. DAB (3,3’-diaminobenzidine)
staining generates dark brown precipitate in the presence of H,0, and it can be
used to visualize the location and the amount of H,0, produced in plants. To
measure the amount of Os-induced H,0, production and cell death in crk6, crk7-2
and crk6/crk7/crk8/crk10/crk15 -1/2 ami-RNA plants, the plants were exposed to
350 ppb Os for six hours. crk7-1 was not included in the staining experiments. Leaf
samples were collected for DAB and TB staining after an additional two hour
recovery time. crk6, crk7-2 and particularly crk6/crk7/crk8/crk10/crk15 plants
displayed increased H,0, accumulation compared to Col-0 wild type plants (ll: Fig.
S5A and B). Similar results were obtained from TB staining: crk6 and especially
crk6/crk7/crk8/crk10/crk15 -1/2 ami-RNA plants displayed more TB stained dead
cells than Col-0 wild type plants while crk7-2 plants displayed only slightly more
dead cells compared to Col-0 wild type plants (II: Fig. 3B).

Os is clearly inducing cell death and ROS accumulation in crk6, crk7-2 and in
particular in crk6/crk7/crk8/crk10/crk15 ami-RNA plants but the quantification of
O3 induced damage using electrolyte leakage as a measure might not be sensitive
enough for such small changes. Microscopic analyses of TB and DAB stained leaf
samples in turn seems to be sensitive method for analyzing the strength of O;
response in mutant lines.

DAB and TB staining results support the suggested strong redundancy between
CRK6 and CRK7. The stronger staining of ami-RNA plants indicates that silencing the
five homologous CRKs leads to greater Oz sensitivity compared to the single
knockout mutants (ll: Fig. 3B). In addition to CRK6 and CRK7, CRK8, CRK10 and
CRK15 all together or just some of them might be involved in Oz induced ROS
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signaling adding cumulative effect to O3 stress response leading to stronger
phenotypes.

4.4.3 Call of duty - Ozone treatment induces CRK6 and CRK7 promoter
activation (II)

In addition to analyzing the phenotypes of the individual T-DNA insertion mutants,
the Os-induced spatiotemporal changes in CRK6 and CRK7 promoter activity were
analyzed in wild type plants using promoter-GUS lines. The promoters of CRK6 and
CRK7 were fused to the B—glucuronidase (uidA) reporter gene, whose activity can
be detected as a blue color with GUS staining (Il). CRK6::uidA and CRK7::uidA plants
were exposed to 350 ppb O3 for six hours and samples were harvested after a two
hour recovery time for GUS staining. CRK7::uidA expression was induced strongly by
O3 whereas only a slight induction of CRK6::uidA was observed (lI: Fig. 3A and B).
Interestingly, in mature leaves expression was localized to the leaf areas typical for
O3 induced cell damage i.e. lesions (lll: Fig. S12) and in addition to tissues
surrounding stomata and leaf vasculature (Il: Fig. 3A-B; S3A-B). Notably, the
expression was stronger in the young leaves where Oz induced cell damage is rarely
observed (lI: Fig. 3A).

Taken together, O3 experiments indicate that O3 fumigation leads to increased H,0;
production and cell death in the single knockout mutant plants and especially in
crk6/crk7/crk8/crk10/crk15 ami-RNA plants. Oz also induces CRK6 and CRK7
promoter activation in CRK6::uidA and CRK7::uidA plants. Rapid induction of CRK6
and CRK7 promoters suggests that the CRK6 and CRK7 genes are activated in
response to acute Os stress to prevent cell damage. Leaf areas in mature leaves,
where promoter activation was detected as GUS-induced color change, commonly
display signs of Os-induced cell damage (lI: Fig. 3A and B; lll: Fig. S12). This result
suggests a protective role for CRK6 and CRK7. Cell damage can be observed in the
absence of CRK6 and CRK7 but in their presence Arabidopsis thaliana can cope with
increased apoplastic ROS levels induced by Os. Strong GUS-induced color change in
young leaves suggests higher CRK promoter activity during development which
could explain why young leaves seem to be better protected against oxidative
stress as they rarely display signs of cell damage.

It could be postulated that overexpression of CRK6 and CRK7 could protect against
Os; damage. However, enhanced Os tolerance was not observed in 355:CRK6 and
35S5:CRK7 overexpression plants (ll: Fig. S8). Plants overexpressing CRK6 and CRK7
responded to Oz and X+XO treatments like Col-0 wild type (II: Fig. S8). However,
genomic complementation rescued the X+XO sensitive phenotype of crk7-2 (ll: S6).
It has to be taken into account that the obtained overexpression results might be
affected by the general difficulties in the gain-of function approaches or that
overexpression is limited by the components needed for CRK6 and CRK7 kinase
activity.
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4.4.4 Few crk mutants responded to pathogen treatments (II, III)

Increased extracellular ROS production, frequently referred to as oxidative burst, is
a component of pathogen defense in plants (Schwessinger and Zipfel, 2008;
Worzaczek et al., 2013). Treatments with specific components of pathogen- and
microbe-associated molecular patterns (PAMPs and MAMPs, respectively) trigger
similar ROS production. Pathogen-, PAMP- and MAMP-induced responses have
similarities with O3 responses, such as apoplastic oxidative burst and production of
salicylic acid (SA) and ethylene (ET) (Overmyer et al., 2003), due to which the role of
CRKs in pathogen induced ROS signaling was analyzed. More similarities were found
in the transcriptional responses of CRKs to pathogen and Os treatment (I: Fig. 4).
For example, the Os-induced expression profile of CRKs clustered together with
several pathogen and PAMP treatments, such as Blumeria graminis var. hordei
(Bgh), hairpin Z (HrpZ), and flg22 (I: Fig. 4).

To study the responses of crk mutants to pathogen/PAMP/MAMP-induced ROS
production different treatments were used. ROS production levels in crk mutants
were analyzed after treatment with flg22, which is a peptide derived from flagellin,
a well-documented bacterial component known to induce bacterial response
(Albert et al., 2010). Pathogen growth was analyzed in response to infection with
the hemi-biotrophic bacterial pathogen Pseudomonas syringae pv. tomato DC3000
(Pto DC3000) and in response to two types of powdery mildew infection: to the
biotrophic virulent powdery mildew fungus Glovinomyces orontii (Go) and the non-
host powdery mildew fungus Blumeria graminis f. sp. hordei (Bgh). Pto DC3000
infects plants by entering the leaves through stomata (Melotto et al., 2006)
whereas powdery mildew fungus strains Go and Bgh penetrate epidermal cells
(Jensen et al., 2008; Micali et al., 2008; Rayapuram et al., 2012). In addition, the
response of crk6 and crk7-2 to flg22 and cellulase which are bacterial and fungal
PAMPs, respectively, was analyzed by following the root growth of the mutant
plants ().

In general, about 70% (27 out of 38) of crk mutants, including crk6, crk7-1, crk7-2,
crk8 and crk10, behaved like Col-0 wild type plants but crk1, crk17, crk20, crk23,
crk25, crk28, crk32 and crk38 were significantly more susceptible to the biotrophic
virulent powdery mildew fungus Go which does not need natural openings like
stomata or accidental wounds to enter plant tissues, but rather infects plants by
penetration though epidermal pavement cells (lll: S24B). In contrast, only crk2 and
crk5 were more resistant to Go infection compared to Col-0 wild type plants (lll: 9A,
S24B). None of the crk mutants were susceptible to Bgh infection but crk5, crk20,
crk28 and crk29 were susceptible to Pto DC3000 infection (lll: Fig. 7B; S22; S25).
Other crk mutants, including crk6 and crk7, responded to Pto DC3000 infection like
the Col-0 wild type plants (Il: Fig. S7 and llI: Fig. 7B; S22; S25). In addition, no
differences in root growth in response to the presence of flg22 or cellulase in the
growth medium were observed in crk6 and crk7-2 mutant plants compared to Col-0
wild type plants (II: Fig. S7). About one fourth (11 out of 38) of crk mutant plants,
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including crk6, showed significantly increased ROS production after flg22 treatment
but the result did not correlate well with any of the studied bacterial responses (llI:
Fig. S22A; S25). While most of the crk mutants responded with increased ROS
production or similar to Col-0 wild type plants, crk2, crk3, crk13 and crk31 showed
strikingly decreased ROS production in response to flg22 treatment (lll: Fig. S22A).

While several studies have linked CRKs to pathogen responses, the actual role of
CRKs in pathogen responses is still relatively unclear. It has been shown that CRK6 is
induced by pathogen attack and its promoter area contains W-box sequences i.e.
(T/A)TGAC(T/A) cis-elements, the binding sites for WRKY transcription factors,
whose presence is connected to pathogen responses (Chen et al., 2004; Czernic et
al., 1999; Du and Chen, 2000). The transcript abundance levels of several CRKs,
including CRK6 and CRK7 were increased in Arabidopsis overexpressing LecRK-VI.2,
a positive regulator of pattern-triggered immunity (PTI) (Singh et al., 2012). In order
to study the role of these LecRK-VI.2 responsive CRKs (CRK4, CRK6, CRK7, CRK13,
CRK23, CRK36, CRK37) in pathogen response, Yeh et al. analyzed the responses of T-
DNA insertion lines and corresponding overexpression lines to Pseudomonas
syringae pv. tomato DC3000 (Pst DC3000) infection (Yeh et al., 2015). Similar to the
results obtained in this PhD-study and in previous study by Acharya et al. (2007)
with crk13, none of the tested T-DNA insertion lines displayed altered resistance
phenotype (Yeh et al., 2015). However, the overexpression lines CRK4, CRK6 and
CRK36 under the control of the CaMV 35S promoter displayed enhanced resistance
to Pst DC3000 infection suggesting a role in innate immunity (Yeh et al., 2015). In
contrast, lines overexpressing CRK13, CRK23 and CRK37 displayed a wild type
phenotype (Yeh et al., 2015). In addition, CRK4, CRK6 and CRK36 could interact with
FLS2 suggesting a role for these CRKs in innate immunity (Yeh et al. 2015).

Notably, in contrast to the results obtained by Yeh et al., Acharya et al. have shown
that overexpression of CRK13 under the control of the strong constitutive 35S
promoter led to stunned growth and death before maturity but steroid-inducible
Gal4 promoter led to enhanced tolerance to Pst DC3000 infection (Acharya et al.,
2007; Yeh et al., 2015). Despite the presence of W-box sequences and pathogen-
induced gene expression, phenotype studies with crk mutants do not support their
proposed role in pathogen response. However, the contrasting results obtained
from overexpression studies and the lack of phenotype of T-DNA insertion lines
most likely due to strong functional overlap disguising the effect of gene losses calls
for further analyses with multi-knockout mutants to reveal the specific role of CRKs
in pathogen response.
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4.5 Therole CRKs in chloroplastic ROS signaling (I, II, III)

In addition to extracellular ROS production, intracellular ROS production plays a
critical role in stress responses. The chloroplasts and peroxisomes are the main ROS
producing organelles in the plant cell. Increased chloroplastic ROS production
induced by high light led to the decreased transcript abundance levels of most CRK
genes (I: Fig. 3). As extracellular and chloroplastic ROS production are not isolated
but can influence each other (Shapiguzov et al., 2012, Sierla et al, 2013) crk
mutants’ response to elevated ROS accumulation in the chloroplast was analyzed.
ROS production was induced by light stress, methyl viologen (MV, also known as
paraquat) and 3-(3, 4-dichlorophenyl)-1,1-dimethylurea (DCMU).

Light stress did not induce severe damage in most crk mutants including crk6, crk7-
1 and -2 (lll: Fig. 10; S8; S25). Only four crks, crk16, crk40, crk42 and crk45,
displayed increased electrolyte leakage levels and only one, crk2, displayed
decreased electrolyte levels after high light treatment compared to Col-0 wild type
plants (Ill: Fig. 10; S8; S25). Treatment of crk mutants with MV or DCMU which
cause increased production of superoxide and singlet oxygen, respectively, led to
increased photoinhibition i.e. reduced photosynthesis in about two thirds of crk
mutants (24/34) in response to MV and in half of the crk mutants (17/34) in
response to DCMU compared to Col-0 wild type plants (lll: Fig. 4A-C; 10; S9; S25).
Especially crk5, crk8, crk17, crk20, crk21, crk22, crk42 and crk45 showed stronger
photoinhibition in response to MV treatment and crk2, crk5, crk31, crk37, crk38,
crk40, crk42, crk45 and crk46 in response to DCMU (lll: Fig. 4A-C; 10; S9; S25).
Photoinhibition of crk5, crk42 and crk45 was strongly increased by both treatments.
crk6, crk7-1, -2 and crk10 responded like Col-0 wild type plants to MV and DCMU
treatment (l1l: Fig. S9). In response to MV crk8 displayed increased photoinhibition,
but its response to DCMU was similar to Col-0 wild type plants (lll: Fig. 4A-B; Fig.
S9). The obtained results suggest that while specific crk mutants responded to ROS
production in the chloroplasts CRK6 and CRK7 are not crucially involved in the
chloroplastic ROS signaling. However, the role of redundancy disguising the crk
phenotypes has to be taken into account.

In addition to the tests described above, the effect of MV to germination efficiency
and fresh weight was analyzed. No altered response to MV was observed in crké or
crk7-2 mutants compared to Col-0 wild type (ll: Fig. 4C). However, plants
overexpressing CRK7 showed slightly increased tolerance to MV (ll: Fig. 4C)
indicating that chloroplastic ROS production could affect extracellular ROS signaling.
crk7-1 mutant was not included in the experiment.

UV-B treatment induces ROS production and signaling in plants (A-H-Mackerness et
al., 2001; Ballaré, 2003; Brosché and Strid, 2003; Jenkins, 2009). The site of UV-B-
induced cellular ROS production is not known but the most likely sources are the
photosynthetic machinery in the chloroplasts and NADPH oxidases at the plasma
membrane (Kalbina and Strid, 2006; Jenkins, 2009; Mittler et al., 2004). To study
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the role of CRKs in UV light induced ROS signaling the responses of crk mutants to
UV-A/B light was analyzed. The level of UV-A/B induced cellular damage was
quantified by measuring the level of electrolyte leakage. Most of the mutants were
tolerant and responded to UV-A/B treatment similar to Col-0 wild type but crk2,
crk5, crk40 and crk42 displayed significantly elevated electrolyte leakage indicating
more UV-A/B induced cell damage (lll: Fig. 4F; S13A). Complementation of crk5
rescued the hypersensitivity to UV A/B radiation (Burdiak et al., 2015). crk6 and
crk7-1 and -2 displayed slightly increased electrolyte leakage compared to Col-0
wild type plants (IIl: Fig. S13A).

In conclusion, the obtained results from the experiments mentioned above suggest
that CRKs are involved more in Os- and X+XO-induced than in pathogen-induced
apoplastic ROS signaling. Nevertheless, few specific CRKs are involved in
chloroplastic ROS signaling. In general, CRKs seem to have a protective role i.e. they
are needed for proper response to ROS. Several CRKs, especially CRK2, CRK5 and
CRK31, have a specific role in ROS response as the corresponding T-DNA insertion
mutants, crk2, crk5 and crk31, displayed strong phenotypes under most of the
studied ROS-inducing conditions (Table 1). However, responses of the majority of
crk mutants, including crk6 and crk7, were relatively subtle. crk7-1 and -2 displayed
similar responses compared to each other. Table 1 (below) summarizes the ROS-
phenotypes of crk2, crk5, crk6, crk7-2 and crk31.

Table 1. The observed responses of crk2, crk5, crk6, crk7-2 and crk31 to the tested abiotic and biotic
stresses. Responses to O3, X+XO, high light and UV-A/B were measured as a change in electrolyte
leakage, response to MV and DCMU were measured as a change in photoinhibition and bacterial
responses were measured as pathogen growth on leaves. Increased tolerance is marked with “.”,
increased sensitivity with “*”, and response similar to Col-0 wild type plants with “-“.

OF X+XO  High MV DCMU  Pto Go uv-
light DC3000 A/B
crk2 | - T \Z N - \ T
crk5 | - ™ - N N ™ 2 T
crk6 | - ™ ™ Nz - - - T
crk7-2 | - ™ - N2 d - - 0n
crk31 | P - - N% N% - - -

4.6 Few CRKs are involved in stomatal regulation (I1I)

Guard cells surrounding stomata are important regulators of plant responses to
environmental stresses such as pathogen infection, air pollutants and drought
stress (Serna, 2014). By closing stomata, plants can limit the entry of pathogens, air
pollutants and minimize water loss during drought stress. Thus, for example O3
sensitivity can be a result of stomatal miss-regulation (Brosché et al., 2010). If
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stomata are not able to close properly in response to O3, more O3 gets into cells
leading to more severe cell damage.

Rapid stomatal closure by elevated CO, levels, ABA, darkness or acute pulse of O
leads to immediate rapid decrease in stomatal conductance in wild type Col-0
plants (Kollist et al., 2007, 2014; Vahisalu et al., 2010). Mutants with altered
stomatal function can be thus identified by analyzing the stomatal conductance
levels in response to CO,, darkness and acute pulse of O3 (Kollist et al., 2007, 2014;
Vahisalu et al., 2010). Several CRKs, such as crk6, crk8 and crk40, displayed slightly
increased basal steady-state stomatal conductance under control conditions but
the phenomenon did not correlate with any other defects (Ill: Fig. S16A). In
addition, while most crk mutants closed their stomata similar to Col-0 wild type
plants in response to ABA, few mutants, including crk22, crk24, crk37 and crk46,
exhibited increased sensitivity to ABA displaying stronger stomatal closure (lll: Fig.
5E; S15A). In contrast to this, crk21-1, crk39, crk42 and crk45 did not display ABA-
induced stomatal closure (lll: Fig. 5E; S15A).

In order to analyze the role of the CRKs in stomatal response, water loss and
stomatal conductance in response to induced stomatal closure were analyzed for
the crk mutant collection. The results revealed that stomatal development and
regulation is altered in only a few crk mutants while most of the crk mutants,
including crké, crk7-1 and -2, responded like Col-0 wild type (llI: Fig. 5; S25). The few
strongly affected crk mutants, crk2, crk5 and crk31, were not able to close stomata
properly in the water loss experiment leading to more rapid and greater loss of
fresh weight compared Col-0 wild type (lll: Fig. 5A, Table S4). Complementation
rescued the water loss phenotype of crk2 and crk5 (lll: Fig. 5B-C). In response to
ABA crk5 and crk31 mutants did not show altered response suggesting that CRK5
and CRK31 are not involved in ABA-dependent control of stomatal closure (lll: Fig.
S15A). crk2 mutant displayed slightly stronger stomatal closure in response to ABA
(I: Fig. S15A). The ABA sensitive mutants which displayed stronger stomatal
closure, crk22, crk24, crk37 and crk46, displayed also smaller fresh weight loss in
response to water loss suggesting that that they are involved in ABA-mediated
stomatal closure (lll: Fig. 5E; S15A; Table S4). Also crk12, crk20, crk21, crk23, crk42
and crk45 displayed smaller fresh weight loss in response to water loss even though
they did not show ABA-induced stomatal closure (lll: Fig. 5A;S15A; Table S4)
suggesting that they are not involved in ABA-mediated stomatal closure.
Overexpression of CRK45 in crk45 mutant background showed an opposite
phenotype from crk45 leading to even greater water loss compared to Col-0 wild
type plants (lll: Fig. 5D).

The crk mutants, crk5 and crk31, which showed increased water loss, did not show
the typical decrease in stomatal conductance in response to elevated CO,, darkness
and short impulse of Os (lll: Fig. 5G-1). Complementation of crk5 mutation rescued
the stomatal conductance responses (lll: Fig. 5K). However, basal stomatal
conductance levels were decreased significantly in complementation lines
compared to Col-0 wild type plants and crk5 mutant plants (Ill: Fig. 5J).
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Interestingly, crk2 which displayed greater water loss than Col-0 wild type plants,
responded to elevated CO,, darkness and short impulse of O3 similar to Col-0 wild
type plants (lll: Fig. 5G-I; S16B-D; S17-19). Few mutants, such as crk3, crk20 and
crk42 responded to darkness and CO, with stronger decrease in stomatal
conductance than Col-0 wild type plants (lll: Fig. 5H-I; 16C-D; S18-19). In response
to Oz exposure, crk2 and crk31 were the only crk mutants which showed
significantly increased electrolyte leakage levels as a sign of O3 induced cell
damage, especially at the early time points (Ill: Fig. 4D, S10). Thus O3 sensitivity of
crk2 and crk31 could be related to their inability to close stomata properly in
response to Oz and water loss.

Pathogen treatments induce apoplastic ROS production by plasma membrane
NADPH oxidase which leads to stomatal closure (Kadota et al., 2014; Li et al., 2014;
Schwessinger and Zipfel, 2008). The recent study shows that receptor-like
cytoplasmic kinase botrytis-induced kinase 1 (BIK1), which is involved in FLS2
mediated pathogen recognition, directly phosphorylates the NAPDH oxidase to
enhance ROS production leading to stomatal closure (Kadota et al., 2014; Li et al.,,
2014). To study the role of CRKs in pathogen induced stomatal closure, stomatal
responses of crk mutants to bacterial and fungal pathogens were tested by treating
the mutants with flg22 and chitin, respectively. Stomatal closure was measured as
ratio between stomata width and length.

Most crk mutants, including crk7-1 and -2, closed their stomata similar to Col-0 wild
type plants in response to flg22 treatment (lll: Fig. 8A and C; S23A). Stomatal
closure was impaired especially in crk5, crk10-2, crk17, crk20 and crk28 (lll: Fig. 8A
and C; 7C; S23A). Even though ROS production in crk6 mutant plants was increased
in response to flg22 treatment, stomatal closure in response to flg22 treatment was
only slightly impaired in crk6 (llI: Fig. S22A; S23A). Only crk23-1 and crk46 displayed
greater flg22-induced stomatal closure compared to Col-0 wild type plants (lll: Fig.
8A and C; S23A). Notably, the flg22-induced stomatal response in crk2 and crk31 did
not differ significantly from Col-0 wild type plants but crk5 displayed slightly
reduced stomatal closure (lll: Fig. 8A and C; S23A).

In response to chitin-induced stomatal closure one third of crk mutants, including
crk7-1, -2 and crk8, behaved like Col-0 wild type plants (lll: 8B-C; S23B). Several
mutants, including crk2, crké, crk10, crk12, crk19 and crk28, could not close their
stomata as much as Col-0 wild type plants and few mutants, such as crk23-2, crk37,
crk41 and crk46, displayed greater chitin-induced stomatal closure compared to
Col-0 wild type plants (lll: Fig. 8B-C; S23B).

Taken together, even though many crk mutants displayed impaired stomatal
responses, only few crk mutants, such as in crk2, crk5 and crk31, displayed severely
impaired stomatal regulation suggesting that CRK2, CRK5 and CRK31 are involved in
the regulation of stomatal closure (Table 2; IlI: Fig. 6; 8;10; S25). In general, most
crk mutants responded to water loss similar to Col-0 wild type plants and were
tolerant to pathogen infections and could close their stomata similar to Col-0 wild
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type plants after pathogen treatments (lll: Fig. 8; 10; S25). In addition, most crk
mutants showed similar stomatal conductance levels leading to stomatal closure in
responses to Os, CO, and darkness treatments (lll: Fig. 5G-I; 6; S16B-D; S17-19).
Even though ROS production was enhanced in crk6 after flg22 treatment and crké6
showed slightly impaired stomatal closure after chitin treatment the otherwise
unaltered phenotype results suggests that CRK6 and CRK7 alone do not have a
central role in pathogen, Os;, CO, or darkness induced rapid stomatal closure.
However, redundancy effect might disguise the crk6, crk7-1 and -2 phenotypes
leading to unaltered phenotype.

Table 2. Stomatal responses of crk2, crk5, cr6, crk7-2 and crk31 to different stress treatments.
Responses to CO,, O; and darkness were measured as a change in stomatal conductance, responses
to chitin, flg22 and ABA were measured as changes in the stomatal closure (ratio between stomata
width and length), response to flg22-induced ROS production was measured as a change in light
units (RLU), and water loss as a relative water loss after cutting rosettes. Increased sensitivity to CO,,
03, darkness, chitin, flg22, ABA, and increased flg22-induced ROS production and water loss is
marked with “”, and decreased sensitivity, decreased ROS production and decreased water loss
with “{,”,and response similar to Col-0 wild type plants with “-“.

COo, (O]} Darkness Chitin  flg22 ~ ABA  flg- Water

induced loss
ROS

crk2 T - N% N% - T N2 T

crk5 | N N2 - - - - T

crk6 | - N - 3 - - 2 _

crk7-2 | ™ ™ - - - - - -

crk31 | - N% N% - - - - T

4.7 Many CRKs are involved in growth and developmental
processes (III)

Many growth and developmental processes, such as germination, root growth, cell
expansion, cell cycle control, flowering and senescence, are regulated by ROS
(Barth et al., 2006; Foreman et al., 2003; Foyer et al., 2008; Kranner et al, 2010; Lai
et al.,, 2012; Lee et al, 2012; Mclnnis et al.,, 2006; Rodriquez et al, 2002).
Environmental stresses lead to changes in energy allocation and thus have negative
effects on growth and development. The delicate balance between environmental
stresses and growth is based on crosstalk between hormone and ROS signaling.
RLKs regulate such crosstalk in many developmental processes such as meristem
development, cell fate determination, cell expansion and proliferation. For
example, members of the Arabidopsis ERECTA (ER)-family, which belong to the LRR-
RLK subfamily of RLKs, regulate inflorescence architecture, organ shape, epidermal
stomatal pattering, floral meristem organization and organ identity (Bemis et al.,
2013; Chen et al., 2013; Torii et al., 1996; Uschida et al., 2012). In addition, the RLK
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FERONIA mediates ROS-dependent root hair elongation and pollen tube rupture
(Duan et al., 2010; Escobar-Restrepo et al, 2007) and the RLK
SCRAMBLED/STRUBBELIG regulates specification of epidermal root hairs, floral
organ shape, ovule development and leaf pattering (Chevalier et al., 2005;Kwak et
al., 2005; Lin et al., 2012). Although many RLKs had been linked to growth and
development, there was no published data which would connect CRKs into
developmental processes. Therefore, to study the role of CRKs in ROS regulated
developmental processes, few developmental phenotypes, such as senescence,
germination and flowering, were analyzed for the crk family. The obtained results
showed that development is altered in a large number of crk mutants (lll: Fig. 2; 10;
S25).

4.7.1 Several crk mutants displayed early flowering and most crk
mutants early senescence compared to Col-0 wild type plants (III)

Under control growth conditions crk mutants displayed similar morphology as the
Col-0 wild type plants except crk2 which has a dwarf phenotype (llI: Fig. 3A; Fig. S5).
Despite the unaltered morphology, many crk mutants displayed visible signs of
altered physiology, such as early flowering and symptoms of senescence. Several
mutants, especially crk6, crk7-1, crk16, crk19 and crk38 flowered earlier than Col-0
wild type plants (Figure 9B, Ill: Fig. 3C; S6B). For example, under short day
conditions half of the crk6 plants had bolted and opened first flower at 39 and 46
days after stratification (DAS), respectively, while half of the Col-0 wild type plants
had bolted at 42 and flowered at 49 DAS (Figure 9A and 9B). The difference in the
flowering time between crk6 and Col-0 wild type plants was even greater under
long day conditions (Figure 9D). The early flowering phenotype of crk6 was very
clear and consistent, both under short day and long day conditions and in the
growth rooms and growth chambers. Preliminary results of plants overexpressing
(OE) CRK6 showed that CRK6-OF plants flowered later than crk6 but earlier than
Col-0 wild type plants (Figure 9C). crk7-2 plants flowered similar to Col-0 wild type
plants but mutant plants overexpressing CRK7 (CRK7-OE) flowered later than crk7-2
and Col-0 wild type plants (Figure 9C). Under long day conditions, genetic
complementation of crk6 could not rescue the early flowering phenotype (Figure
9D). Instead, complementation plants flowered earlier than Col-0 wild type plants,
some lines even earlier than crk6 (Figure 9D). The early flowering rcd1-1 mutant
plants were used as early flowering control plant line (Figure 9D; Ahlfors et al.,
2004).

Interestingly, crk2 which displayed a clear dwarf phenotype, was the only crk
mutant to bolt and flower later than Col-0 wild type plants but showed signs of
senescence almost ten days before Col-0 wild type plants (lll: Fig. 3A-C; S6A-B).
Noteworthy, almost every crk mutant including crk6 and crk7-2, but especially crk1,
crk2, crk3, crk4, crk5, crk28, crk29 and crk40, showed signs of early leaf senescence,
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judged by visible yellowing of leaves, under long-day conditions (16h light/8h dark)
compared to Col-0 wild type plants (Ill: Fig. 3B; S6A).

120 120
1004 —e— Col-0 100
Qe Cr[z@
—v¥- crk7-2
80 80 4
B R
ED 60 4 20 60 4
= =
° 3
& w0 2 w0
S
w
20 20 4
00 0O Orr O OOl
04 04
28 30 32 34 36 38 40 42 44 46 48 42 44 46 48 50 52 54 56 58 6
C Time (days) D Time (days)
120 120
100 100 -8
o O—O
—-— c&ys-cla 2
80
. 801 g a1 g ///- a7
X x £ Y .-A
£ 60 0 60 Ik rd
ful £ Jfo
o = i /7
3 [ ;"
3 40 2 a0
w - 9
20 crtE -
T crk7-2 20
/ - crk6oell
od —-=— crk70e3
——8-— Col-0+pGll o
42 44 46 48 50 52 54 56 58 60 26 28 30 32 34 36 38 40 a
Time (days) Time (days)

Figure 9. Bolting and flowering time of crk6 and crk7-2 mutants. A) Under short day conditions in the
growth room half of the crk6 plants had bolted at day 39 after stratification, while Col-0 and crk7-2
reached the same level at day 42. Bolting time was recorded when the flower bud formation was
detected. B) Under short day conditions in the growth room half of the crk6 plants had opened their
first flower by day 46 while Col-0 and crk7-2 plants by day 49. Flowering time was recorded when
the first flower opened. The experiment (A and B) was repeated 5 times with similar results, using 8-
20 plants/line, usually 16 plants/line (4x4 plants/pot). C) Preliminary flowering time results of CRK6
and CRK7 overexpression lines (CRK6-OE and CRK7-OE lines) under short day conditions in the
growth rooms. D) Preliminary flowering time results of crk6 genetic complementation lines (CRK6-CL
lines) under long day conditions in the growth chamber. rcd1-1 mutant was used as an early
flowering control plant line.

The obtained results suggest that CRKs are involved in flowering and senescence
which is a novel finding. However, their role in these processes is not clear. Early
flowering and early leaf senescence are common signs of environmental stress.
Therefore, based on the results it can be suggested that absence of one CRK gene
product in the corresponding crk mutant simulates environmental stress conditions
leading to earlier flowering and senescence or perhaps it leads to impaired timing
of flowering and senescence by still unknown mechanism. Nevertheless, the role of
epigenetic modification was minimized by using only age-matched mutant
population grown under similar conditions.

55



4.7.2 Germination was delayed in most crk mutants including crk6 and
crk7 (III)

ROS play a dual role also in seed development. While controlled ROS production
guides seed dormancy release and completion of germination the uncontrolled ROS
accumulation leads to oxidative damage and ultimately cell death causing seed
aging and seed desiccation. RLKs are involved in the ROS crosstalk regulating
germination and seed longevity (Pitorre et al., 2010). For example, Arabidopsis
RLK7, a leucine-rich repeat receptor-like kinase (LRR-RLK), is required for proper
germination speed and tolerance to oxidative stress (Pitorre et al., 2010). ROS
treatment delayed the germination of rlk7 mutants and seed longevity was
decreased in rlk7 mutants suggesting that RLK7 is involved in ROS controlled
germination and seed longevity (Pitorre et al., 2010).

In order to study the role of CRKs in germination, the germination phenotype of crk
mutants was determined by analyzing testa and endosperm rupture over time (lll).
The obtained results show that germination was delayed in most crk mutants,
including crk6 and crk7-1 and -2, but especially in crk11, crk40, crk41, crk45 and
crk46 (Ill: Fig. 3D; 10; S25; Table S3). crk1, crk37 and interestingly the dwarf crk2
with late flowering and early senescence where the only crk mutants with
unaltered germination compared to Col-0 wild type plants (Ill: Fig. 3D; 10; S25).
Nevertheless, almost every crk mutant reached 80 % germination i.e. 80% of seeds
had germinated in 48 hours (llI: Table S3).

High salinity affects germination and causes growth reduction in many areas. To
analyze the response of crk mutants to NaCl, germination on medium containing
120 mM NaCl was followed for six days. Although germination was delayed
significantly on NaCl medium compared to control medium (see results above), less
crk mutants displayed delayed germination on NaCl medium compared control
medium (lll: Fig. 10; S13B-C). At day five, twenty crk mutants, especially crk2, crk5,
crké6, crk8, crk11, crk16, crk28, crk29, crk32, crk33, crk37, crk38, crk41, crk45 and
crk46, displayed delayed germination (lIl: Fig. S13B). A day later at day six, 13 crk
mutants, especially crk5, crk8, crk11 and crk28, still displayed delayed germination
compared to Col-0 wild type plants (lll: Fig. S13C). The germination profile of crk7
plants was similar to Col-0 wild type plants. crk6 mutant plants displayed
significantly delayed germination during the first five days but on the day six
germination phase was similar to Col-0 wild type plants (lll: Fig. S13B-C). Generally,
the same crk mutants which displayed delayed germination on NaCl medium
displayed delayed germination also on control medium, except crk1, crk2 and
crk37, which displayed unaltered germination on control medium (llI: Fig. 3D; 10;
S13B-C; S25). However, only about 50% of crk mutants had reached 80%
germination level in six days (Ill: Fig. S13C).

The obtained results suggest that CRKs are involved in seed germination process as
most crk mutants displayed delayed germination under control conditions.
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Presence of NaCl in the growth medium enhanced the delay. Absence of CRK
proteins leads to delayed seed germination by unknown mechanism but sensitivity
of crk mutant seeds to NaCl supports the proposed protective role of CRKs in
Arabidopsis thaliana.

4.7.3 Root length was affected in specific crk mutants (I1I)

Several RLKs are involved in the regulation of root growth, such as FERONIA (FER)
and CLAVATA (Duan et al., 2010; Perilli et al., 2012). FER is an upstream regulator
for the NAPDH oxidase-dependent RAC/ROP-signaled pathway, which mediates
growth, development, reproduction and environmental related signaling in plants
(Duan et al.,, 2010). RAC/ROP signaling complex acts as a signaling hub which
integrates ROS and hormonal signals downstream for transcriptional
reprogramming (Duan et al., 2010; Nibau et al., 2006; Yang and Fu, 2007). In order
to study the role of CRKs in root growth the root length of the crk mutants was
measured. Under control conditions at day eight, root growth was affected only in
crk28, crk29 and crk40 which had slightly longer roots compared to Col-0 wild type
plants (Ill: Fig. 3F; S25).

Even though crk6 and crk7-2 responded to flg22 and cellulase similar to Col-0 wild
type plants i.e. flg22 reduced and cellulase increased root growth similarly in crké,
crk7-2 and Col-0 wild type plants, crk6 and crk7-2 displayed longer roots compared
to Col-0 wild type plants on control, flg22 and cellulase medium at day 10 DAS (lI:
Fig. S7). crk6 root growth was delayed during the first six days after which crk6
displayed longer roots than Col-0 wild type plants (ll: Fig. S7). crk7-2 displayed
longer roots compared to Col-0 wild type plants during the observed 10 day period
(I1: Fig. S7). crk-1 was not included in the experiment.

The results obtained from root growth experiment suggest that only a small
number of CRKs are involved in root growth in Arabidopsis thaliana. In the affected
crk mutants, absence of the corresponding CRK protein led to enhanced root
growth i.e. longer roots at day eight compared to Col-0 wild type under control
growth condition. crk6 displayed delayed root growth until day seven after which it
displayed longer roots compared to Col-0 wild type. Delayed crké root growth could
be a consequence of delayed crk6 germination on control growth medium. The
growth profile of other crk mutants was not recorded therefore it is not known if
there is a general correlation between delayed germination and delayed root
growth. However, if delayed root growth was a consequence of delayed
germination, the delaying effect was over by day seven after which crké6 displayed
longer roots compared to Col-0 wild type plants.

Taken together, the results obtained from the growth and development related

experiments, most crk mutants displayed growth and development related
phenotypes (lll: Fig. 2; 10; S25). Germination, flowering and senescence were the
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most heavily affected processes. In general, crk mutants displayed delayed
germination, early flowering and senescence compared to Col-0 wild type plants
under control conditions. Most heavily affected mutants were crk2 and crk5
suggesting that CRK2 and CRK5 have an important role in the development of
Arabidopsis thaliana. Table 3 (below) summarizes the observed development
related phenotypes of crk2, crk5, crk6, crk7-2 and crk31. Noteworthy, crk7-1 and
crk7-2 mutants displayed difference in flowering time. While crk6 and crk7-1 were
early flowering, crk7-2 flowered similar to Col-0 wild type. In summary, the
obtained results suggest that in addition to stress responses the CRKs are involved
in the regulation of specific developmental processes, such as germination,
flowering and senescence.

Table 3. Summary of the development related phenotypes of crk2, crk5, crk6, crk7-2 and crk31. The
most heavily affected processes were germination, flowering and senescence. Early senescence,
bolting and flowering and delayed root growth is marked with “J,” sign, delayed germination,
bolting and flowering and increased root growth with “*” sign, and phenotype similar to Col-0 wild
type plants with “-“.

Senescence Germination NacCl Bolting Flowering
crk2 NE - NE T T
crk5 N2 J J N -
crké Ny N% N% N% N2
crk7-2 N J - - -
crk31 J N% NZ NZ -

4.7.4 Stomatal development was affected in most crk mutants (I1I)

Like stomatal function stomatal development is regulated by numerous
endogenous but also environmental factors (Serna, 2014). Three major
phytohormones, brassinosteroids, abscisic acid (ABA) and auxins, negatively
regulate stomatal development (Kim et al.,, 2012; Le et al., 2014; Tanaka et al.,
2013). Series of asymmetrical and a final symmetrical cell division that precede
stomatal formation are critical for stomatal function and define stomatal density
and localization (Nadeau and Sack, 2002). For example, correct orientation of the
planes of cell division guarantees that the stomata are not in direct contact with
neighboring stomata ensuring stomatal movements and ion flux between guard
cells and non-stomatal cells (Geisler et al., 2000; Nadeau and Sack, 2002).

CRKs are universally expressed in Arabidopsis but according to the publicly available
Arabidopsis (ecotype Col-0) microarray data most CRKs displayed lower transcript
abundance levels in guard cells compared to total leaf (lll: Fig. S14A). However,
gPCR analyses revealed the opposite result: most CRKs displayed higher transcript
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abundance levels in guard cells compared to total leaf (lll: Fig. S14B). Only few
CRKs, such as CRK4, CRK21, CRK22 and CRK37, displayed higher levels of transcript
abundance in total leaf compared to guard cells (lll: Fig. S14B). The mutants with
stomatal defects, crk2 and crk31, displayed higher transcript abundance levels in
guard cell, except crk5 which displayed lower levels, compared to total leaf (lll: Fig.
S14B). CRK6 and CRK7 displayed slightly higher transcript levels in guard cells
compared to total leaf (llI: Fig. S14B).

To analyze the role of CRKs in stomatal development, stomatal density and length
was measured. Measurements revealed a novel and interesting feature of crk
mutants: about half of the crk mutants showed increased stomatal length,
especially crk31, crk37, crk41 and crk46 (lll: Fig. 5F; S15B). Several crk mutants with
increased stomatal length, for example crk16, crk19-2, crk25, crk29, crk31 and
crk40, displayed also reduced stomatal density (Ill: Fig. 5F; S15B). On contrast,
several crk mutants displayed reduced stomatal length, such as crk2, crk4, crkeé,
crk7-2, crk8 and crk12 (Ill: Fig. 5F; S15B). Of these mutants, stomatal density was
increased in crk4, crk7-2 and crk12 (Il Fig. 5F; S15B) and aperture ratio increased in
crk2, crk4, crk7-2 and crk12 (Ill: Fig. 5F; S15B) which could be natural compensation
for reduced stomatal length. The stomatal density and length of crk7-1 was similar
to Col-0 wild type (Ill: Fig. S15B). Pavement cell density in cotyledons was reduced
in crk1-1, ckr3, crk12, crk13, crk16, crk19-2, crk23-1, crk25, crk32, crk37 and crk40
(11: Fig. 3E; S6C). The pavement cell density was similar to Col-0 wild type plants in
rest the of the crk mutants, including crk2, crk5, crk6, crk7-2 and crk31 (lll: Fig. 3E;
S6C). Reduction of pavement cell density can be a result of increased cell expansion
(Gudesblat et al., 2012; Serna, 2014) which could explain the increased stomatal
length i.e. stomatal length would positively correlate with pavement cell size based
on the fact that pavement cells and guard cells are interdependent, because
pavement cells are formed together with stomata (Geisler et al., 2000). Therefore
increased stomatal length could be a natural consequence of increased cell
expansion (reduced pavement cell density). However, as stomatal density is
affected by many environmental factors, such as internal CO, concentration, light,
humidity, drought, etc., and cell size by cell cycle and developmental phase (Asl et
al., 2011; Santrii¢ek et al., 2014) the correlation might not be so simple. But for
example, crk mutants with increased stomatal length and decreased stomatal and
pavement cell density, such as crk16, crk19-2, crk25 and crk40, display only minor
alterations in stomatal responses compared to Col-0 wild type plants. On contrast,
the few crk mutants which displayed defects in stomatal function had disturbed
ratio/balance between stomatal density and length. For example, crk5 displayed
reduced stomatal density but unaltered stomatal length suggesting decreased
capacity for stomatal function due to lower number of stomata in crk5 leaves. As
crk5 displayed increased water loss and decreased stomatal closure in response to
03, CO, and darkness, some other factors in addition to the ratio of stomatal
density and length might be involved in the processes regulating stomatal closure
and function.
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crk2, the dwarf mutant, which displayed slightly reduced stomatal length but
unaltered stomatal density compared to Col-0 wild type plants, displayed increased
ratio of stomatal aperture under control conditions which could compensate the
slightly reduced stomatal length. Nevertheless, crk2 displayed increased water loss
and slightly reduced darkness induced stomatal closure. In response to ABA crk2
displayed slightly stronger stomatal closure than Col-0 wild type plants which
suggests that CRK2 could be involved in ABA-dependent control of stomatal
closure. The connection to ABA is supported by the earlier predictions according to
which CRK2 might be involved in growth regulation in response to ABA (Bassel et
al.,, 2011). However, crk2 displayed unaltered stomatal density which suggests
unaltered ABA and brassinosteroid signaling during stomatal development (Serna,
2014; Tanaka et al., 2013). Defects in brassinosteroid signaling are usually observed
as growth reduction but the involvement of brassinosteroids in crk2 dwarfism was
not analyzed in this study. Reasons for crk2 dwarfism will be addressed in the
future studies.

The increased stomatal length could compensate the decreased stomatal density of
crk31 but reasons leading to reduced stomatal aperture ratio could limit stomatal
functions (lll: Fig. 5F; S15B). These unknown reasons could be behind the weaker
drop of stomatal conductance levels of crk31 in response to Oz, CO, and darkness
even though the basal steady-state stomatal conductance was unaltered under
control conditions (l1l: 5G-I; S16A).

In conclusion, the obtained results suggest that several CRKs, especially CRK2, CRK5
and CRK31, are important regulators of stomatal development and function
controlling stomatal responses to environmental stresses. Table 4 (below)
summarizes the stomatal development related phenotypes of crk2, crk5, crk6, crk7-
2 and crk31. Noteworthy, in contrast to crk7-2, crk7-1 displayed unaltered stomatal
density and length compared to Col-0 wild type.

Table 4. Summary of the stomatal development related phenotypes of crk2, crk5, crk6, crk7-2 and
crk31. Decreased stomatal length, stomatal and pavement cell density, aperture ratio and
conductance is marked with “J,” sign, whereas increased stomatal length, stomatal and pavement
cell density, aperture ratio and conductance is marked with “I*” sign, and phenotype similar to Col-0
wild type plants with “=“ .

Length Density Aperture Steady state Pavement
ratio conductance cell density
crk2 ™ - N - -
crk5 - N2 - - -
crké6 N2 - J N -
crk7-2 J ™ T - -
crk31 ™ N J - -
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In addition to stomatal development, the obtained results in this study suggest that
other developmental processes, such as flowering and senescence, are regulated by
CRK-dependent signaling pathways. As CRKs have not been linked to developmental
processes or stomatal function before these results broadens the knowledge of the
biological relevance of CRKs in plants and open new research areas for future
studies. Figure 10 summarizes the processes in which CRKs are involved according
to the observed phenotypes in this study (lll: Fig. 2).

Development

Senescence

Germination

Cell density
B Botting

W Flowering
I Root length

Abiotic stress

Stomatal
conductance

Stomatal ABA
aperture
ratio I Basal

atal length __|
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Fresh weight [ _ I=1§g :::

L Photosynthesis
Biotic stress DCMU ||
I flg22-induced ROS Methyl viologen
Stomatal aperture flg22
[P stomatal aperture chitin
I Pto DC3000
I Golovinomyces orontii Scale bar

Figure 10. Phenotypic analyses of the Arabidopsis thaliana CRK protein family. A T-DNA insertion
collection for the CRK family was compiled and subjected to phenotyping addressing aspects of plant
development, biotic and abiotic stress responses, photosynthesis as well as stomatal regulation.
Length of red and blue bars in the five phenotyping sections is representative of the number of crk
lines found to have phenotypes in the thematic area. The length of the gray scale bar corresponds to
ten lines. The blue color represents earlier developmental milestones or reduced values while red
color represents later developmental milestones or increased values compared to Col-0 wild type
plants. The red outline in the pie chart highlights the 39 crk lines included in the analyses.
Information about the sections in the pie chart is described in Material and methods section (p. 35-
36) and in publication Ill: Fig. S1; S3, S4 and Table S1.
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4.8 CRKKinase activity (II)

Ligand-induced receptor complex formation and phosphorylation has been
characterized as a mode of action for RLKs. RLKs activate many downstream
signaling pathways regulating growth and stress adaptation responses. However,
no activating ligands have yet published for CRKs but in vitro kinase activity has
been verified for CRK36 (Tanaka et al., 2012). In addition, Tanaka et al. showed that
CRK36 phosphorylates ARCK1 in vitro which is the only published data of CRK
phosphorylation targets (Tanaka et al., 2012).

Some predictions of the kinase activity can be done by analyzing the protein
sequence of the kinase domain. Arabidopsis CRKs are RD kinases based on the
presence of an arginine (R) residue before the conserved aspartate (D) residue in
the catalytic loop of subdomain VIb (Figure 11B). The kinase domain of CRKs is
highly conserved and CRK6 and CRK7 have an almost identical kinase domain (Il
Fig. S2). CRK6 and CRK7, and their closest homologs CRK8, CRK10 and CRK15,
contain all the conserved amino acids essential for kinase activity (Figure 11).

A I II TIII IV V VIa VIb VII VIII IX X XI
CRK ‘JM‘ Kinase domain |CT‘
B I II
Gx GxxGxV AxK
*

CRK6 -SNKIGRGGFGEVYKGTFSNGKEVAVKRLSKNSRQGEAEFKTEVVVVAKLOHRNLVRLLGFSLQGEERILVYE-
CRK7 -NNKIGRGGFGDVYKGTFSNGTEVAVKRLSKTSEQGDTEFKNEVVVVANLRHKNLVRILGFSIEREERILVYE-
CRK8 -SNKIGRGGFGEVYKGTFSNGKEVAVKRLSKNSRQGEAEFKTEVVVVAKLQHRNLVRLLGFSLQGEERILVYE—-
CRK10 -SNKIGQGGFGEVYKGTLSDGTEVAVKRLSKSSGQGEVEFKNEVVLVAKLQHRNLVRLLGFCLDGEERVLVYE—
CRK15 -NNKIGQGGFGEVYKGTFSNGTEVAVKRLSKSSGQGDTEFKNEVVVVAKLOHRNLVRLLGFSIGGGERILVYE-

Catalytic loop Activation loop
VI b VII VIIT IX
HRDLKxxN DFG APE Dxxxx GV
* * * x *

CRK6 -LTITHRDLKASNILLDADINPKIADFGMARIFGLDQTQDNTSRIVGTYGYMAPEYAMHGQFSMKSDVYSFGV
CRK7 -LTIIHRDLKASNILLDADMNPKIADFGMARIFGMDQTQONTSRIVGTYGYMS PEYAMRGQFSMKSDVYSFE GV
CRK8 -LTIIHRDLKASNILLDADINPKIADFGMARIFGLDQTQDNTSRIVGTYGYMAPEYAMHGQFSMKSDVYSFEF GV
CRK10 -LTIIHRDLKASNILLDADMNPKIADFGMARIFGLDQTEENTSRIVGTYGYMS PEYAMHGQYSMKSDVYSF GV
CRK15 -LTIIHRDLKASNILLDADMNPKLADFGLARIFGMDQTQENTSRIVGTFGYMAPEYAIHGQFSVKSDVYSE GV

Figure 11. (A) Schematic representation of the cytoplasmic CRK juxtamembrane (JM), kinase domain
and carboxy terminus (CT) organization and the localization of the conserved subdomains (I-XI). (B)
The alignment of the kinase domain of the closest homologs CRK6, CRK7, CRK8, CRK10 and CRK15
show high sequence similarity. The line under the amino acids represents identical amino acids. The
conserved amino acids of the subdomain I-XI are marked with bold letters, and the amino acids
conserved in active kinases are marked with an asterisk on the top. Catalytic and activation loop are
marked with broken line.
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The predicted kinase activity of CRK6 and CRK7 was confirmed by in vitro kinase
assays (Il: Fig.2). For determining kinase activity CRK6 and CRK7 full cytoplasmic
domains were produced as glutathione S-transferase (GST)-tagged recombinant
proteins in E. coli. Both GST-CRK6 and GST-CRK7 phosphorylated the artificial
substrate MBP but only GST-CRK7 displayed autophosphorylation activity (Il: Fig. 2).
Despite their high sequence identity (75,68%) and similarity (82,51%) CRK6 and
CRK7 showed a striking difference in their preference for divalent cation: GST-CRK6
preferred manganese (Mn*") while GST-CRK7 magnesium (Mg®*) (Il: Fig. 2). These
results demonstrate that GST-CRK6 and GST-CRK7 are active protein kinases with a
preference for Mn?* and Mg®', respectively. As in vitro autophosphorylation sites
are highly predictive of in vivo phosphorylation sites (Clouse et al., 2012; Oh et al.,
2000; Wang et al., 2005a, 2008) it is likely that CRK6 and CRK7 possess kinase
activity also in in vivo conditions.

The kinase activity for other CRKs has not been verified but according to predictions
based on essential amino acids for kinase activity, every CRK should possess kinase
activity, except CRK45 which lack the DFG motif (subdomain VII) conserved in active
kinases (Figure 11; Appendix 3). However, the DFG motif might not be necessary for
kinase activity as shown with the human pseudokinase CASK (Mukherjee et al.,
2008).
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5 DISCUSSION

Reactive oxygen species (ROS) signaling in plants has been under extensive research
for the last two decades. New signaling compounds and pathways have been
identified and our understanding of the function of ROS has shifted from harmful
side-products to important signaling intermediates with diverse roles in
development and stress adaptation. Nevertheless, ROS sensing and signaling
specificity are still open questions. This study addressed the role of cysteine-rich
receptor-like protein kinases (CRKs) in ROS signaling, sensing and specificity. The
role of CRKs in ROS sensing and signaling is intriguing and has been in the focus of
recent research. It has been shown that transcript abundance of many CRKs is
increased by several ROS inducing conditions, e.g. O3 and pathogen attack.
Furthermore, the extracellular properties of CRKs suggest redox regulation
possibilities and therefore a possible role in ROS sensing. Several previous
overexpression and knockout studies have linked Arabidopsis CRKs to abiotic and
biotic stress induced ROS signaling but the actual role of CRKs in signal transduction
is unknown.

Arabidopsis thaliana contains 44 highly similar CRKs. Analysis of amino acid
conservation of extra- and intracellular domains divided CRKs into five distinctive
phylogenetic groups and suggested tightly linked evolution of extra- and
intracellular domains (lll: Fig. S1). CRKs are characterized by one to three
extracellular DUF26 domain(s), which contains three cysteine residues in the C-Xg-
C-X,-C configuration. The DUF26 domain is plant specific and highly conserved. This
study revealed that the level of conservation extends beyond the DUF26 domains
and that all CRKs have 10-12 conserved cysteine residues in their extracellular
domain. Conservation of cysteine residues highlights their importance to the
protein function. The conservation of extracellular cysteine residues correlates well
with sequence similarity i.e. the members of each phylogenetic group generally has
the same level of cysteine residue conservation (Figure 8). Although the function of
the conserved cysteines or the DUF26 domain is not known, it has been shown that
all three cysteine residues of DUF26-domain of ginkbilobin-2 (Gnk2) from Ginkgo
biloba are involved in the formation of three structurally important internal
disulphide bridges (Miyakawa et al.,, 2009). The DUF26 domain(s) found in
Arabidopsis CRKs could have similar structurally important function. Redox changes
can lead to formation or opening of disulphide bridges leading to conformational
changes, therefore it has been suggested that such a mechanism could be behind
ROS sensing and CRK activation. However, there is yet no experimental evidence
available and the question of ROS sensing in plants stays open. Nevertheless, CRKs
are still considered as good candidates for ROS sensors.

As every CRK possess the critical amino acids needed for kinase activity this study
suggests kinase activity for each CRK and verifies the in vitro kinase activity of CRK6
and CRK7. Sequence similarity of CRK6 and CRK7 suggests functional redundancy
but the observed difference in their preference for divalent cation for the kinase
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function suggests possible difference in signaling specificity, perhaps through
different regulation or phosphorylation targets. This observation supports the
proposed fine-tuning role of CRKs in plants’ response to environmental stresses. For
example, differentially regulated kinase activity could bring specificity to the highly
conserved kinase activity. The highly conserved amino acid sequence of CRK extra-
and intracellular domains and the predicted kinase activity suggests important
signaling roles for CRKs as there have been only minor changes during evolution. In
addition, the number of CRKs in Arabidopsis thaliana has remained relatively
constant during evolution (Lehti-Shiu et al., 2012). Only two CRKs out of 44 seems
to be non-functional, the putative pseudogene CRK35 (At4gl11500) and CRK9
(At4g23170) which has a truncated kinase domain. The collection of 44 CRKs with
overlapping functions creates a powerful signal transduction unit on the plasma
membrane for cellular crosstalk to maintain cellular balance crucial for plant life.

Most CRKs belonging to the same phylogenetic group are located next to each
other in the chromosome 4, except members of group | which are located randomly
to chromosomes 1, 4 and 5 (lll: Fig. S2). Despite the high amino acid similarity
between group members, observed phenotypes did not correlate with the
grouping. This was especially clear with group | crk mutants, which frequently
displayed opposite responses compared to each other and generally the strongest
phenotypes compared to other crk mutants. The same result was observed for
transcriptional responses. For example, half of the CRKs displayed increased
transcript abundance levels in response to O3z but the response did not correlate
well with sequence similarity (I: Fig. 2). Only the members of group Il displayed
significantly increased transcript abundance levels in response to O3 treatment.
However, in group V, there was a correlation among the closest group members.
For example, highly similar CRK6, CRK7, CRK8 and CRK10, which belong to group V,
displayed similar responses to the most of the tested stresses both at
transcriptional and phenotypical level (I; 1I). This could be due to the strong
redundancy between the closest homologues i.e. the highly similar sister gene(s)
compensates the loss of one gene leading to unaltered response. Redundancy
leading to overlapping functions might be a result of evolutionary pressure to
guarantee essential signal transduction under changing environmental conditions.
In that sense, redundancy could be seen as a nature’s backup system for essential
signal transduction pathways. Summa summarum, the large number of CRKs and
their redundant yet specific function provides specificity and fine tuning
opportunities for signal transduction and suggests important roles in many
essential signal transduction pathways.

To study the ROS induced responses in CRKs, ROS production was induced by
different mechanisms, mostly O3, to simulate abiotic and biotic stresses. Os is an air
pollutant which causes negative effects on plant growth depending on O3
concentration and the duration of the exposure. The low dose (<100 ppb) chronic
exposure to Oz causes reduction of growth and premature senescence
(Betzelberger et al., 2012; Krupa, 2003; Wilkinson et al., 2012). The high dose (>200
ppb) acute exposure, even a short one, causes visible lesions and cell death
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(Kangasjarvi et al., 2005; Rao et al., 2000). Plants respond to O3 both low and high
dose exposures, with increased extracellular ROS production which is why it has
been used as a tool to identify proteins involved in ROS-mediated stress signaling
and cell death. In addition to this study, Os has been used to identify proteins
involved in ROS signaling, such as apoplastic protein GRIM REAPER (GRI), the
chloroplast envelope membrane protein RETICULATA (RE) and the nuclear proteins
RADICAL-INDUCED CELL DEATH 1 (RCD1) and SIMILAR TO RCD-ONE (SROs)
(Kangasjarvi and Kangasjarvi, 2014). These proteins are good examples of the
successful use of O3 as a probing tool to find new elements in ROS signaling as their
function cover nicely the essential parts of the signal transduction pathway from
the apoplast through plasma membrane to cytosol and chloroplasts finally reaching
the target, the nucleus. Another good example is the characterization of the Os-
sensitive ascorbic acid —deficient vitamin c (vtc) mutants in Arabidopsis thaliana
that led to the unravelling of the ascorbate biosynthesis pathway in plants (Conklin
et al, 1996, 2000).

The obtained results suggest that several CRKs are essentially involved in ROS
signaling mediating environmental signals leading to stress tolerance and
adaptation. Analyses of the transcriptional responses of CRKs revealed that more
than half of CRKs displayed increased transcript abundance in response to O3
whereas high light treatment lead to reduction in transcript abundance for most
CRKs (1). In addition to stress response phenotypes, large-scale phenotyping of the
crk T-DNA insertion mutants revealed specific growth related phenotypes for most
crk mutants, especially for crk2 and crk5, despite the strong redundancy in the
family (lll). Therefore, especially CRK2 and CRK5 seem to have very essential role in
stress responses and developmental processes. In general, most of crk mutants
displayed growth and development related phenotypes while only several crk
mutants displayed abiotic and biotic stress related phenotypes. Generally, crk
mutants showed different responses to different stresses, but crk2 and crk5
displayed similar responses to most stresses (lll: Fig. 10; S28). While RLKs and ROS
signaling have been linked to growth and development, in addition to stress
responses, the role of CRKs in developmental processes has not been thoroughly
addressed before. According to this study, CRKs are essentially involved also in
developmental processes and this novel finding highlights the importance of CRKs
not only in ROS-mediated stress adaptation but also in plant growth and
development.

The most heavily affected growth and development related processes were
germination, flowering, senescence and stomatal development. Even though the
dwarf crk2 was the only crk mutant which displayed different morphology
compared to Col-0 wild type plants under control conditions, about half of the crk
mutants flowered earlier and about 90% of crk mutants displayed delayed
germination and early senescence compared to Col-0 wild type plants under control
conditions. Flowering time is an essential factor determining reproductive success
and thus regulated by many environmental and endogenous factors, such as light,
temperature and phytohormones (Blazquez and Weigel, 2000; Domagalska et al.,
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2010; Koornneef et al., 1998; Verhage et al., 2014). Environmental stress leads to
earlier flowering and thus earlier but typically lesser seed production in order to
guarantee reproduction in shorter time under unfavorable conditions (Wada and
Takeno, 2010; Xu et al., 2014). Noteworthy, the role of epigenetics has to be kept in
mind when analyzing the stress responses, especially flowering time and root
growth (Yaish et al., 2011). Through epigenetic modifications, such as DNA
methylation, histone modifications and chromatin remodeling, plants can adjust
their stress tolerance in timely manner without changing the original DNA sequence
(Bonasio et al., 2010; Boyko and Kovalchuk, 2008; Kooke et al., 2015; Yaish et al.,
2011). In contrast, epigenetic modifications are heritable. Epigenetic modifications
which accumulate during plant life in response to various stress factors are passed
into progeny forming epigenetic memory which increases stress tolerance towards
the stresses faced in the previous generations (Bonasio et al.,, 2010; Boyko and
Kovalchuk, 2008; Kooke et al., 2015; Yaish et al., 2011). Whether CRKs are involved
in the regulation of flowering and senescence or whether the observed early
flowering and senescence of crk mutants are signs of lowered stress tolerance,
artefacts caused by gene silencing technique or epigenetic modifications needs
further analyses to be resolved. It has been suggested that the reason behind the
early senescence of crk5 is the elevated ROS levels in the apoplast (Burdiak et al.,
2015) i.e. the lack of CRK5 would disrupt the ROS-mediated signal transduction
pathway via CRK5 leading to defective response and accumulation of ROS in the
apoplast. The accumulation of ROS in the apoplast could trigger other stress
response pathways leading to general symptoms of stress: early flowering and
senescence. However, although crk5 displayed early senescence it did not flower
earlier compared to Col-0 wild type (lll: S6A-B; Burdiak et al., 2015).

Stomatal development was affected in several crk mutants, especially strongly in
crk2, crk5 and crk31. In general, stomatal length was increased in half of crk
mutants and stomatal density reduced and stomatal aperture ratio and basal
stomatal conductance levels increased in one third of crk mutants. Stomatal
conductance levels in response to O3, CO, or darkness were affected in only a few
mutants. In addition, stomatal closure in response to pathogens, water loss and
ABA was severely altered in few mutants. crk6 and crk7 did not display strong
alterations in stomatal closure in response to the studied conditions. Proper
regulation of stomatal aperture is critical for plants’ responses to various stimuli.
According to the obtained results several CRKs are involved in the complex
hormone and ROS signaling network controlling stomatal aperture. Some CRKs
seem to be pathway-specific while some CRKs have overlapping roles in abiotic and
biotic stimuli induced ROS signaling leading to stomatal closure (lll: Fig. 11A). For
example, the obtained results connect several CRKs, such as CRK2, CRK5 and CRK31,
to stomatal processes suggesting that these CRKs regulate stomatal development
and function. The involvement of CRKs in stomatal regulation and growth and
development related processes is a novel finding and opens an interesting new field
of study which will provide more information of the biological relevance of CRKs.
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Phenotypes of crk6 and crk7 were partly disguised by redundancy. However, few
phenotypes were identified. crk6 was early flowering and crk7-2 was slightly
sensitive to apoplastic ROS induced by X+XO treatment. In general, crk7-1 and crk7-
2 displayed similar phenotypes under the studied stress conditions. However, there
were few differences. crk7-1 flowered earlier and displayed increased stomatal
aperture ratio compared to crk7-2 which behaved like Col-0 wild type.
Nevertheless, crk7-2 mutants displayed higher sensitivity to Os- and darkness-
induced stomatal closure while crk7-1 behaved like Col-0 wild type. Silencing the
most homologues genes, crk6, crk7, crk8, crk10, crk15, overcame the redundancy
effect and revealed some additional consequences of the gene losses in ROS
signaling. The ami-RNA lines crk6/7/8/10/15-1 and -2 were more sensitive to Os-
induced cell damage than the corresponding single knockout lines. The result
suggests that CRK6 and CRK7, together with their closest homologues CRK8, CRK10
and CRK15, are involved in the coordination of a proper response to extracellular
ROS caused by O3 and X+XO treatments in Arabidopsis thaliana. Analyses of the
GUS expression of the CRK6::uidA and CRK7::uidA plants revealed that promoters of
CRK6 and CRK7 are rapidly activated by Oz treatment and that expression is
localized to the leaf areas typical for Os-induced damage. According to these results
CRK6 and CRK7 are needed in ROS-mediated stress signaling and thus results
suggest protective role for CRK6 and CRK7. Several other CRKs were also linked to
abiotic stress tolerance, for example crk2, crk5 and crk19 which displayed increased
sensitivity to increased apoplastic ROS production. Noteworthy, only few crk
mutants, such as crkl, crk2, crk5, crk20, crk23 and crk25, displayed altered
response to biotic stress even though pathogen infection induces apoplastic ROS
production similar to abiotic stress. However, pathogen treatments led to stomatal
closure in many crk mutants suggesting that CRKs are involved in stomatal
regulation.

Apoplastic ROS is produced mainly by the NADPH oxidases which produce
superoxide and therefore it is tempting to link CRKs into part of the “ROS wave” (lll:
Fig. 11B). CRKs could perceive ROS from neighboring cells and transmit the “alarm”
signal into the cytosol for proper response. Unfortunately the NBT staining analysis
for visualizing and quantifying the level of superoxide production in crk6 and crk7 in
response to increased apoplastic ROS levels in response to Os; treatment was not
successful due to technical problems. Thus this study could not address the possible
role of CRK6 and CRK7 in the “ROS wave”. As the precise mechanism of apoplastic
ROS production by NADPH oxidase and other enzymes in response to different
stress stimuli is not known, the involvement of CRKs in the “ROS wave” and signal
propagation needs further analyses in the future. Nevertheless, it can be proposed
that redox-regulated CRKs are essential parts of cellular redox circuits transferring
environmental information to cytosol and different cellular compartments in order
to maintain cellular balance crucial for optimal plant growth and development.

Last but not least, the analysis of crk mutant collection demonstrates that for large

gene families, instead of studying individual family members, thorough analysis of
comprehensive mutant collections can facilitate the discovery of subtle phenotypic
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responses and aspects which might otherwise be missed. As observed in this study,
functional redundancy disguising phenotypes can be very strong and multiple
knockout mutants are needed to reveal some of the consequences of gene losses.
Therefore, when analyzing the loss-of-function phenotypes of large gene families,
this observation should be kept in mind.
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6 CONCLUSION AND FUTURE PERSPECTIVES

Adaptation of plants to stressful environmental conditions is based on flexible
interactions between hormone and ROS signaling which controls growth and
defense responses. During the recent years researchers have started to understand
the complexity of the crosstalk needed for stress tolerance. Based on
transcriptional analyses and the CRK ectodomain properties, it has been suggested
that CRKs could be involved in ROS-mediated stress tolerance. The results obtained
in this study support that suggestion and suggest a protective role for CRKs against
many environmental stresses. According to the obtained results it can proposed
that CRKs are essential elements of cellular redox circuits that relay environmental
information to the cell (Figure 12). Furthermore, this study suggests that
Arabidopsis CRKS are active kinases which in addition to stress responses are
essentially involved also in plant growth and development. This novel finding
broadens our understanding of the role of CRKs in Arabidopsis thaliana and
highlights the importance of CRKs in transferring ROS-mediated environmental
signals to the cell in order to maintain the balance between growth and defense.
Furthermore, the large number of CRKs and their specific yet partly overlapping
function suggests specificity and fine tuning opportunities for signal transduction.
Together CRKs create a flexible and robust regulatory system aimed to generate the
most appropriate output in response to both extra- and intracellular signals.

The ultimate goal of this study beyond characterizing CRKs is to understand how
CRKs connect extracellular signals to transcriptional reprogramming to guarantee
survival under changing environmental conditions. To achieve this, further studies
are needed to reveal the possible ROS sensing mechanism, signaling partners, the
role of conserved extracellular cysteine residues, activation mechanism and
cytoplasmic phosphorylation targets and induced signaling cascades, etc. For
example, CRKs involved in different signaling pathways, such as stress and
developmental processes, could possibly make receptor complexes with different
signaling partners leading to different responses depending on the activating
stimulus. The possible interaction of CRKs with multifunctional BAK1, involvement
of CRKs in NADPH oxidase-dependent ROS wave and activation of the most
common downstream signaling cascades in stress adaptation and growth are just
few of the interesting topics of the future CRK studies. Due to overlapping functions
analyses of multi-knockout mutants might be needed to reveal additional
phenotypes and thus processes regulated by CRKs. In addition to redundancy
effect, the possible role of epigenetics in response to different environmental
conditions has to be taken into account. Understanding the role of CRKs in complex
ROS and hormone signaling network in Arabidopsis thaliana will provide new clues
for ROS-mediated endogenous and environmental crosstalk maintaining the cellular
balance crucial for plant growth and reproduction. In addition, it could provide new
clues for improving crop plants’ tolerance mechanisms against the future
environmental challenges, such as global warming and intensive farming. Improved
tolerance could lead to more optimal growth under non- or sub-optimal growth
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conditions which could increase crop yield and thus guarantee food supply for the
ever-growing human and animal population.
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Figure 12. This simplified figure describes the proposed role of plasma membrane (PM) located CRKs
in mediating environmental signals to the cell. It suggests that CRKs are important elements of a
cellular redox circuit through which information flows from extracellular space to cytosol and
different subcellular compartments maintaining the cellular balance crucial for plant growth and
defense under continuously changing environmental conditions.

71



ACKNOWLEDGEMENTS

This work was carried out in the Plant Stress Group led by Professor Jaakko
Kangasjarvi at the Department of Biosciences, University of Helsinki. The project
was financially supported by the Academy of Finland and the Doctoral Programme
in Plant Sciences (previously Finnish Graduate School in Plant Biology).

| owe a debt of gratitude to my supervisor Professor Jaakko Kangasjarvi for given
me the opportunity to do my PhD studies in his research group. | thank you for your
guidance and support. | thank you also for understanding and encouraging me
throughout the whole project and for the freedom to carry out my work with
flexible working hours.

My second supervisor Michael Wrzaczek is thanked for everything. Words are not
enough to describe the gratitude that | feel for the guidance, support and interest
that | have received from you towards my work. Thank you for teaching me how to
work fast and efficiently in the lab, improving my scientific writing and presentation
skills, being on-line 24/7 and ready to help. Thank you for pushing me forward and
teaching me all the shortcuts!

| thank Prof. Paula Elomaa and Dr. Glinter Brader for reviewing my thesis. | also
thank Dr. Glnter Brader, Prof. Kari Keindnen and Dr. Ari Pekka Mahonen for being
members of my follow-up group and for valuable feedback in our yearly meetings.
In addition, | thank all the co-authors of the three publications included in my PhD-
thesis for the scientific contribution.

Special thanks to Dr. Karen Sims-Huopaniemi, the super-nice coordinator of DPPS,
for your friendly attitude and excellent graduate school activities plus your never-
ending help towards my PhD studies.

My greatest thank you goes to the whole Plant Stress Group including the past and
present members. You are truly wonderful! Thanks for the especially strong “group
spirit” and happy and cheerful attitude towards science and life in general.
Especially | want to thank my office mates Luis, Airi, Tuomas, Fang, Marjukka, Marja
and Maritta and part-time visitors Florian (“the Bavarian ecotype”), Elina, Jarkko,
Ramesha, and Jenny for your friendship and making our office room a happy
community full of sunshine, laugh, chocolate, espresso and salsa. Special thanks to
the most regular visitor of my office room, Adrien. You have made my working days
so nice and joyful! Adrien, my soul mate, since you joined the group in the middle
of my studies | have not had a single day without laugh and joy. Thank you for your
help in the lab and your friendship. With you the way to the greenhouse was always
too short! Special thanks also to Fang, my dear Chinese sister, for the nice time
spent together <3

| want to thank all the people working in the 6™ floor. Thank you for your help and
the nice time spent together in the lab and in the coffee room. In addition, | thank

72



my fellow PhD students for organizing the 6™ SPPS PhD Student Conference with
me. Together we took the challenge and succeeded in organizing a high quality
science meeting with relaxed atmosphere! The SPPS executive committee
members, Prof. Jaakko Kangasjarvi, Prof. Kurt Fagerstedt and Doc. Anna Kérkonen,
are warmly thanked for broadening my knowledge of the world of plant physiology
and introducing me to the plant physiology societies. The SPPS education
committee members, especially Prof. Lisbeth Jonsson, are thanked for their
enthusiastic attitude towards teaching and promoting public awareness of plant
biology research.

Special thanks to my dear friends Liina and Jukka. Thank you for the nice lunch
breaks and discussions concerning my PhD project, science and life in general
throughout the whole project. Lopuksi vield iso kiitos ystavilleni, jotka ovat pitanyt
yhteyttd minuun pain projektin hektisindkin aikoina. Viimeisend, mutta ei
vahadisimpana, kiitos myds perheelleni ja sukulaisilleni, jotka ovat olleet “hengessa
mukana” kaikki ndma vuodet.

73



REFERENCES

Acharya BR, Raina S, Maqbool SB, Jagadeeswaran G, Mosher SL, Appel HM, et al. (2007)
Overexpression of CRK13, an Arabidopsis cysteine-rich receptor-like kinase, results in enhanced
resistance to Pseudomonas syringae. Plant J. 50: 488-499.

Adamowski M, Friml J (2015) PIN-dependent auxin transport: action, regulation and evolution. Plant
Cell 27: 20-32.

Adams JA (2003) Activation loop phosphorylation and catalysis in protein kinases: is there functional
evidence for the autoinhibitor model? Biochemistry 42: 601-607.

Afzal AJ, Wood AJ, Lightfoot DA (2008) Plant receptor-like serine threonine kinases: roles in
signaling and plant defense. Mol. Plant-Microbe Interact 21: 507-517.

Ahlfors R, Lang S, Overmyer K, Jaspers P, Brosché M, Tauriainen A, Kollist H, Tuominen H, Belles-
Boix Enric, Piippo M, Inzé D, Palva ET, Kangasjarvi J (2004) Arabidopsis RADICAL-INDUCED CELL
DEATH1 belongs to the WWE protein-protein interaction domain protein family and modulates
abscisic acid, ethylene, and methyl jasmonate responses. Plant Cell 16: 1925-1937.

A-H-Mackerness S (2000) Plant responses to ultraviolet-B (UV-B: 280-320 nm) stress: What are the
key regulators? Plant Growth Regul. 37: 27-39.

A-H-Mackerness S, John CF, Jordan BR, Thomas B (2001) Early signaling components in ultraviolet-B
responses: distinct roles for different reactive oxygen species anf nitric oxide. FEBS letters 489: 237-
242.

Akpinar BA, Avsar B, Lucas SJ, Budak H (2012) Plant abiotic stress signaling. Plant Signal. Behav.
7(11): 1450-1455.

Akter S, Huang J, Waszczak C, Jacques S, Gevaert K, Van Breusegem F, Messens J (2015) Cysteines
under ROS attack in plants: a proteomic view. J. Exp. Bot. 66: 2935-2944.

Albert M, Jehle AK, Lipschis M, Mueller K, Zeng Y, Felix G (2010) Regulation of cell behaviour by
plant receptor kinases: Pattern recognition receptors as prototypical models. Eur. J. Cell Biol. 89:
200-207.

Allahverdiyeva Y, Battchikova N, Brosché M, Fujii H, Kangasjirvi S, Mulo P, Mdhénen AP,
Nieminen K, Overmyer K, Salojdrvi J, Wrzaczek M (2015) Integration of photosynthesis,
development and stress as an opportunity for plant biology. New Phytologist DOI:
10.1111/nph.13549

Amari K, Boutant E, Hofmann C, Schmitt-Keichinger C, Fernandez-Calvino L, et al. (2010) A family of
plasmodesmal proteins with receptor-like properties for plant viral movement proteins. PLoS Pathog
6:e1001119.

Apel K, Hirt H (2004). Reactive oxygen species: metabolism, oxidative stress, and signal
transduction. Annu. Rev. Plant Biol 55: 373-399.

Asl LK, Dhondt S, Boudolf V, Beemster GTS, Beeckman T, Inzé D, Govaerts W, De Veylder L (2011)
Model-based analysis of Arabidopsis leaf epidermal cell reveals distinct division and expansion
patterns for pavement and guard cells. Plant Physiol. 156: 2172-2183.

Baena-Gonzalez E, Sheen J (2008) Convergent energy and stress signaling. Trends Plant Sci. 13: 474-
482.

Bai X, Yang L, Tian M, Chen J, Shi J, Yang Y, Hu X (2011) Nitric oxide enhances desiccation tolerance
of recalcitrant Antiaris toxicaria seeds via protein S-nitrosylation and carbonylation. PLoS One 6:
e20714.

Baier M, Kandlbinder A, Golldack D, Dietz KJ (2005) Oxidative stress and ozone: perception,
signalling and response. Plant, Cell, Environ. 28: 1012-1020.

Bailly C, EI-Maarouf-Bouteau H, Corbineau F (2008) From intracellular signaling networks to cell
death: the dual role of reactive oxygen species in seed physiology. CR Biol. 331:806-814.

Baldwin IT, Halitschke R, Pschold A, von Dahl CC, Preston CA (2006) Volatile signaling in plant-plant
interactions: “Talking trees” in the genomics era. Science 311: 812-815.

Ballaré CL (2003) Stress under the sun: Spotlight on ultraviolet-B responses. Plant Physiol. 132:
1725-1727.

Barth C, De Tullio M, Conklin PL (2006) The role of ascorbic acid in the control of flowering time and
the onset of senescence. J Exp. Bot. 57: 1657-1665.

74



Bartoli CG, Casalongué CA, Simontacchi M, Marquez-Garcia B, Foyer CH (2012) Interactions
between hormone and redox signalling pathways in the control of growth and cross tolerance to
stress. Environ. Exp. Bot. 94: 73-88.

Bassel GW, Glaab E, Marquez J, Holdsworth MJ, Bacardit J (2011) Functional network construction
in Arabidopsis using rule-based machine learning on large-scale data sets. Plant Cell 23: 3101-3116.
Baxter A, Mittler R, Suzuki N (2014) ROS as key players in plants stress signalling. J. Exp. Bot. 65 (5):
1229-1240.

Belenghi B, Romero_Puertas MC, Vercammen D, Brackenier A, Inze D, Delledonne M, Van
Breusegem F (2007) Metacaspase activity of Arabidopsis thaliana is regulated by S-nitrosylation of a
critical cysteine residue. J. Biol. Chem. 282: 1352-1358.

Beligni MV, Lamattina L (2002) Nitric oxide interferes with plant photo-oxidative stress by
detoxifying reactive oxygen species. Plant Cell Environ. 25: 737-748.

Belkhadir Y, Chory J (2006) Brassinosteroid signaling: a paradigm for steroid hormone signaling from
the cell surface. Science 314: 1410-1411.

Bemis SM, Lee JS, Shpak ED, Torii KU (2013) Regulation of floral pattering and organ identity by
Arabidopsis ERECTA-family receptor kinase genes. J. Exp. Bot. 64 (17): 5323-5333.

Benjamins R, Scheres B (2008) Auxin: the loping star in plant development. Annu.Rev. Plant Biol.
59:443-465.

Benitez-Alfonso Y, Cilia M, San Roman A, Thomas C, Maule A, Hearn S, Jackson D (2009) Control of
Arabidopsis meristem development by thioredoxin-dependent regulation of intercellular transport.
Proc. Natl. Acad. Sci. USA 106: 3615-3620.

Berrabah F, Bourcy M, Eschstruth A, Cayrel A, Guefrachi I, Mergaert P, Wen J, Jean V, Mysore KS,
Gourion B, Ratet P (2014) A nonRD receptor-like kinase prevents nodule early senescence and
defense-like reactions during symbiosis. New Phytol. 203:1305-1314.

Bethke PC, Libourel IG, Jones RL (2006) Nitric oxide reduces seed dormancy in Arabidopsis. J. Exp.
Bot. 57: 517-526.

Betzelberger AM, Yendrek CR, Sun J, Leisner CP, Nelson RL, Ort DR, Ainsworth EA (2012) Ozone
exposure response for U.S. soybean cultivars: linear reductions in photosynthetic potential, biomass,
and yield. Plant Physiol. 160: 1827-1839.

Bienert GP, Mgller AL, Kristiansen KA, et al. (2007) Specific aquaporins facilitate the diffusion of
hydrogen peroxide across membranes. J. Biol. Chem. 282: 1183-1192.

Blaum BS, Mazzotta S, Noldeke ER, Halter T, Madlung J, Kemmerling B, Stehle T (2014) Structure of
the pseudokinase domain of BIR2, a regulator of BAK1-mediated immune signaling in Arabidopsis. )
Struct Biol. 186: 112-121.

Blazquez MA, Weige D (2000) Integration of floral inductive signals in Arabidopsis. Nature 404: 889-
892.

Bleckmann A, Weidtkamp-Peters S, Seidel CAM, Simon R (2010). Stem cell signaling in Arabidopsis
requires CRN to localize CLV2 to the plasma membrane. Plant Physiol. 152: 166-176.

Bohra A (2013) Emerging paradigms in genomics-based crop improvement. Scientific World Journal.
Pages 585467.

Boller T, Felix G (2009) A renaissance of elicitors: perception of microbe-associated moleculat
paterns and danger signals by pattern-recognition receptors. Annu. Rev. Plant Biol. 60: 379-406.
Boyko A, Kovalchuk I (2008) Epigenetic control of plant stress response. Environ. Mol. Mutagen. 49:
61-72.

Brand U, Fletcher JC, Hobe M, Meyerowitz EM, Simon R (2000). Dependence of stem cell fate in
Arabidopsis on a feedback loop regulated by CLV3 activity. Science 289: 617-619.

Braun DM, Stone JM, Walker JC (1997). Interaction of the maize and Arabidopsis kinase interaction
domains with the subset of receptor-like protein kinases: Implications for transmembrane signaling
in plants. Plant J. 12: 83-95.

Bruggeman Q, Raynaud C, Benhamed M, Delarue M (2015) To die or not to die? Lessons from
lesion mimic mutants. Front. Plant Sci. doi:10.3389/fpls.2015.00024

Bojar D, Martinez J, Santiago J, Rybin V, Bayliss R, Hothorn M (2014) Crystal structures of the
phosphorylated BRI1 kinase domain and implications for brassinosteroid signal initiation. Plant J. 78:
31-43.

Bonasio R, Tu S, Reinberg D (2010) Molecular signals of epigenetic states. Science 330: 612-616.

75



Boyer JS (1982) Plant productivity and environment. Science 218:443-448.

Brosché M, Merilo E, Mayer F, Pechter P, Puzorjova |, Brader G, Kangasjarvi K, Kollist H (2010).
Natural variation in ozone sensitivity among Arabidopsis thaliana accessions and its relation to
stomatal conductance. Plant, Cell and Environment 33(6):914-925.

Brosché M, Strid A (2003) Molecular events following perception of ultraviolet-B radiation by plants.
Physiol. Plant 117: 1-10.

Burdiak P, Rusaczonek A, Witon D, Glow D, Karpinski S (2015) Cysteine-rich receptor-like kinase
CRK5 as aregulator of growth, development and ultraviolet radiation responses in Arabidopsis
thaliana. J. Exp. Bot. 66(11): 3325-3337.

Cabrillac D, Cock JM, Dumas C, Gaude T (2001). The S-locus receptor kinase is inhibited by
thioredoxins and activated by pollen coat proteins. Nature 410: 220-223.

Castells E and Casacuberta JM. (2007). Signalling throuh kinase-defective domains: the prevalence
of atypicl receptor-like kinases in plants. J. Exp. Bot. 58.

Chae L, Sudat S, Dudoit S, Zhu T, Luan S (2009) Diverse transcriptional programs associated with
environmental stress and hormones in the Arabidopsis receptor-ike kinase gene family. Mol. Plant 2:
84-107.

Chang CC, Ball L, Fryer MJ, Baker NR, Karpiski S, Mullineaux PM (2004) Induction of ASCORBATE
PEROXIDASE 2 expression in wounded Arabidopsis leaves does not involve known wound-singnaling
pathways but is associated with changes in photosynthesis. Plant J. 38: 499-511.

Chen K, Du L, Chen Z (2003) Sensitization of defense responses and activation of programmed cell
death by a pathogen-induced receptor-like protein kinase in Arabidopsis. Plant Mol. Biol. 53: 61-74.
Chen K, Fan B, Du L, Chen Z (2004) Activation of hypersensitive cell death by pathogen-induced
receptor-like protein kinases from Arabidopsis. Plant Mol. Biol. 56: 271-283.

Chen M-K, Wilson RL, Palme K, Ditengou FA, Shpak ED (2013) ERECTA family genes regulate auxin
transport in the shoot apical meristem and forming leaf primordia. Plant Physiol. 162: 1978-1991.
Chen Z (2001) A superfamily of proteins with novel cysteine-rich repeats. Plant Physiol. 126: 473-
476.

Cheng JC, Seeley KA, Sung ZR (1995) RML1 and RML2, Arabidopsis genes required for cell
proliferation at the root tip. Plant Physiol. 107: 365-376.

Chevalier D, Batoux M, Fulton L, Pfister K, Yadav RK, Schellenberg M, Schneitz K (2005)
STRUBBELIG defines a receptor kinase-mediated signaling pathway regulation organ development in
Arabidopsis. PNAS 102 (25): 9074-9079.

Chinchilla D, Bauer Z, Regenass M, Boller T, Felix G (2006) The Arabidopsis receptor kinase FLS2
binds flg22 and determines the specificity of flagellin perception. Plant Cell 18: 465-476.

Chinchilla D, Shan L, He P, de Vries SC, Kemmerling B (2009) One for all: the receptor-associated
kinase BAK1. Trends Plant Sci. 14: 535-541.

Chinchilla D, Zipfel C, Robatzek S, Kemmeling B, Niirnberger T, Jones JD, Felix G, Boller T (2007) A
flagellin-induced complex of the receptor FLS2 and BAK1 initiates plant defence. Nature 448: 497-
500.

Choudhary SP, Yu JQ, Yamaguchi-Shinozaki K, Shinozaki K, Tran LS (2012a) Benefits of
brassinosteroid crosstalk. Trends Plant Sci. 17:594-605.

Clark SE, Running MP, Meyerowitz EM (1993) CLAVATAI1, a regulator of meristem and flower
development in Arabidopsis. Development 119: 397-418.

Clark SE, Running MP, Meyerowitz EM (1995) CLAVATAS is a specific regulator of shoot and floral
meristem development affecting the same process as CLAVATAL. Development 121: 2057-2067.
Clark SE, Williams RW, Meyerowitz EM (1997) The CLAVATA1 gene encodes a putative receptor
kinase that controls shoot and floral meristem size in Arabidopsis. Cell 89: 575-585.

Clayes H, Landeghem SV, Dubois M, Maleux K, Inze D (2014) What is stress? Dose-response effects
in commonly used in vitro stress assays. Plant Physiol. 165: 519-527.

Clouse SD. (2011) Brassinosteroid signal transduction: from receptor kinase activation to
transcriptional networks regulating plant development. Plant Cell 23: 1219-1230.

Clouse SD, Goshe MB, Huber S (2012) Phosphorylation and RLK signaling. Receptor-like Kinases in
Plants: From Development to Defense, Signaling and Communication in Plants 13.

Cock JM, Vanoosthuyse V, Gaude T (2002) Receptor kinase signalling in plants and animals: distinct
molecular systems with mechanistic similarities. Curr. Opin. Cell Biol. 14: 230-236.

76



Coll NS, Epple P, Dangl JL (2011) Programmed cell death in the plant immune system. Cell Death
Different. 18: 1247-1256.

Collinge DB, Jgrgensen HIL, Lund OS, Lyngkjeer MF (2010) Engineering pathogen resistance in crop
plants: current trends and future prospects. Annu. Rev. Phytopathol. 48: 269-291.

Conklin PL, Williams EH, Last RL (1996) Environmental stress sensitivity of an ascorbic acis-deficient
Arabidopsis mutant. Proc. Natl. Acad. Sci. USA 93: 9970-9974.

Conklin PL, Saracco SA, Norris SR, Last RL (2000) Identification of ascorbic acid-deficient Arabidopsis
thaliana mutants. Genetics 154: 847-856.

Considine MJ, Foyer CH (2014) Redox regulation of plant development. Antioxid. Redox Signal. 21
(9):1305-1326.

Corpas FJ, Barraso JB, Carreras A, Quiros M, Leon AM, Romero-Puertas MC, Esteban FJ,
Valderrama R, Palma JM, Sandalio LM, Gémez M, del Rio LA (2004) Cellular and subcellular
localization of endogenous nitric oxide in young and senescent pea plants. Plant Physiol. 136: 2722-
2733.

Corpas FJ, Leterrier M, Valderrama R, Airaki M, Chaki M, Palma JM, Barroso JB (2011) Nitric oxide
imbalance provokes a nitrosative response in plants under abiotic stress. Plant Sci. 181: 604-611.
Correa-Aragunde N, Foresi N, Lamattina L (2015) Nitric oxide is a ubiquitous signal for maintaining
redox balance in plant cells: regulation of ascorbate peroxidase as a case study. J. Exp. Bot. 66: 2913-
2921.

Correa-Aragunde N, Graziano M, Lamattina L (2004) Nitric oxide plays a central role in determining
lateral root development in tomato. Planta 218: 900-905.

Czernic P, Visser B, Sun W, Savoure A, Deslandes L, Marco Y, et al. (1999) Characterization of an
Arabidopsis thaliana receptor-like protein kinase gene activated by oxidative stress and pathogen
attack. Plant J. 18: 321-327.

Dardick C, Chen J, Richter T, Ouyang S, Ronald P (2007) The rice kinase database. A phylogenomic
database for the rice kinome. Plant Physiol. 143:579-586.

Dardick C, Ronald P (2006) Plant and animal pathogen recognition receptors signal through non-RD
kinases. PLoS Pathog. 2:e2.

Dardick C, Schwessinger B, Ronald P (2012) Non-arginine-aspartate (non-RD) kinases are associated
with innate immune receptors that recognize conserved microbial signatures. Curr. Opin. Plant Sci.
15: 358-366.

D’Auytréaux B, Toledano MB (2007) ROS as signalling molecules. mechanisms that generate
specificity in ROS homeostasis. Nat. Rev. Mol. Cell Biol. 8 (10): 813-824.

de la Fuente Van Bentem S, Hirt H (2009) Protein tyrosine phosphorylation in plants: more
abundant than expected? Trends Plant Sci. 14: 71-76.

Delledonne M (2005) No news is good news for plants. Curr. Opin. Plant Sci. 8: 390-396.

Delledonne M, Xia Y, Dixon RA, Lamb C (1998) Nitric oxide functions as a signal in plant disease
resistance. Nature 394: 585-588.

del Rio LA (2015) ROS and RNS in plant physiology: an overview. J. Exp. Bot. 66: 2827-2837.
Dempsey DA, Klessig DF (2012) SOS — too many signals for systemic acquired resistance? Trends
Plant Sci. 17: 538-545.

De Pinto MC, Locato V, De Cara L (2012) Redox regulation in plant programmed cell death. Plant,
Cell Environ. 35:234-244.

De Smet I, Voss U, jurgens G, Beeckman T (2009) Receptor-like kinases shape the plant. Nat. Cell
Biol. 11.1166-1173.

De Tullio MC, Jiang K, Feldman LJ (2010) Redox regulation of root apical meristem organization:
connecting root development to its environment. Plant Physiol. Biochem. 48: 328-336.

DeYoung BJ, Bickle KL, Schrage KJ, Muskett P, Patel K, Clark SE (2006). The CLAVATAl-related
BAM1, BAM2 and BAMS3 receptor kinase-like proteins are required for meristem function in
Arabidopsis. Plant J. 45:1-16.

Dietz KJ (2015) Efficient high light acclimation involves rapid processes at multiple mechanistic
levels. J. Exp. Bot. doi: 10.1093/jxb/eru505.

Dietz KJ (2014) Redox regulation of transcription factors in plant acclimation and development.
Antioxid. Redox Signal. 21(9): 1356-1372.

77



Dodd AN, Kudla J, Sanders D (2010) The language of calcium signaling. Annu. Rev. Plant Biol. 61:
593-620.

Dodds PN, Rathjen JP (2010) Plant immunity: towards an integrated view of plant-pathogen
interactions. Nat. Rev. Genet. 11: 539-548.

Domagalska MA, Sarnowska E, Nagy F, Davis SJ (2010) Genetic analyses of interactions among
gibberellin, abscisic acid, and brassinosteroids in the control of flowering time in Arabidopsis
thaliana. PLoS One 5 (11): e14012.

Du L, Chen Z (2000) Identification of genes encoding receptor-like protein kinases as possible targets
of pathogen- and salisylic acid-induced WRKY DNA-binding proteins in Arabidopsis. Plant J. 24: 837-
847.

Du L, Poovaiah BW (2005) Ca”/calmodulin is critical for brassinosteroid biosynthesis and plant
growth. Nature 437: 741-745.

Duan L, Kita D, Li C, Cheung AY, Wu H-M (2010): FERONIA receptor-like kinase regulates RHO
GTPase signaling of root hair development. Proc. Nat. Acad. Sci. USA 107: 17821-17826

Dubiella U, Seybold H, Durian G, Komander E, Lassig R, Witte CP, Schulze WX, Romeis T (2013)
Calcium-dependent protein kinase/NAPDH oxidase activation circuit is required fro radip defense
signal propagation. Proc. Nat. Acad. Sci. USA 110: 8744-8749.

Durner J, Wendehenne D, Klessig DF (1998) Defense gene induction in tobacco by nitric oxide, cyclic
GMP, and cyclic ADP-ribose. Proc. Nat. Acad. Sci USA 95: 10328-10333.

Ederli L, Madeo L, Calderini O, Gehring C, Moretti C, Buonaurio R, et al. (2011) The Arabidopsis
thaliana cysteine-rich receptor-like kinase CRK20 modulates host responses to Pseudomonas
syringae pv. tomato DC3000 infection. J. Plant Physiol. 168: 1784-1794.

El-Maarouf-Bouteau H, Bailly C (2008) Oxidative signaling in seed germination and dormancy. Plant
Signal. Behav. 3: 175-182.

El-Maarouf-Bouteau H, Meimoun P, Job D, Bailly C (2013) Role of protein and mRNA oxidation in
seed dormancy and germination. Front. Plant Sci. 4.

Emrick MA, Lee T, Starkey PJ, Mumby MC, Resing KA, Ahn NG (2006) The gatekeeper residue
controls autoactivation of ERK2 via a pathway of intramolecular connectivity. Proc. Nat. Acad. Sci.
USA 103(48): 18101-18106.

Escobar-Restrepo JM, Huck N, Kessler S, Gagliardini V, Gheyselinck J, Yang W-C, Grossniklaus U
(2007) The FERONIA receptor-like kinase mediates male-female interactions during pollen tube
reception. Science 317: 656-660.

Finkel T (2011) Signal transduction by reactive oxygen species. J. Cell Biol. 194(1):7-15.

Fletcher JC, Brand U, Running MP, Simon R, Meyerowitz EM (1999) Signaling of cell fate decisions
by CLAVATAS3 in Arabidopsis shoot meristem. Science 283: 1911-1914.

Foreman J, Demidchik V, Bothwell JH, Mylona P, Miedema H, Torres MA, et al. (2003) Reactive
oxygen species produced by NADPH oxidase regulate plant cell growth. Nature 422: 442-446.

Foyer CH, Bloom AJ, Queval G, et al. (2009) Photorespiratory metabolism: genes, mutants,
energetics, and redox signaling. Annu. Rev. Plant Biol. 60: 455-484.

Foyer CH, Neukermans J, Queval G, Noctor G, Harbinson J (2012) Photosynthetic control of electron
transport and the regulation of gene expression. J Exp. Bot. 63: 1637-1661.

Foyer CH, Noctor GD (2005) Redox homeostasis and antioxidant signaling: a metabolic interface
between stress perception and physiological responses. Plant Cell 17(7): 1866-1875.

Foyer CH, Noctor GD (2009) Redox regulation in photosynthetic organisms: signaling, acclimation,
and practical implications. Antioxid. Redox Signal. 35 (2): 861-905.

Foyer CH, Noctor GD (2011) Ascorbate and glutathione: the heart of the redox hub. Plant Physiol.
155(1): 2-18.

Foyer CH, Noctor GD (2013) Redox signaling in plants. Antioxid. Redox Signal. 18: 2087-2090.

Foyer CH, Pellny TK, Locato V, De GL (2008) Analysis of redox relationships in the plant cell cycle:
determinations of ascorbate, glutatione and poly (ADPribose)polymerase (PARP) in plant cell
cultures. Meth. Mol. Biol. 476: 199-215.

Foreman J, Demidchik V, Bothwell JH, Mylona P, Miedema H, Torres MA, Linstead P, Costa S,
Brownlee C, Jones JDG, Davies JM, Dolan L (2003) Reactive oxygen species produced by NADPH
oxidase regulate plant cell growth. Nature 422: 442-446.

78



Fryer MJ, Ball L, Oxborough K, Karpinski K, Mullineaux PM, Baker NR (2003) Control of ascorbate
peroxidase 2 expression by hydrogen peroxide and leaf water status during excess light stress
reveals a functional organization of Arabidopsis leaves. Plant J. 33: 691-705.

Fryer MJ, Oxborough K, Mullineaux PM, Baker NR (2002) Imaging of photo-oxidative stress
responses in leaves. J. Exp. Bot. 53: 1249-1254.

Fu ZQ, Dong X (2013) Systemic acquired resistance: turning local infection into global defense. Annu.
Rev. Plant Biol. 64: 839-863.

Gadjev |, Vanderauwera S, Gechev TS, Laloi C, Minkov IN, Shulaev V, Apel K, Inzé D, Mittler R, Van
Breusegem F (2006) Transcriptomic footprints disclose specificity of reactive oxygen species
signaling in Arabidopsis. Plant Physiol. 141: 436-445.

Galvez-Valdivieso G, Mullineaux PM (2010) The role of reactive oxygen species in signalling from
chloroplast to the nucleus. Physiol. Plant. 138(4): 430-439.

Geisler M, Kleczkowski LA, Karpinski S (2006) A universal algorithm for genome-wide in silicio
identification of biologically significant gene promoter putative cis-regulatory-elements;
identification of new elements for reactive oxygen species and sucrose signaling in Arabidopsis.
Plant J. 45: 384-398.

Geisler M, Nadeau J, Sack FD (2000) Oriented asymmetric divisions that generate the stomatal
spacing pattern in Arabidopsis are disrupted by the too many mouths mutation. Plant Cell 12: 2075-
2086.

Gilroy S, Suzuki N, Miller G, Choi W-G, Toyota M, Bevireddy AR, Mittler R (2014) A tidal wave of
signals: calcium and ROS at the forefront of rapid systemic signaling. Trends Plant Sci. 19(10): 623-
630.

Gish LA, Clark SE (2011) The RLK/Pelle family of kinases. Plant J. 66:117-127.

Gomez-Gomez L, Bauer Z, Boller T (2001). Both the extracellular leucine-rich repeat domain and the
kinase activity of FLS2 are required for flagellin binding and signaling in Arabidopsis. Plant Cell 13:
1155-1163.

Gomez-Gomez L, Boller T (2000). FLS2: an LRR receptor-like kinase involved in the perception of the
bacterial elicitor flagelling in Arabidopsis. Mol. Cell 5: 1003-1011.

Gonzalez-Carranza ZH, Lozoya-Gloria E, Roberts JA (1998) Recent developments in abscission:
sheding light on the shedding process. Trends Plant Sci. 3(1): 10-14.

Goring DR, Gavin TL, Schafer U, Rothstein SJ (1993) An S receptor kinase in self-compatible Brassica
napus has a 1-bp deletion. Plant Cell 5: 531-539.

Gou X, He K, Yang H, Yuan T, Lin H, Clouse SD, Li J (2010) Genome-wide cloning and sequence
analysis of leucine-rich repeat receptor-like protein kinase genes in Arabidopsis thaliana. BMC
Genomics 11(19): doi:10.1186/1471-2164-11-19.

Grierson CS, Barnes SR, Chase MW, Clarke M, Grierson D, Edwards KJ, Jellis GJ, Jones JD, Knapp S,
Oldroyd G, Poppy G, Temple P, Williams R, Bastow R (2011) One hundred important questions
facing plant science research. New Phytologist 192: 6-12.

Gudesblat GE, Schneider-Pizén J, Betti C, Mayerhofer J, Vanhoutte I, van Dongen W, Boeren S,
Zhiponova M, de Vries S, Jonak C, Russinova E (2012) SPEECHLESS integrates brassinosteroid and
stomata signalling pathways. Nature Cell Biol. 14(5): 548-554.

Guo Y, Han L, Hymes M, Denver R, Clark SE (2010) CLAVATA2 forms a distinct CLE-binding receptor
complex regulating Arabidopsis stem cell specification. Plant J. 63: 889-900.

Guseman JM, Lee JS, Bogenschutz NL, Peterson KM, Virata RE, Xie B, Kanaoka MM, Hong Z, Torii
KU (2010) Dysregulation of cell-to-cell connectivity and stomatal pattering by loss-of-function
mutation in Arabidopsis chorus (glucan synthase-like 8). Development 137: 1731-1741.

Galweiler L, Guan C, Miiller A, Wisman E, Mendgen K, Yephremov A, Palme K (1998) Regulation of
polar auxin transport by AtPIN1 in Arabidpsis vascular tissue. Science 282: 2226-2230.

Ha S, Vankova R, Yamaguchi-Shinozaki K, Shinozaki K, Tran LS (2012)Cytokinins: metabolism and
function in plant adaptation to environmental stresses. Trends Plant Sci. 17:172-179.

Haffani YZ, Silva NF, Goring DR (2004) Receptor kinase signaling in plants. Can. J. Bot. 82: 1-15.
Halter T, Imkampe J, Blaum BS, Stehle T, Kemmerling B (2014a) BIR2 affects complex formation of
BAK1 with ligand binding receptors in plant defense. Plant Signal. Behav. 9: doi 10.4161/psb.28944
Halter T, Imkampe J, Mazzotta S, Wierzba M, Postel S, Biicherl C, Kiefer C, Stahl M, Chinchilla D,
Wang X, Niirnberger T, Zipfel C, Clouse S, Borst JW, Boeren S, de Vries SC, Tax F, Kemmerling B

79



(2014b) The leucine-rich repeat receptor kinase BIR2 is a negative regulator of BAK in plant
immunity. Curr. Biol. 24: 134-143.

Han Z, SunY, Chai J (2014) Structural insight into the activation of plant receptor kinases. Curr. Opin.
Plant Biol. 20:55-63.

Hanada K, Zou C, Lehti-Shiu MD, Shinozaki K, Shiu SH (2008) Importance of lineage-specific
expansion of plant tandem duplicates in the adaptive response to environmental stimuli. Plant
Physiol. 148: 993-1003.

Hanks SK, Hunter T (1995) The eukaryotic protein kinase superfamily: kinase (catalytic) domain
structure and classification. FASEB J. 9(8):576-596.

Hanks SK, Quinn AM, Hunter T (1988). The protein kinase family: conserved features and deduced
phylogeny of the catalytic domains. Science 241: 42-52.

Heese A, Hann DR, Gimenez-lbanez S, Jones AM, He K, Li J, Schroeder JI, Peck SC, Rathjen JP
(2007). The receptor-like kinase SERK3/BAK1 is a central regulator of innate immunity in plants.
Proc. Natl. Acad. Sci. USA 104: 12217-12222.

He K, Gou X, Yuan T, Lin H, Asami T, Yoshida S, Russell SD, Li J (2007) BAK1 and BKK1 regulate
brassinosteroid-dependent growth and brassinosteroid-independent cell-death pathways. Curr. Biol.
17:1109-1115.

He Y, Tang RH, Hao Y, Stevens RD, Cook CW, Ahn SM, Jing L, Yang Z, Chen L, Guo F, Fiorani F,
Jacksom RB, Crawford NM, Pei Z-M (2004) Nitric oxide represses the Arabidopsis floral transition.
Science 305: 1968-1971.

Huang C-F, Yamaji N, Ono K, Ma JF (2012) A leucine-rich repeat receptor-like kinase gene is involved
in the specification of outer cell layers in rice roots. Plant J. 69: 565-576.

Hothorn M, Belkhadir Y, Dreux M, Dabi T, Noel JP, Wilson IA, Chory J (2011) Structural basis of
steroid hormone perception by the receptor kinase BRI1. Nature 474: 467-472.

Hou S, Wang X, Chen D, Yang X, Wang M, et al. (2014) The Secreted Peptide PIP1 Amplifies
Immunity  through Receptor-Like Kinase 7. PLoS Pathog. 10(9): e1004331.
doi:10.1371/journal.ppat.1004331

Hubbard SR (2004) Juxtamembrane autoinhibition in receptor tyrosine kinases. Nat. Rev. Moll. Cell
Biol. 5: 464-471.

Hubbard SR, Till JH (2000) Protein tyrosine kinase structure and function. Annu. Rev. Biochem. 69:
373-398.

Huse M, Kuriyan J (2002) The conformational plasticity of protein kinases. Cell 109:275-282.

Jaillais Y, Hothorn M, Belkhadir Y, Dabi T, Nimchuk ZL, Meyerowitz EM, Chory J (2011) Tyrosine
phosphorylation controls brassinosteroid receptor activation by triggering membrane release of its
kinase inhibitor. Genes Dev. 25: 232-237.

Jaspers P, Kangasjarvi J (2010) Reactive oxygen species in abiotic stress signaling. Physiol. Plant Vol.
138: 405-413.

Jenkins GI (2009) Signal transduction in responses to UV-B radiation. Annu Rev. Plant Biol. 60: 407-
431.

Jensen MK, Hagedorn PH, de Torres-Zabala M, Grant MR, Rung JH, Collinge DB, Lyngkjaer MF
(2008) Transcriptional regulation by an NAC (NAM-ATAF1,2-CUC2) transcription factor attenuates
ABA signalling for efficient basal defence towards Blumeria graminis f. sp. hordei in Arabidopsis.
Plant J. 56: 867-880.

Jeong J, Jung Y, Na S, Jeong J, Lee E, Kim M-S, Choi S, Shin D-H, Paek E, Lee H-Y, Lee K-J (2011)
Novel oxidative modifications in redox-active cysteine residues. Mol. Cellul. Proteomics 10.3

Jeong S, Trotochaud AE, Clark SE (1999). The Arabidopsis CLAVATA2 gene encodes a receptor-like
protein required for the stability of the CLAVATAL receptor-like kinase. Plant Cell 11: 1925-1934.
Jiang J, Zhang C, Wang X (2015) A recently evolved isoform of the transcription factor BES1
promotes brassinosteroid signaling and development in Arabidopsis thaliana. Plant Cell 27: 361-374.
Jinn TL, Stone JM, Walker JC (2000) HAESA, an Arabidopisis leucine-rich repeat receptor kinase,
controls floral organ abscission. Gene Dev. 14: 108-117.

Johnson KL, Ingram GC (2005) Sending the right signals: regulating receptor kinase activity. Curr.
Opin. Plant Biol. 8: 648-656.

Johnson LN, Noble MEM, Owen DJ (1996) Active and inactive protein kinases: structural basis for
regulation. Cell 85: 149-158.

80



Jones JDG, Dangl JL (2006) The plant immune system. Nature 444:323-329.

Joo JH, Wang S, Chen JG, Jones AM, Fedoroff NV (2005) Different signaling and cell death roles of
heterotrimeric G protein a and B subunits in the Arabidopsis oxidative stress response to ozone.
Plant Cell 17: 957-970.

Jura N, Endres NF, Engel K, Deindl S, Das R, Lamers HM, Wemmer DE, Zhang X, Kuriyan J (2009)
Mechanism for activation of the EGF receptor catalytic domain by the juxtamembrane segment. Cell
137:1293-1307.

Kachroo A, Robin GP (2013) Systemic signaling during plant defense. Curr. Opin. Plant Biol. 16: 527-
533.

Kadota Y, Sklenar J, Derbyshire P, Stransfeld L, Asai S, Ntoukakis V, Jones JDG, Shirasu K, Menke F,
Jones A, Zipfel C (2014) Direct regulation of the NADPH oxidase RBOHD by the PRR-associated
kinase BIK1 during plant immunity. Mol. Cell 54: 43-55.

Kalbina I, Strid A (2006) Therole of NADPH oxidase and MAP kinase phosphatase in UV-B-dependent
gene expression in Arabidopsis. Plant Cell Environ. 29: 1783-1793.

Kangasjarvi J, Jaspers P, Kollist H (2005) Signalling and cell death in ozone-exposed plants. Plant,
Cell, Environm. 28: 1021-1036.

Kangasjarvi S, KangasjarviJ (2014) Towards understanding extracellular ROS sensory and signaling
systems in Plants. Adv. in Bot., article ID 538946.

Kangasjarvi S, Neukermans J, Li S, Aro EM, Noctor G (2012) Photosynthesis, photorespiration, and
light signalling in defence responses. J Exp. Bot. 63: 1619-1636.

Kannan N, Taylor SS (2008) Rethinking pseudokinases. Cell 133: 204-205.

Karlova R, de Vries SC (2006) Advances in understanding brassinosteroid signaling. Sci. STKE., pe36.
Karpinski S, Szechynska-Hebda M, Wituszynska W, Burdiak P (2013) Light acclimation, retrograde
signalling, cell death and immune defences in plants. Plant, Cell, Environ. 36: 736-744.

Kemmerling B, Niirnberger T (2008) Brassinosteroid-independent functions of the BRI1-associated
kinase BAK1/SERK3. Plant Signal. Behav. 3:116-118.

Kemmerling B, Schwedt A, Rodriguez P, Mazzotta S, Frank M, Qamar SA, Mengiste T, Betsuyaku S,
Parker JE, Miissig C, Thomma BPHJ, Albrecht C, de Vries SC, Hirt H, Niirnberger T (2007) The BRI1-
associated kinase 1, BAK1, has a brassinolide-independent role in plant cell-death control. Curr. Biol.
17:1116-1122.

Kim T-W, Michniewicz M, Bergmann DC, Wang Z-Y (2012) Brassinosteroid regulates stomatal
development by GSK3-mediated inhibition of a MAPK pathway. Nature 482: 419-422.

Kim TW, Wang ZY (2010) Brassinosteroid signal transduction from receptor kinases to transcription
faactors. Annu. Rev. Plant Biol. 61: 681-704.

Kimura S, Kaya H, Kawarazaki T, Hiraoka G, Senzaki E, Michikawa M, Kuchitsu K (2012) Protein
phosphorylation is a prerequisite for the Ca2+-dependent activation of Arabidopsis NADPH oxidases
and may function as a trigger for the positive feedback regulation of Ca®* and reactive oxygen
species. Biochimica et Biophysica Acta 1823: 398-405.

Kinoshita T, Cano-Delgado A, Seto H, Hiranuma S, Fujioka S, Chory J (2005) Binding of
brassinosteroids to the extracellular domain of the plant receptor kinase BRI1. Nature 433: 167-171.
Klaus-Heisen D, Nurisso A, Pietraszewska-Bogiel A, Mbengue M, Camut S, Timmers T, Pichereaux
C, Rossignol M, Gadella TWJ, Imberty A, Lefebvre B, Cullimore JV (2011) Structure-function
similarities between a plant receptor-like kinase and the human interleukin-1 receptor-associated
kinase-4. J. Biol. Chem. 286 (13): 11202-11210.

Kollist T, Moldau H, Rasulov B, Oja V, Ramma H, Huve K, et al. (2007) A novel device detects a
rapid ozone-induced transient stomatal closure in intact Arabidopsis and its absence in abi2 mutant.
Physiol. Plant 129: 796-803.

Kollist H, Nuhkat M, Roelfsema MRG (2014) Closing gaps: linking elements that control stomatal
movement. New Phytol. 203(1): 44-62.

Kooke R, Johannes F, Wardenaar R, Becker F, Etcheverry M, Colot V, Vreugdenhil D, Keurentjes JB
(2015) Epigenetic basis of morphological variation and phenotypic plasticity in arabidopsis thaliana.
Plant Cell 27: 337-348.

Koornneef M, Alonso-Blanco C, Peeters AJM, Soppe W (1998) Genetic control of flowering time in
Arabidopsis. Annu. Rev. Plant Physiol. Plant Mol. Biol. 49: 345-370.

81



Kranner I, Roach T, Beckett RP, Whitaker C, Minibayeva FV (2010) Extracellular production of
reactive oxygen species during seed germination and early seedling growth in Pisum sativum. J. Plant
Physiol. 167: 805-811.

Kroiher M, Miller MA, Steele RE (2001) Deceiving appearances: signaling by ‘dead’ and ‘fractured’
receptor protein-tyrosine kinases. Bioessays 23: 69-76.

Krupa A, Preethi G, Srinivasan N (2004) Structural modes of stabilization of permissive
phosphorylation sites in protein kinases: distinct strategies in Ser/Thr and Tyr kinases. J. Mol. Biol.
339: 1025-1039.

Krupa SV (2003) Joint effects of elevated levels of ultraviolet-B radiation, carbon dioxide and ozone
on plants. Photochem. Photobiol. 78: 535-542.

Kunze G, Zipfel C, Robatzek S, Niehaus K, Boller T, Felix G (2004) The N terminus of bacterial
elongation factor Tu elicits innate immunity in Arabidopsis plants. Plant Cell 16: 3496-3507.

Kwak SH, Shen R, Schiefelbein J (2005) Positional signaling mediated by a receptor-like kinase in
Arabidopsis. Science 307: 1111-1113.

Lai AG, Doherty CJ, Mueller-Roeber B, Kay SA, Schippers JHM, Dijkwel PP (2012) CIRCADIAN
CLOCK-ASSOCIATED 1 regulates ROS homeostasis and oxidative stress responses. Proc. Natl. Acad.
Sci. USA 109: 17129-17134.

Lamb C, Dixon RA (1997) The oxidative burst in plant disease resistance. Annu. Rev. Plant Physiol.
Plant Mol. Biol. 48: 251-275.

Le J, Liu X-G, Yang K-Z, Chen X-L, Zou J-J, Wang H-Z, Wang M, Vanneste S, Morita M, Tasaka M,
Ding Z-J, Friml J, Beeckman T, Sack F (2014) Auxin transport and activity regulate stomatal
patterning and development. Nat. Commun. 5: doi 10.1038/ncomms4090.

Lee JS, Kuroha T, Hnilova M, Khatayevich D, Kanaoka MM, McAbee JM, Sarikaya M, Tamerler C,
Torii KU (2012) Direct interaction of ligand-receptor pairs specifying stomatal patterning. Genes and
Development 26: 126-136.

Lee SW, Han SW, Sririyanum M, Park CJ, Seo YS, Ronald PC (2009) A type I-secreted, sulfated
peptide triggers XA-mediated innate immunity. Science 326: 850-853.

Lee S, Seo PJ, Lee HJ, Park CM (2012) A NAC transcription factor NTL4 promotes reactive oxygen
species production during drought-induced leaf senescence in Arabidopsis. Plant J. 70: 831-844.
Lehti-Shiu MD, Shiu SH (2012) Diversity, classification and function of the plant protein kinase
superfamily. Phil. Trans. R. Soc. B 367 (1602): 2619-2639.

Lehti-Shiu MD, Zou C, Hanada K, Shiu SH (2009) Evolutionary history and stress regulation of plant
receptor-like kinase/pelle genes. Plant Physiol. 150: 12-26.

Lehti-Shiu MD, Zou C, Shiu SH (2012) Origin, diversity, expansion history, and functional evolution of
the plant receptor-like kinase/Pelle family. Receptor-like kinases in plants: from development to
defense, Signaling and communication in plants 13.

Lemmon MA, Schlessinger J (2010) Cell signaling by receptor tyrosine kinases. Cell 141: 1117-1134.
Leshem YV, Wills RBH, Ku VVV (1998). Evidence for the function of the free radical gas — nitric oxide
(NOe) — as an endogenous maturation and senescence regulating factor in higher plants. Plant
Physiol. Biochem. 36: 825-833.

Li J, Chory J (1997) A putative leucine-rich repeat receptor kinase involved in brassinosteroid signal
transduction. Cell 90: 929-938.

Li J, Wen J, Lease KA, Doke JT, Tax FE, Walker JC (2002) BAK1, an Arabidopsis LRR receptor-like
protein kinase, interacts with BRI1 and modulates brassinosteroid signaling. Cell 110: 213-222.

Li L, Li M, Yu L, Zhou Z, Liang X, Liu Z, Cai G, Gao L, Zhang X, Wang Y, Chen S, Zhou JM (2014) The
FLS2-associated kinase BIK1 directly phosphorylates the NADPH oxidase RbohD to control plant
immunity. Cell Host Micr. 15:329-338.

Lin L, Zhong SH, Cui XF, Li J, He ZH (2012) Characterization of temperature-sensitive mutants reveals
a role for receptor-like kinase SCRAMBLED/STUBBELIG in coordinating cell proliferation and
differentation during Arabidopsis leaf development. Plant J. 72: 707-720.

Liu Y, Ren D, Pike S, Pallardy S, Gassmann W, Zhang S (2007) Chloroplast-generated reactive oxygen
species are involved in hypersensitive responsse-like cell death mediated by a mitogen-activated
protein kinase cascade. Plant J. 51: 941-954.

Lozano-Duran R, Zipfel C (2015) Trade-off between growth and immunity: role of brassinosteroids.
Trends Plant Sci. 20(1): 12-19.

82



Luan S (1998) Protein phosphatases and signaling in higher plants. Trends Plant Sci 3 (7):271-275.
Manavalan LP, Guttikonda SK, Tran LS, Nguyen HT (2009): Physiological and molecular approaches
to improve drought resistance in soybean. Plant Cell Physiol. 50: 1260-1276.

Manning G, Whyte DB, Martinez R, Hunter T, Sudarsanam S (2002) The protein kinase complement
of the human genome. Science 298: 1912-1934.

Marty L, Siala W, Schwarzldnder M, Fricker MD, Wirtz M, Sweetlove LJ, Meyer Y, Meyer AJ,
Reihheld J-P, Hell R (2009) The NADPH-dependent thioredoxin system constitutes a functional
backup fro cytosolic glutatione reductase in Arabidopsis. Proc. Natl. Acad. Sci. USA 106: 9109-9114.
Macho AP, Lozano-Duran R, Zipfel C (2015) Importance of tyrosine phosphorylation in receptor
kinase complexes. Trends Plant Sci. 20 (5):269-272.

Mazars C, Thuleau P, Lamotte O, Bourque S (2010) Cross-talk between ROS and calcium in
regulation of nuclear activites. Mol. Plant 3: 706-718.

Mclnnis SM, Desikan R, Hancock JT, Hiscock SJ (2006) Production of reactive oxygen species and
reactive nitrogen species by angiosperm stigmas and pollen: potential signalling crosstalk? New
Phytol. 172: 221-228.

Melotto M, Underwood W, Koczan J, Nomura K, He SY (2006) Plant stomata function in innate
immunity against bacterial invasion. Cell 126: 969-980.

Meyer Y, Siala W, Bashandy T, Riondet C, Vignols F, Reichheld JP (2008) Glutaredoxins and
thioredoxins in plants. Biochem. Biophys. Acta 1783: 589-600.

Micali C, Gollner K, Humphry M, Consonni C, Panstruga R (2008) The powdery mildew disease of
Arabidopsis: A paradigm for the interaction between plants and biotrophic fungi. Arabidopsis Book
6:e0115.

Miller G, Schlauch K, Tam R, Cortes D, Torres MA, Shulaev V, Dangl JL, Mittler R (2009) The plant
NADPH oxidase RBOHD mediates rapid systemic signaling in response to diverse stimuli. Sci. Signal.
2, rads.

Miller G, Shulaev V, Mittler R (2008) Reactive oxygen signaling and abiotic stress. Physiol. Plant.
133:481-489.

Miller G, Suzuki N, Ciftci-Yilmaz S, Mittler R (2010) Reactive oxygen species homeostasis and
signalling during drought and salinity stresses. Plant, Cell, Environ. 33: 453-467.

Mithoe SC, Menke FL (2011) Phosphoproteomics perspective on plant signal transduction and
tyrosine phosphorylation. Phytochemistry 72:997-1006.

Mittler R, Blumwald E (2010) Genetic engineering for modern agriculture: challenges and
perspectives. Annu. Rev. Plant Biol. 61: 443-462.

Mittler R, Blumwald E (2015) The roles of ROS and ABA in systemic acquired acclimation. Plant Cell
27:64-70.

Mittler R, Vanderauwera S, Gollery M, van Breusegem F (2004) Reactive oxygen gene network of
plants. Trends Plant Sci. 9 (10): 490-498.

Mittler R, Vanderauwera S, Suzuki N, Miller G, Tognetti VB, Vandepoele K, et al. (2011) ROS
signaling: the new wave? Trends Plant Sci. 16: 300-309.

Miyakawa T, Miyazono K, Sawano Y, Hatano K, Tanokura M (2009) Crystal structure of ginkbilobin-
2 with homology to the extracellular domain of plant cysteine-rich receptor-like kinases. Proteins 77:
247-251.

Morel JB, Dangl JL (1997) The hypersensitive response and the induction of cell death in plants. Cell
Death Differ. 4:671-683.

Morillo SA, Tax FE (2006) Functional analysis of receptor-like kinases in monocots and dicots. Curr.
Opin. Plant Physiol. 9: 460-469.

Morris ER and Walker JC (2003) Receptor-like protein kinases: the keys to response. Curr. Opin.
Plant Biol. 6 (4):339-342.

Mou Z, Fan W, Dong X (2003) Inducers of plant systemic acquired resistance regulate NPR1 function
through redox changes. Cell 113: 935-944.

Mgller IM, Jensen PE, Hansson A (2007) Oxidative modifications to cellular components in plants.
Annu. Rev. Plant Biol. 58: 459-481.

Mgller IM, Sweetlove LJ (2010) ROS signalling--specificity is required. Trends Plant Sci. 15: 370-374.
Miiller R, Bleckmann A, Simon R (2008) The receptor kinase CORYNE of Arabidopsis transmits the
stem cell-limiting signal CLAVATA3 independently of CLAVATA1 Plant Cell 20: 934-946.

83



Munné-Bosch S, Queval G, Foyer CH (2013) The impact of global change factors on redox signaling
underpinning stress tolerance. Plant Physiol. 161: 5-19.

Mukherjee K, Sharma M, Urlaub H, Bourenkov GP, Jahn R, Siidhof TC, Wahl MC (2008) CASK
functions as a Mgz*—independent neurexin kinase. Cell 133: 328-339.

Nadeau JA, Sack FD (2002) Control of stomatal distribution on the Arabidopsis leaf surface. Science
296:1697-1700.

Nakagami H, Sugiyama N, Mochida K, Daudi A, Yoshida Y, Toyoda T, Tomita M, Ishihama Y, Shirasu
K (2010) Large-scale comparative phosphoproteomics identifies conserved phosphorylation sites
sites in plants. Plant Physiol. 153: 1161-1174.

Nam KH, Li J (2002) BRI1/BAK1, a receptor kinase pair mediating brassinosteroid signaling. Cell 110:
203-212.

Neill SJ, Desikan R, Clarke A, Hancock JT (2002) Nitric oxide is a novel component of abscisic acid
signaling in stomatal guard cells. Plant Physiol. 128: 13-16.

Nemali KS, Bonin C, Dohleman FG, Stephens M, Reeves WR, Nelson DE, Castiglioni P, Whitsel JE,
Sammons B, Silady RA, Anstrom D, Sharp RE, Patharkar OR, Clay D, Coffin M, Nemeth MA,
Leibman ME, Luethy M, Lawson M (2014) Physiologica responses related to increased grain yield
under drought in the first biotechnology-derived drought-tolerant maize. Plant, Cell, Environ. doi:
10.1111/pce.12446.

Nibau C, Wu H-M, Cheung AY (2006) RAC/ROP GTPases: ‘Hubs’ for signal integration and
diversification in plants. Trends Plant Sci. 11: 309-315.

Noble MEM, Endicott JA, Johnson LN (2004) Protein kinase inhibitors: insights into drug design from
structure. Science 303: 1800-1805.

Noctor G, Mhamdi A, Chaouch S, Han Y, Neukermans J, Marquez-Garcia B, Queval G, Foyer CH
(2012) Glutathione in plants: an intergated overview. Plant, Cell, Environ. 35: 454-484.

Nolen B, Taylor S, Ghosh G (2004) Regulation of protein kinases: controlling activity through
activation segment conformation. Mol. Cell 15: 661-675.

Nongpiur R, Soni P, Karan R, Singla-Pareek SL, Pareek A (2012) Histidine kinases in plants. Cross talk
between hormone and stress responses. Plant Signal. Behav. 7 (10):1230-1237.

Niirnberger T, Kemmerling B (2006) Receptor protein kinases — pattern recognition receptors in
plant immunity. Trends Plant Sci. 11: 519-522.

Ogasawara Y, Kaya H, Hiraoka G, Yumoto F, Kimura S, Kadota Y, Hishinuma H, Sanzaki E, Yamagoe
S, Nagata K, Nara M, Suzuki K, Tanokura M, Kochitsu K (2008) Synergistic activation of the
Arabidopsis NADPH oxidase AtrbohD by ca” and phosphorylation. J. Biol. Chem. 283: 8885-8892.

Oh MH, Wang X, Kota U, Goshe MB, Clouse SD, Huber SC (2009b) Tyrosine phosphorylation of the
BRI1 receptor kinase emerges as a component of brassinosteroid signaling in Arabidopsis. Proc. Natl.
Acad. Sci. USA 106: 658-663.

Oh MH, Wang X, Wu X, Zhao Y, Clouse SD, Huber SC (2010) Autophosphorylation of Tyr-610 in the
receptor kinase BAK1 plays a role in brassinosteroid signaling and basal defense gene expression.
Proc. Natl. Acad. Sci. USA 107:17827-17832.

Ohtake Y, Takahashi T, Komeda Y (2000) Salicylic acid induces the expression of a number of
receptor-like kinase genes in Arabidopsis thaliana. Plant Cell Physiol. 41: 1038-1044.

Osakabe Y, Yamaguchi-Shinozaki K, Shinozaki K, et al., (2013) Sensing the environment: key roles of
membrane-localized kinases in plant perception and response to abiotic stress. J. Exp. Bot. 64: 445-
458.

Outlowe WH Jr (2003) Integration of cellular and physiological functions of guard cells. Crit. Rev.
Plant Sci. 22: 503-529.

Overmyer K, Brosché M, Kangasjarvi J (2003) Reactive oxygen species and hormonal control of cell
death. Trends Plant Sci. 8(7): 335-342.

Overmyer K, Tuominen H, Kettunen R, Betz C, Langebartels C, Sandermann H, Jr., et al.
(2000)Ozone-sensitive arabidopsis rcd1 mutant reveals opposite roles for ethylene and jasmonate
signaling pathways in regulating superoxide-dependent cell death. Plant Cell 12: 1849-1862.
Padmanabhan MS, Dinesh-Kumar SP (2010) All hands on deck — the role of chloroplasts,
endoplasmic reticulum, and the nucleus in driving plant innate immunity. Mol. Plant Microbe
Interact. 23: 1368-1380.

84



Pawson T (2004) Specificity in signal transduction: from phosphotyrosine-SH2 domain interactions
to complex cellular systems. Cell 116: 191-203.

Pawson T, Nash P (2000) Protein-protein interactions define specificity in signal transduction. Genes
and Development 14:1027-1047.

Peleg Z, Blumwald E (2011) Hormone balance and abiotic stress tolerance in crop plants. Curr. Opin.
Plant Biol. 14: 290-295.

Perilli S, Di Mambro R, Sabatini S (2012) Growth and development of the root apical meristem.
Curr. Opin. Plant Biol. 15: 17-23.

Pillitteri LJ, Torii KU (2012) Mechanisms of stomatal development. Annu. Rev. Plant Biol. 63:591-
614.

Pitorre D, Llauro C, Jobet E, Guilleminot J, Brizard J-P, Delseney M, Lasserre E (2010) RLK7, a
leucine-rich repeat receptor-like kinase, is required for proper germination speed and tolerance to
oxidative stress in Arabidopsis thaliana. Planta 232: 1339-1353.

Pitzschke A (2015) Modes of MAPK substrate recognition and control. Trends Plant Sci. 20(1): 49-55.
Pitzschke A, Hirt H (2006) Mitogen-activated protein kinases and reactive oxygen species signaling in
plants. Plant Phys. 141:351-356.

Pitzschke A, Hirt H (2009) Disentangeling the complexity of mitogen-activated protein kinases and
reactive oxygen species signaling. Plant Physiol. 149: 606-615.

Poovaiah BW, Du L, Wang H, Yang T (2013) Recent advances in calcium/calmodulin-mediated
signaling with an emphasis on plant-microbe interactions. Plant Physiol. 163: 531-542.

Postel S, Kemmerling B (2009) Plant systems for recognition of pathogen-associated molecular
patterns. Semin. Cell Dev. Biol. 20 (9): 1025-1031.

Postel S, Kiifner |, Beuter C, Mazzotta S, Schwedt A, Borlotti A, Halter T, Kemmerling B, Niirnberger
T (2010) The multifunctional leucine-rich repeat receptor kinase BAK1 is implicated in Arabidopsis
development and immunity. Eur. J. Cell Biol. 89: 169-174.

Potters G (2010) Antioxidants and redox regulation: Changing notions in a changing world. Plant
Physiol. Biochem. 48: 289-291.

Potters G, Horemans N, Jansen MAK (2010) The cellular redox state in plant stress biology — a
charging concept. Plant Pysiol. Biochem. 48: 292-300.

Potters G, Palsternak TP, Guisez Y, Palme KJ, Jansen MAK (2007) Stress-induced morphogenetic
responses: growing out of trouble? Trends Plant Sci. 12: 98-105.

Prado AM, Porterfield DM, Feijo JA (2004) Nitric oxide is involved in growth regulation and re-
orientation of pollen tubes. Development 131: 2707-2714.

Prado JR, Segers G, Voelker T, Carson D, Dobert R, Phillips J, Cook K, Cornejo C, Monken J, Grapes
L, Reynolds T, Martino-Catt S (2014) Genetically engineered crops: from idea to product. Annu. Rev.
Plant Biol. 65: 769-790.

Ramon M, Rolland F, Sheen J (2008) Sugar sensing and signaling. The Arabidopsis Book.e0117. doi:
10.1199/tab.0117.

Ranf S, Gisch N, Schiffer M, lllig T, Westphal L, Knirel YA, Sanchez-Carballo PM, Zdhringer U,
Hickelhoven R, Lee J, Scheel D (2015) A lectin S-domain receptor kinase mediates
lipopolysaccharide sensing in Arabidopsis thaliana. Nature Immunol. 16 (4): 426-433.

Rao MV, Koch JR, Davis KR (2000) Ozone, atool for probing programmed cell death in plants. Plant
Mol. Biol. 44: 345-358.

Rayapuram C, Jensen MK, Maiser F, Vikgren Shanir J, Hornshgj H, Rung JH, Gregersen PL,
Schweizer P, Collinge DB, Lyngkjeer MF (2012) Regulation of basal resistance by a powdery mildew-
induced cysteine-rich receptor-like protein kinase in barley. Mol. Plant Pathol. 13: 135-147.
Reichheld JP, Khafif M, Riondet C, Droux M, Bonnard G, Meyer Y (2007) Inactivation of thioredoxin
reductases reveals a complex interplay between thioredoxin and glutatione pathways in Arabidopsis
development. Plant Cell 19: 1851-65.

Roden LC, Ingle RA (2009) Lights, rhythms, infection: the role of light and the circadian clock in
determining the outcome of plant-pathogen interactions. Plant Cell 21: 2546-2552.

Rodriguez AA, Grunberg KA, Taleisnik EL (2002) Reactive oxygen species in the elongation zone of
maize leaves are necessary for leaf extension. Plant Physiol. 129: 1627-1632.

Rodriguez MCS, Petersen M, Mundy J (2010) Mitogen-activated protein kinase signaling in plants.
Annu. Rev. Plant Biol. 61: 621-649.

85



Ronald PC (2014) Lab to farm: Applying research on plant genetics and genomics to crop
improvement. PLoS Biol. 12(6):e1001878.

Ronald PC, Beutler B (2010) Plant and animal sensors of conserved microbial signatures. Science
330: 1061-1064.

Roux M, Schwessinger B, Albrecht C, Chinchilla D, Jones A, Holton N, Malinovsky FG, Tor M, de
vries S, 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. Plant
Cell 23: 2440-2455.

Roux M, Zipfel C (2012) Receptor kinase interactions: complexity of signalling. Receptor-like kinases
in plants. Signaling and communication in plants 13.

Sasaki G, Katoh K, Hirose N, Suga H, Kuma K-, Miyata T, Su Z-H (2007) Multiple receptor-like kinase
cDNAs from liverwort Marchantia polymorpha and two charophycean green algae, Closterium
ehrenbergii and Nitella axillaris: Extensive gene duplications and gene shufflings in the early
evolution of streptophytes. Gene 401: 135-144.

Salehin M, Bagchi R, Estelle M (2015) SCFTIR1/AFB-based auxin perception: mechanism and role in
plant growth and development. Plant Cell 27: 9-19.

Santiago J, Henzler C, Hothorn M (2013) Molecular mechanism for plant steroid receptor activation
by somatic embryogenesis co-receptor kinases. Science 341: 889-892.

Santracek J, Vrablovda M, Simkova M, Hronkovd M, Drtinova M, Kvétor J, Vrabl D, Kubasek J,
Mackova J, Wiesnerova D, Neuwithova J, Schreiber L (2014) Stomatal and pavement cell density
linked to leaf internal CO, concentration. Ann. Bot. 114: 191-202.

Sanz L, Albertos P, Mateos |, Sanchez-Vicente I, Lechén T, Fernandez-Marcos M, Lorenzo O (2015)
Nitric oxide (NO) and phytohormones crosstalk during early plant development. J. Exp. Bot. 66:
2857-2868.

Schaller GE, Bishopp A, Kieber JJ (2015) The yin-yang of hormones: cytokinin and auxin interactions
in plant development. Plant Cell 27: 44-63.

Schopfer C, Nasrallah M, Nasrallah J (1999) The male determinant of self-incompatibility in Brassica.
Science 286, 1697-1700.

Schuman MC, Barthel K, Baldwin IT (2012) Herbivory-induced volatiles functions as defenses
increasing fitness of the native plant Nicotiana attenuata in nature. eLife 1:e00007.

Schwessinger B, Ronald PC (2012) Plant innate immunity: perception of conserved microbial
signatures. Annu. Rev. Plant Biol. 63: 452-482.

Schwessinger B, Zipfel C (2008) News from the frontline: recent insights into PAMP-triggered
immunity in plants. Curr. Opin. Plant Biol. 11: 389-395.

Serna L (2014) The role of brassinosteroids and abscisic acid in stomatal development. Plant Sci. 225:
95-101.

Serrano |, Romero-Puertas MC, Sandalio LM, Olmedilla A (2015) The role of reactive oxygen species
and nitric oxide in programmed cell death associated with self-incompatibility. J. Exp. Bot. 66: 2869-
2876.

Shah J, Zeier J (2013) Long-distance communication and signal apmlification in systemic acquired
resistance. Front. Plant Sci. 4: 30.

Shapiguzov A, Vainonen JP, Wrzaczek M, Kangasjarvi J (2012) ROS-talk - how the apoplast, the
chloroplast, and the nucleus get the message through. Front. Plant Sci. 3: 292.

Shigeoka S, Maruta T (2014) Cellular redox regulation, signaling, and stress response in plants.
Biosci. Biotech. Biochem. 78 (9):1457-1470.

Shimada S, Komatsu T, Yamagami A, Nakazawa M, Matsui M, Kawaide H, Natsume M, Osada H,
Asami, T, Nakano T (2015) Formation and dissociation of the BSS1 protein complex regulates plant
development via brassinosteroid signaling. Plant Cell 27: 375-390.

Singh P, Kuo Y-C, Mishra S, Tsai C-H, Chien C-C, Chen C-W, Desclos-Theveniau M, Chu P-W- Schulze
B, Chinchilla D, Boller T, Zimmerli L (2012) The lectin receptor kinase-VI.2 is required for priming
and positively regulates Arabidopsis pattern-triggered immunity. Plant Cell 24: 1256- 1270.

Shiu SH, Bleecker AB (2001a) Receptor-like kinases from Arabidopsis form a monophyletic gene
family related to animal receptor kinases. Proc. Natl. Acad. Sci. U.S.A. 98: 10763-10768.

Shiu SH, Bleecker AB (2001b) Plant receptor-like kinase gene family: diversity, function, and
signaling. Sci. Signal Transduction Knowledge Environ. 113: RE22.

86



Shiu SH, Bleecker AB (2003) Expansion of the receptor-like kinase/Pelle gene family and receptor-
like proteins in Arabidopsis. Plant Physiol. 132: 530-443.

Shiu SH, Karlowski WM, Pan R, Tzeng YH, Mayer KF, Li WH (2004) Comparative analysis of the
receptor-like kinase family in Arabidopsis and rice. Plant Cell 16: 1220-1234.

Sierla M, Rahikainen M, Salojarvi J, Kangasjarvi J, Kangasjarvi S (2013) Apoplastic and Chloroplastic
Redox Signaling Networks in Plant Stress Responses. Antioxid. Redox Signal. 18: 2220-2239.

Song WY, Wang GL, Chen LL, Kim H-S, Pi L-Y, Holsten T, Gardner J, Wang B, Zhai W-X, Zhu L-H,
Fauquet C, Ronald P (1995) A receptor kinase-like protein encoded by the rice disease resistance
gene, Xa21. Science 270: 1804-1806.

Song Y, Miao Y, Song CP (2014) Behind the scenes: the role of reactive oxygen species in guard cells.
New Phytologist 201 (4): 1121-1140.

Spadaro D, Yun B-W, Spoel SH, Chu C, Wang Y-Q, Loake GJ (2010) The redox switch: dynamic
regulation of protein function by cysteine modifications. Physiol. Plant. 138 (4): 357-371.

Stael S, Kmiecik P, Willems P, Van Der Kelen K, Coll NS, Teige M, Van Breusegem F (2015) Plant
innate immunity — sunny side up? Trends Plant Sci. 20(1): 3-11.

Stein RA, Staros JV (2000) Evolutionary analyses of the ErbB receptor and ligand families. J. Mol.
Evol. 50: 397-412.

Steinhorst L, Kudla J (2013) Calsium and reactive oxygen species rule the waves of signaling. Plant
Physiol. 163: 471-485.

Stone JM, Collinge MA, Smith RD, Horn MA, Walker JC (1994) Interaction of the protein
phosphatase with an Arabidopsis serine-threonine receptor kinase. Science 266: 793-795.

Stone JM, Trotochaud AE, Walker JC, Clark SE (1998) Control of meristem development by
CLAVATAL1 receptor kinase and kinase-associated protein phosphatase interactions. Plant Physiol.
117:1217-1225.

Stone JM, Walker JC (1995) Plant protein kinase families and signal transduction. Plant Physiol. 108:
451-457.

Sugiyama N, Nakagami H, Mochida K, Daudi A, Tomita M, Shirasu K, Ishihama Y (2008) Large-scale
phosphorylation mapping reveals the extent of tyrosine phosphorylation in Arabidopsis. Mol. Syst.
Biol. 4: 193.

Suzuki N, Koussevitzky S, Mittler R, Miller G (2012) ROS and redox signalling in the responsee of
plants to abiotic stress. Plant, Cell, Environ. 35: 259-270.

Suzuki N, Miller G, Salazar C, Mondal HA, Shulaev E, Cortes DF, Shuman JL, Luo X, Shah J, Schlauch
K, Shulaev V, Mittler R (2013) Temporal-spatial interaction between reactive oxygen species and
abscisic acid regulates rapid systemic acclimation in plants. Plant Cell 25: 3553-3569.

Swanson S, Gilroy S (2010) ROS in plant development. Physiol. Plant. 138 (4): 384-392.

Taj G, Agarwal P, Grant M, Kumar A (2010) MAPK machinery in plants: Recognition and response to
different stresses through multiple signal transduction pathways. Plant Signal. Behav. 5(11):1370-
1378.

Takasaki T, Hatakeyama K, Suzuki G, Watanabe M, Isogai A, Hinata K (2000) The S-receptor kinase
determines self-incompatibility in Brassica stigma. Nature 403: 913-916.

Takayama S, Shimosato H, Shiba H, Funato M, Che F-S, Watanabe M, lwano M, Isogai A (2001).
Direct ligand-receptor complex interaction controls Brassica self-incompatibility. Nature 413: 534-
538.

Tanaka H, Osakabe Y, Katsura S, Mizuno S, Maruyama K, Kusakabe K, Mizoi J, Shinozaki
K, Yamaguchi-Shinozaki K. (2012) Abiotic stress-inducible receptor-like kinases negatively control
ABA signaling in Arabidopsis. Plant J. 70(4):599-613.

Tanaka Y, Nose T, Jikumaru Y, Kamiya Y (2013) ABA inhibits entry into stomatal lineage
development in Arabidopsis leaves. Plant J. 74: 448-457.

Tang W, Yuan M, Wang R, Yang Y, Wang C, Oses-Prieto JA, Kim TW, Zhou HW, Deng Z, Gampala SS,
Gendron JM, Jonassen EM, Lillo C, Delong A, Burlingame AL, Sun Y, Wang ZY (2011) PP2A activates
brassinosteroid-responsive gene expression and plant growth by dephosphorylating BZR1. Nat. Cell
Biol. 13: 124-131.

Tantikanjana T, Nasrallah ME, Stein JC, Chen CH, Nasrallah JB (1993). An alternative transcript of
the S locus glycoprotein gene in a class Il pollen-recessive self-incompatibility haplotype of Brassica
oleracea encodes a membrane-anchored protein. Plant Cell 5: 657-666.

&7



Taylor JE, Whitelaw CA (2001) Signals in abscission. New Phytol. 151: 323-339.

Teige M, Scheikl E, Eulgem T, Déczi F, Ishimura K, Shinizaki K, Dangl JL, Hirt H (2004) The MKK2
pathway mediates cold and salt stress signaling in Arabidopsis. Mol. Cell 15: 141-152.

The Arabidopsis Genome Initiative (2000) Analysis of the genome sequence of the flowering plant
Arabidopsis thaliana. Nature 408: 796-815.

Thomas CL, Bayer EM, Ritzenthaler C, Fernandez-Calvino L, Maule A (2008) Specific targeting of a
plasmodesmal protein  affecting cell-to-cell communication. PLoS Biol. 6 (1):e7.
doi:10.1371/journal.pbio.0060007.

Tichtinsky G, Vanoosthuyse V, Cock JM, Gaude T (2003) Making inroads into plant receptor kinase
signalling pathways. Trends Plant Sci. 8(5):231-237.

Tognetti VB, Miihlenbock P, Van Breusegem F (2012) Stress homeostasis — the redox and auxin
perspective. Plant, Cell, Environ. 35: 321-333.

Tognetti VB, Van Aken O, Morreel K, Vandenbroucke K, van de Cotte B, De Clercq I, Chiwocha S,
Fenske R, Prinsen E, Boerjan W, Genty B, Stubbs KA, Inzé D, Van Breusegem F (2010) Perturbation
of indole-3-butyric acid homeostasis by the UDP-glucosyltransferase UGT74E2 modulates
Arabidopsis architecture and water stress tolerance. Plant Cell 22: 2660-2679.

Tong M, Seeliger MA (2015) Targeting conformational plasticity of protein kinases. ACS Chem. Biol.
10: 190-200.

Torii KU, Mitsukawa N, Oosumi T, Matsuura Y, Yokoyama R, Whittier RF, Komeda Y. (1996) The
Arabidopsis ERECTA gene encodes a putative receptor protein kinase with extracellular leucine-rich
repeats. Plant Cell 8: 735-746.

Torres MA (2010) ROS in biotic interactions. Physiol. Plant 138(4): 414-429.

Tran LS, Mochida K (2010) Functional genomics of soybean for improvement of productivity in
adverse conditions. Functional and Integrative Genomics 10: 447-462.

Tossi V, Amenta M, Lamattina L, Cassia R (2011) Nitric oxide enhances plant ultraviolet-B protection
up-regulating gene expression of the phenyl propanoid biosynthetic pathway. Plant Cell Environ. 34:
909-921.

Tripathy BC, Oelmiiller R (2012) Reactive oxygen species generation and signalling in plants. Plant
Signal. Behav. 7: 1621-1633.

Trotochaud AE, Hao T, Wu G, Yang Z, Clark SE (1999) The CLAVATAL receptor-like kinase requires
CLAVATAS3 for its assembly into a signaling complex that includes KAPP and the Rho-related protein.
Plant Cell 11: 393-406.

Trotochaud AE, Jeong S, Clark SE. (2000) CLAVATA3, a multimeric ligand for the CLAVATA1 receptor-
kinase. Science 289: 613-617.

Tsugagoshi H, Busch W, Benfey PN (2010) Transcriptional regulation of ROS controls transition from
proliferation to differentation in the root. Cell 143: 606-616.

Uschida N, Smimada M, Tasaka M (2013) ERECTA-family receptor kinases regulate stem cell
homeostasis vai buffering its cytokinin responsiveness in the shoot apical meristem. Plant Cell
Physiol. 54: 343-351.

Ueda H, Kikuta Y, Matsuda K (2012) Plant communication: Mediated by individual or blended VOCs?
Plant Signal. Behav. 7(2): 22-226.

Ullrich A, Schlessinger J (1990) Signal transduction by receptors with tyrosine kinase activity. Cell 61:
203-212.

Vaahtera L, Brosché M (2011) More than the sum of its parts — How to achieve a specific
transcriptional response to abiotic stress. Plant Sci. 180(3): 421-430.

Vaahtera L, Brosché M, Wrzaczek M, Kangasjarvi J (2014) Specificity in ROS signaling and transcript
signatures. Antioxid. Redox Signal. 21(9): 1422-1441.

Vahisalu T, Kollist H, Wang Y-F, Nishimura N, Chan W-Y, Valerio G et al. (2008) SLAC1 is required for
plant guard cell S-type anion channel function in stomatal signalling. Nature 452 (7186): 487-491.
Vahisalu T, Puzorjova I, Brosché M, Valk E, Lepiku M, Moldau H, et al. (2010) Ozone-triggered rapid
stomatal response involves the production of reactive oxygen species, and is controlled by SLAC1
and OST1. Plant J. 62: 442-453.

Vainonen JP, Kangasjarvi J (2014) Plant signaling in acute ozone exposure. Plant Cell Environ. doi:
10.1111/pce.12273

88



Van Breusegem F, Dat JF (2008) Reactive oxygen species in plant cell death. Plant Physiol. 141: 384-
390.

Vanstraelen M, Benkova E (2012) Hormonal interactions in the regulation of plant development.
Annu. Rev. Cell Dev. Biol. 28: 463-487.

Vaultier M-N, Jolivet Y (2015) Ozone sensing and early signaling in plants: An outline from the cloud.
Environ. Exp. Bot. 114: 114-152.

Verhage L, Angenent GC, Immink RGH (2014) Research on floral timing by ambient temperature
comes into blossom. Trends Plant Sci. 19(9): 583-591.

Vernoux T, Wilson RC, Seeley KA, Reichheld J-P, Muroy S, Brown S, Maughan SC, Cobbett CS, Van
Montagu M, Inzé D, May MJ, Sung ZR (2000) The ROOT MERISTEMLESS1/CADMIUM SENSITIVE2
gene defines a glutathione-dependent pathway involved in initiation and maintenance of cell
division during postembryonic root development. Plant Cell 12: 97-110.

Vert G (2008) Plant signaling: Brassinosteroids, Immunity and effectors are BAK! Curr. Biol. 18:r963-
ro6s.

Wada KC, Takeno K (2010) Stress-induced flowering. Plant Signal. Behav. 5 (8): 944-947.

Walker JC (1994) Structure and function of the receptor-like protein kinases of higher plants. Plant
Mol. Biol. 26: 1599-1609.

Walker JC, Zhang R (1990) Relationship of a putative receptor protein kinase from maize to the S-
locus glycoproteins of Brassica. Nature 345 (6277): 743-746.

Wang P, Yanyan D, Zhao X, Miao Y, Song C-P (2013) The MPK6-ERF6-ROS-responsive cis-acting
element7/GCC box complex modulates oxidative gene transcription and the oxidative response in
Arabidopsis. Plant Physiol. 161: 1392-1408.

Wang X, Chory J (2006) Brassinosteroids regulate dissociation of BKI1, a negative regulator of BRI1
signaling, from the plasma membrane. Science 313: 1118-1122.

Wang X, Goshe MB, Soderblom EJ, Phinney BS, Kuchar JA, Li J, Asami T, Yoshida S, Huger SC,
Clouse SD (2005a) Identification and functional analysis of in vivo phosphorylation sites of the
Arabidopsis BRASSINOSTEROID-INSENSITIVE1 receptor kinase. Plant Cell 17: 1685-1703.

Wang X, Kota U, He K, Blackburn K, Li J, Goshe MB, Huber SC, Clouse SD (2008) Sequential
transphosphorylation of the BRI1/BAK1 receptor kinase complex impacts early events in
brassinosteroid signaling. Dev. Cell 15: 220-235.

Wang X, Li X, Meisenhelder J, Hunter T, Yoshida S, Asami T, Chory J (2005b) Autoregulation and
homodimerization are involved in the activation if the plant steroid receptor BRI1. Dev. Cell 8: 855-
865.

Wang Y, Yang J, Yi J (2012) Redox sensing by proteins: oxidative modifications on cysteines and the
consequent events. Antiox. Redox Signal. 16(7): 649-657.

Wang ZY, Nakano T, Gendron J, He J, Chen M, Vafeados D, Yang Y, Fujioka S, Yoshida S, Asami T,
Chory J (2002) Nuclear-localized BZR1 mediates brassinosteroid-induced growth and feedback
suppression of brassinosteroid biosynthesis. Dev. Cell 2: 505-513.

Wang ZY, Seto H, Fujioka S, Yoshida S, Chory J (2001) BRI1 is a critical component of a plasma-
membrane receptor for plant steroids. Nature 410: 380-383.

Waszczak C, Akter S, Jacques S, Huang J, Messens J, Van Breusegem F (2015) Oxidative post-
translational modifications of cysteine residues in plant signal transduction. J. Exp. Bot. 66: 2923-
2934.

Wendehenne D, Gao, Q, Kachroo A, Kachroo P (2014) Free radical-mediated systemic immunity in
plants. Curr. Opin. Plant Biol. 20:127-134.

Wilkinson S, Mills G, lllidge R, Davies WJ (2012) How is ozone pollution reducing our food supply? J.
Exp. Bot. 63: 527-536.

Williams B, Dickman M (2008) Plant programmed cell death: can’t live with it; can’t live without it.
Mol. Plant Pathol. 9(4): 531-544.

Williams RW, Wilson JM, Meyerowitz EM (1997) A possible role for kinase-associated protein
phosphatase in Arabidopsis CLAVATAL signaling pathway. Proc. Natl. Acad. Sci. USA 94: 10467-
10472.

Wrzaczek M, Brosché M, Kangasjarvi J (2009a) Scorched earth strategy: Grim Reaper saves the
plant. Plant Signal. Behav. 4, No.7: 631-633.

&9



Wrzaczek M, Brosché M, Kollist H, Kangasjarvi J (2009b) Arabidopsis GRI is involved in the
regulation of cell death induced by extracellular ROS. Proc. Natl. Acad. Sci. USA 106: 5412-5417.
Wrzaczek M, Brosché M, Kangasjarvi J (2013) ROS signaling loops - production, perception,
regulation. Curr. Opin. Plant Biol. 16: 575-582.

Wrzaczek M, Vainonen JP, Gauthier A, Overmyer K, Kangasjarvi J (2011) Reactive Oxygen in Abiotic
Stress Perception — From Genes to Proteins. A K Shanker & B Venkateswarlu (eds), Abiotic Stress
Response in Plants: Physiological, Biochemical and Genetic Perspectives in Tech, Croatia, pp. 27-54.
Wrzaczek M, Vainonen JP, Stael S, Tsiatsiani L, Help-Rinta-Rahko H, Gauthier A, Kaufholdt D,
Bollhoner B, Lamminmaki A, Staes A, Gevaert K, Tuominen H, Van Breusegem F, Helariutta Y,
Kangasjarvi J (2015) GRIM REAPER peptide binds to receptor kinase PRK5 to trigger cell death in
Arabidopsis. EMBO J. 34(1): 55-66.

Wourzinger B, Mair A, Pfister B, Teige M (2011) Cross-talk of calcium-dependent protein kinase and
MAP kinase signaling. Plant Signal. Behav. 6(1): 8-12.

Xia X-J, Zhou Y-H, Shi K, Zhou J, Foyer CH, Yu J-Q (2015) Interplay between reactive oxygen species
and hormones in the control of plant development and stress tolerance. J. Exp. Bot. 66: 2839-2856.
Xu J, Zhang S (2015) Mitogen-activated protein kinase cascades in signaling plant growth and
development. Trends Plant Sci. 20 (1): 56-64.

Xu MY, Zhang L, Li WW, Hu XL, Wang MB, Fan YL, Zhang CY, Wang L (2014) Stress-induced early
flowering is mediated by miR169 in Arabidopsis thaliana. ). Exp. Bot. 65 (1):89-101.

Yaish MW, Colasanti J, Rothstein SJ (2011) The role of epigenetic processes in controlling flowering
time in plants exposed to stress. J. Exp. Bot. 62 (11): 3727-3735.

Yang T, Poovaiah BW (2003) Calcium/calmodulin-mediated signal network in plants. Trends Plant
Sci. 8 (10): 505-512.

Yang K, Rong W, Qi L, Li J, Wei X, Zhang Z (2013) Isolation and characterization of a novel wheat
cycsteine-rich receptor-like kinase gene induced by Rhizoctonia cerealis. Scientific reports 3: 3021.
Yank Z, Fu Y (2007) ROP/RAC GTPase signaling. Curr. Opin. Plant Biol. 10: 490-494.

Yao N, Greenberg JT (2006) Arabidopsis ACCELERATES CELL DEATH2 modulates programmed cell
death. Plant cell 18:397-411.

Yeh Y-H, Chang Y-H, Huang P-Y, Huang J-B, Zimmerli L (2015) Enhanced Arabidopsis pattern-
triggered immunity by overexpression of cysteine-rich receptor-like kinases. Front. Plant Sci. 6:322.
Yoshida S, Parniske M (2005) Regulation of plant symbiosis receptor kinase through serine and
threonine phosphorylation. J. Biol. Chem. 280: 9203-9209.

Yu M, Yun BW, Spoel SH, Loake GJ (2012) A sleigh ride through the SNO: regulation of plant immune
function by protein S-nitrosylation. Curr. Opin. Plant Biol. 15: 424-430.

Zeng L, Velasquez AC, Munkvold KR, Zhang J, Martin GB (2012) A tomato LysM receptor-like kinase
promotes immunity and its kinase activity is inhibited by AvrPtoB. Plant J. 69: 92-103.

Zhan D; Ye H, Guo H, Johnson A, Lin H, Yin Y (2014) Transcription factors involved in brassinosteroid
repressed gene expression and their regulation by BIN2 kinase. Plant Signal. Behav. 9: e27849.
Zhang L, Tian L-H, Zhao J-F, Song Y, Zhang C-J, Guo Y (2009) Identification of an apoplastic protein
involved in the initial phase of salt stress response in rice root by two-dimensional electrophoresis.
Plant Physiol. 149: 916-928.

Zhang X, Yang G, Shi R, Han X, Qi L, Wang R, Xiong L, Li G (2013) Arabidopsis cysteine-rich receptor-
like kinase 45 functions in the responses to abscisic acid and abiotic stresses. Plant Physiol. Biochem.
67:189-198.

Zhao DY, Tian QY, Li LH, Zhang WH (2007) Nitric oxide is involved in nitrate-induced inhibition of
root elongation in Zea mays. Ann. Bot. 100: 497-503.

Zhou H, Li S, Deng X, Wang X, Chen T, Zhang J, Chen S, Ling H, Zhang A, Wang D, Zhang X (2007)
Molecular analysis of three new receptor-like kinase genes from hexaploid wheat and evidence for
their participation in the wheat hypersensitive response to stripe rust fungus infection. Plant J. 52:
420-434.

Zhu Y, Wang Y, Li R, Song X, Wang Q, Huang S, Jin JB, Liu CM, Lin J (2010) Analysis of interactions
among the CLAVATAS3 receptors reveals a direct interaction between CLAVATA2 and CORYNE in
Arabidopsis. Plant J. 61:223-233.

90



Zipfel C, Kunze G, Chinchilla D, Caniard A, Jones JD, Boller T, Felix G (2006) Perception of the
bacterial PAMP EF-Tu by the receptor EFR restricts Agrobacterium-mediated transformation. Cell
125:749-760.

Zurbriggen MD, Carrillo N, Hajirezaei MR (2010) ROS signaling in the hypersentive response: when,
where and what for? Plant Signal. Behav. 5:393-396.

91



Appendix 1.

The list of Arabidopsis CRKs with their AGI-code, DUF26 nomenclature, subgroup
number and corresponding references. CRK9 has truncated kinase domain and
CRK35 is a putative pseudogene which is why they are not included in the table.

CRK AGI DUF26 Group Ref.

1 At1g19090 40 | I, 1l

2 At1g70520 41 | 1, 1l

3 At1g70530 39 | 1, 1

4 At3g45860 14 Y Chen et al., 2004; Yeh et al., 2015; I, Il

5 At4g23130 13 Vv Chen et al.,, 2003, 2004; Burdiak et al.,
2015; 1, 1l

6 At4g23140 6 Y Yeh et al., 2015; 1, 11, 11l

7 At4g23150 8 V 1, 1,11

8 At4g23160 7 Vv 1,1

10 At4g23180 9 Vv Chen et al., 2003, 2004; I, 1l

11 At4g23190 4 v Chen et al., 2003; I, Il

12 At4g23200 1 \% 1, 1

13 At4g23210 25 v Acharya et al., 2007; I, Il

14 At4g23220 2 v 1, 1

15 At4g23230 36 \ 1, 1

16 At4g23240 22 v 1, 1

17 At4g23250 21 v 1, 1

18 At4g23260 20 [\ 1, 1

19 At4g23270 15 \% Chen et al., 2004; 1, 1l

20 At4g23280 11 Vv Chen et al., 2004; Ederli et al., 2011; I, lll

21 At4g23290 23 vV 1, 1l

22 At4g23300 5 IV 1, 1l

23 At4g23310 12 \ 1, 1

24 At4g23320 24 IV 1, 1l

25 At4g05200 10 Vv 1,1

26 At4g38830 30 IV 1, 1l

27 At4g21230 43 Il 1, 1l

28 At4g21400 28 I} 1, 1

29 At4g21410 29 Il I, 1l

30 At4g11460 19 [\ 1, 1

31 At4gl11470 17 v 1, 1

32 At4g11480 18 IV 1, 1l

33 At4g11490 16 v 1, 1

34 At4g11530 3 IV 1, 1l

36 At4g04490 31 1l Tanaka et al., 2012; Yeh et al., 2015; I, llI

37 At4g04500 32 1l 1,

38 At4g04510 35 1l 1, 1

39 At4g04540 34 1 1, 1

40 At4g04570 33 1l 1, 1

41 At4g00970 26 I} 1, 1

42 At5g40380 38 | 1, 1l

43 At1g70740 37 | 1,

44 At4g00960 27 I} 1, 1

45 At4g11890 45 Il Zhang et al., 2013; I, Il

46 At4g28670 42 | 1, 1
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Appendix 2

The organization of the cysteine residues in the CRK ectodomains. The conserved
Cys residues are marked with bold. The DUF26 motif is underlined. The putative
pseudogene CRK35 (At4g11500) and truncated CRK9 (At4g23170) were excluded.
CRK43, CRK44 and CRK45 lack ectodomain.

At1g19090:

Atlg70520:

Atl1g70530:

At3g45860:

At4g23130:

At4g23140:
At4g23150:

At4g23160:

CRK1:

CRK2:

CRK3:

CRK4:

CRK5:

CRK6:

CRK7:

CRK8:

C-X30=C-X50-C-X5—C-X,-C-X1:-C-X11-C-X3,-C-X;47-C-X5-C-X»-C-X;7—-C-X1:-C-X7,-C
C-X24=C-X43—C-X3—C-X,-C-X;0-C-X1,-C-X;3;-C-X5,-C-X5-C-X,-C-X;;-C-X;,-C-X47-C
C-X50—C-X5—C-X,-C-X10-C-X;5—C-X5;-C-X5:-C-X3g—C-X,-C-X;0-C-X;,-C
C_XE?_ﬂ8ﬂ7__C_XW 1 _C_XW_C_X%_C__XB_C__X?i_X?w -C
C-X49-C-X5—C-X,-C-X;;-C-X;,-C-X76-C-X5-C-X,-C-X;,;-C-X¢;

C-X5;=C=X3=C=X,=C~X1,~C~X1,-C~X7g=C=Xg=C=X,~C~¥X,,-C
C-Xs1-CXs=CX;=CX11-CX12-CXys-CXs=C=X,=CXy:-C

C-X19-C-X15=C-X1p~C-X41-C-Xs53-C—Xgg—C—X10-C-X16-C-X101~C—Xg9—C-Xp,-C-Xs54-C—

X36=C=X51-C-Xg=C-X,=C-X;;-C-X;,-C-X77-C=Xg=C-X,-C-X;,-C-X44-C

At4g23180:CRK10:C-X5,-C-X3—C-X,-C-X;;-C-X1,-C-X75-C-X3-C-X,-C-X,,-C

At4g23190:

At4g23200:

At4g23210:

At4g23220:
C-C-X;,-C

At4g23230:

At4g23240:

At4g23250:

At4g23260:

At4g23270:

At4g23280:

At4g23290:

At4g23330:

At4g23310:

CRK11

CRK12:

CRK13:

CRK14:

CRK15:

CRK16:

CRK17

CRK18:

CRK19

CRK20

CRK21:

CRK22:

CRK23

1 C-Xgg—C-Xg—C-X»-C-X;1-C-X;5-C-X5-C-X3-C-X,-C-X;(-C-C-X;,-C

C-X59=C=X5=C=X,~C~X;;~C~X;5-C~Xg,~C=Xg=C=X,~C~X,(~C~C~X,,~C~X;:~C~C~

C-X15-C-X5-C-Xg—C-X,-C-X;;-C-X;5-C-Xg,-C-Xz-C-X,-C-X;,-C-C-X;,-C

C-X35=C—x-C—C-X=C—-X39—C—X50-C-X5—C-X,-C-X;;-C—X;5-C-X77-C-X5—C-X,-C-X;0—

C-X5,-C=X=C=X,=C~X;;~C~X;,~C~X75=C=X5=C=X,~C~X,;~C~X40~C
C=X13-C=Xs59~C~X5=C=X,~C~X1;-C~X17-C~X75— C-X3=C-X,= C-X;;-C~X1,-C

1 C=Xy=C=X;5-C=X5;-C=X5=C=X,=C~X1;~C~X5-C~Xo5-C=X=C~X,~C~X4~C—X77-C
C=X34=C=X;3-C~Xg;~C=X5=C=X,;=C~X;1-C~X15-C~X5,~C=Xg=C=X,~C~X1,—C-C~X;,~C
:C-X5;~C~X5=C=X,~C~X1;~C~X1,~C~X75-C~Xg=C~X,~C-X,-C

: C=Xp6=C—X5;~C=Xg=C—X,=C-X1,~C—X1,-C~X73-C~Xs~C=X,~C~X,:-C
C-X¢=C-Xs5,~C~Xg=C=X,=C~X1;~C~X,5-C-X75-C~Xg=C=X,~C~X;-C-C-X;,-C
C-X7=C~X5=C=X,=C~X1;-C~X;5~C=X74~C=Xg=C=X,=C~X1(-C~C~X;,~C~X7,~C

:C=Xs3-C=Xg=C=X,=C~X;,~C=X1,~C=Xp: ~C~Xs5:~C=X=C~X,~C~X;; ~C~X1,~C~X75-C~X5=C~

X2=C-X21-C~Xe=C-X41-C-X15-C— X157

At4g23320:

CRK24

1 C-X5;-C-Xg—C-X,-C-X;;-C-X;5-C-X73-C-X3—C-X,-C-X;(~-C-C-X;,-C

Atd4g05200:CRK25:C-X39-C-Xs53-C-Xg—C-X;-C-X1,-C-X1,-C-X75-C-X5—C-X;-C-X1p-C-C-X1,-C-X57-C-Xs-C
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At4g38820:

At4g21230:

At4g21400:

At4g21410:

At4gl1460:

At4gl1470:

At4g11480:

At4g11490:

At4gl1530:

At4g04490:

At4g04500:

At4g04510:

At4g04540:

At4g04570:

At4g00970:

At5g40380:

At4g28670:

X34=C

CRK26:

CRK27:

CRK28

CRK29:

CRK30:

CRK31:

CRK32:

CRK33:

CRK34:

CRK36:

CRK37:

CRK38:

CRK39:

CRK40:

CRK41:

CRK42:

CRK46:

C-X13-C-X5:;-C-Xzs-C-X,-C-X;;-C-X;,-C-X77,-C-X3-C-X,-C-X,p—-C-C-X,,-C
C-X45-C-Xy-C-X,-C-X;;-C-X;,-C-X7,-C-X3-C-X,-C-X,,-C-C-X;,-C

£ C=Xg=C=X14~C=Xs,-C=Xg~CX,—C=X11~C=X1,-C—X17~C=Xg=C~X,~C~X,0~C-C=X¢3-C-X~C
C=X23=C=X50-C=X5=C=X,~C~X;;-C~X;,-C~X77-C-X5~C-X,~-C~-X;,-C-C-X;,.C
C-X51-C=Xg—C-X,-C-X;1-C-X;6-C-Xg3-C-Xs—C-X,-C-X;0-C-C-X;,-C-X¢7
C=X4=C=Xy=C=Xig=c=Xs1—c=Xg=c=Xo—c=Xi1—c=X1g=c=X77-c=Xe=c=Xo—c=Xio—c—c=Xi2—¢c
C-Xg—C-X14—C-X570-C-X3—-C-X,-C-X;;-C-X;5-C-X7,-C-X3-C-X,-C-X,o—-C-C-X;,-C
C-X57,-C-X5—C-X,-C-X;;-C-X;5-C-X5:-C-X3—C-X,-C-X,,-C-C-X53-C
C-X45-C=X5=C-Xs=C-X11-C—X,, ~C-C=Xgs~C=Xg—~C=X,~C~X1 5 ~C~C-X1,-C=X70-C
C-X15=C=X45~C=X~C-X,=C~X11-C-X15-C~Xgo-C=X3=C-X,-C-X»,-C
C=X34=C~X4y9=C=X3g—C-X;—C~-X;;-C-X;3-C-Xgy~C=Xg—C—X,-C-X3-C-X3,-C
C-X45~C=X=C-X,=C~X;1-C-X=C~-Xg=C~Xg2~C=X3=C~X,~C-X,~-C-X3-C
C-X45-C-X3—C-X,-C-X;3-C-X;3-C-X3;-C-X3—C-X,-C-X5-C-X5o—C
C=X35=C—Xs50-C-X3g—C-X,-C-X;1-C-X;5—C—X5—~C-X3—C-X,-C-X3-C-X,;—C-X33-C
C=X41-C=X53-C=X5=C=X=C~X1,~CX; ;~C~X77~C=Xs =C=X,~C~X;5~C~X3=C=X35-C
C-X37=C=X43—C-X3—C-X,-C-X10—C-X;,-C-X5,-C-X;:-C-X5—C-X,-C-X;-C-X;,-C

C-X45=C=Xs~C—X,=C-X,y=C—X,,~C=X»1 ~C-Xys=C=Xs=C - C~X,0=C~X,,~C=Xyy~C-X,-C—
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Appendix 3

The localization of the conserved kinase subdomains in CRKs. The subdomains are
marked with gray color and the amino acid residues conserved in active kinases are
marked with bold letters and bigger font size: K in the subdomain Il, D and N in the
subdomain VIb, D and G in the subdomain VII, and E in the subdomain VIII.
Subdomains defined in the figure 5.

At1gl9090: CRK1

310_MLEKATESFHDSMKLGQGGAVKKLFFNTREWADQFFNEVNLISGVQHKNLVRLLGCSIEGPKSLLVYEYVHNRSLDQILFM
KNTVHILSWKQRENIIIGISEGLEYLHRGSEVKIIHRDIKTSNILLDRNLSPKIADFGLIRSMGTDKTQTNTGIAGTLGYLAPE
YLIKGQLTEKADVYAFGV-

At1lg70520: CRK2

3327GQGGFGTVYKGVLPDGRDIAVKRLFFNNRHRATDFYNEVNMISTVEHKNLVRLLGCSCSGPESLLVYEYLQNKSLDRFIFD
VNRGKTLDWQRRYTIIVGTAEGLVYLHEQSSVKITHRD IKASNILLDSKLQAKIADFGLARSFQDDKSHISTAIAGTLGYMAPE
YLAHGQLTEMVDVYSFGV-

Atl1lg70530: CRK3

330_GQGGSGSVYKGVLTNGKTVAVKRLFFNTKQWVDHFFNEVNLISQVDEKNLVKLLGCSITGPESLLVYEYIANQSLHDYLFV

RKDVQPLNWAKRFKIILGTAEGMAYLHEESNLRIIHRDIKLSNILLEDDFTPRIADFGLARLFPEDKTHISTAIAGTLGYMAPE
YVVRGKLTEKADVYSFGV-

At3g45860: CRK4

358_GQGGFGEVYKGIFPSGVQVAVKRLSKTSGQGEREFANEVIVVAKLQHRNLVRLLGFCLERDERILVYEFVPNKSLDYFIFD
STMQSLLDWTRRYKIIGGIARGILYLHQDSRLTIIHRDLKAGNILLGDDMNAKIADFGMARI FGMDQTEANTRRIVGTYGYMSE
EYAMYGQFSMKSDVYSFGV-

At4g23130: CRKS
35liGQGGFGQVYKGTLPNGVQVAVKRLSKTSGQGEKEFKNEVVVVAKLQHRNLVKLLGFCLEREEKILVYEFVSNKSLDYFLFD

SRMQSQLDWTTRYKIIGGIARGILYLHQDSRLTIIHRDLKAGNILLDADMNPKVADFGMARIFEIDQTEAHTRRVVGTYGYMSE
EYAMYGQFSMKSDVYSFGV -

At4g23140:CRK6

358 GRGGFGEVYKGTFSNGKEVAVKRLSKNSRQGEAEFKTEVVVVAKLQHRNLVRLLGFSLQGEERILVYEYMPNKSLDCLLEFD
PTKQIQLDWMQRYNIIGGIARGILYLHQDSRLTIITHRDLKASNILLDADINPKIADFGMARIFGLDQTQDNTSRIVGTYGYMAPR
EYAMHGQFSMKSDVYSFGV-

At4g23150:CRK7

343_GRGGFGDVYKGTFSNGTEVAVKRLSKTSEQGDTEFKNEVVVVANLRHKNLVRILGFSIEREERILVYEYVENKSLDNFLED
PAKKGQLYWTQRYHIIGGIARGILYLHQDSRLTITHRDLKASNILLDADMNPKIADFGMARI FGMDOTQONTSRIVGTYGYMSE
EYAMRGQFSMKSDVYSFGV-

At4g23160:CRKS

947_GRGGFGEVYKGTFSNGKEVAVKRLSKNSRQGEAEFKTEVVVVAKLQHRNLVRLLGFSLQGEERILVYEYMPNKSLDCLLFD
PTKQTQLDWMQRYNIIGGIARGILYLHQDSRLTITHRDLKASNILLDADINPKIADFGMARIFGLDQTQDNTSRIVGTYGYMAP
EYAMHGQFSMKSDVYSFGV-

At4g23180:CRK10
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355 GOGGFGEVYKGTLSDGTEVAVKRLSKSSGQGEVEFKNEVVLVAKLQHRNLVRLLGFCLDGEERVLVYEYVPNKSLDYFLED
PAKKGQLDWTRRYKIIGGVARGILYLHQDSRLTIITHRDLKASNILLDADMNPKIADFGMARIFGLDQTEENTSRIVGTYGYMSP
EYAMHGQYSMKSDVYSEGV-

At4g23190: CRK11
357 GEGGFGAVYKGKLSNGTDVAVKRLSKKSGQGTREFRNEAVLVTKLQHRNLVRLLGFCLEREEQTLIYEFVHNKSLDYFLED

PEKQSQLDWTRRYKIIGGIARGILYLHQDSRLKIITHRDLKASNILLDADMNPKIADFGLATIFGVEQTQGNTNRIAGTYAYMSP
EYAMHGQYSMKSDIYSFGV-

At4g23200: CRK12
3327GQGGFGEVYKGTLVNGTEVAVKRLSKTSEQGAQEFKNEVVLVAKLQHRNLVKLLGYCLEPEEKILVYEFVPNKSLDYFLFD

PTKQGQLDWTKRYNIIGGITRGILYLHQDSRLTITHRDLKASNILLDADMI PKIADFGMARI SGIDQSVANTKRIAGTFGYMPP
EYVIHGQFSMKSDVYSFGV-

At4g23210: CRK13
365 GHGGSGHVFKGRLPDGKEIAVKRLSEKTEQSKKEFKNEVVLVAKLQHRNLVRLLGFSVKGEEKIIVYEYLPNRSLDYILEFD

PTKQGELDWKKRYKIIGGTARGILYLHQDSQPTITHRDLKAGNILLDAHMNPKVADFGTARIFGMDQSVAITANAAGTPGYMAP
EYMELGEFSMKSDVYSYGV-

At4g23220: CRK14

414 GRGGFGEVFMGVLNGTEVAIKRLSKASRQGAREFKNEVVVVAKLHHRNLVKLLGFCLEGEEKILVYEFVPNKSLDYFLEDP
TKQGQLDWTKRYNIIRGITRGILYLHQDSRLTI THRDLKASNILLDADMNPKIADFGMARI FGIDOSGANTKKIAGTRGYMPPE
YVRQGQFSTRSDVYSFGV-

Atd4g23230: CRK15

224 GOGGFGEVYKGTFSNGTEVAVKRLSKSSGQGDTEFKNEVVVVAKLQHRNLVRLLGFSIGGGERILVYEYMPNKSLDYFLED
PAKQNQLDWTRRYKVIGGIARGILYLHQDSRLTITHRDLKASNILLDADMNPKLADFGLARIFGMDQTQENTSRIVGTFGYMAP
EYATHGQFSVKSDVYSFGV-

At4g23240: CRK1l6

357GHGGFGEGTFPNGTEVAVKRLSKISGQGEEEFKNEVLLVAKLQHRNLVRLLGFSVEGEEKILVYEYMPNKSLDYFLFDHRRR
GQLDWRTRYNIIRGVTRGILYLHQDSRLTIIHRDLKAGNILLDVDMNPKIADFGVARNFRVDOTEATTGRVVGTFGYMPPEYVA
NGQFSMKSDVYSFGV -

At4g23250: CRK17

361_GAGGFGEVYKGMLLNGTEIAVKRLSKTSGQGEIEFKNEVVVVAKLQHINLVRLLGFSLQGEEKLLVYEFVPNKSLDYFLFD
PNKRNQLDWTVRRNIIGGITRGILYLHQDSRLKIIHRDLKASNILLDADMNPKIADFGMARIFGVDQTVANTARVVGTEGYMSP
EYVTHGQFSMKSDVYSFGV-

At4g23260: CRK18

3467GKGGFGEVYKGMLMNGTEIAVKRLSKTSGQGEVEFKNEVVVVAKLQHINLVRLLGFSLQGEEKLLVYEFVSNKSLDYFLFD
PTKRNQLDWTMRRNIIGGITRGILYLHQDSRLKIITHRDLKASNILLDADMNPKIADFGMARIFGVDQTVANTGRVVGTEFGYMSP
EYVTHGQFSMKSDVYSFGV-

At4g23270: CRK19
333 GOGGFGEVYKGTLSSGLQVAVKRLSKTSGQGEKEFENEVVVVAKLQHRNLVKLLGYCLEGEEKILVYEFVPNKSLDHFLFD
STMKMKLDWTRRYKIIGGIARGILYLHQDSRLTITHRDLKAGNILLDDDMNPKIADFGMARI FGMDQTEAMTRRVVGTYGYMSP

EYAMYGQFSMKSDVYSFGV-

Atd4g23280: CRK20
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341 _GOGGFGEVYKGTFPSGVQVAVKRLSKNSGQGEKEFENEVVVVAKLQHRNLVKLLGYCLEGEEKILVYEFVPNKSLDYFLED
PTMQGQLDWSRRYKIIGGIARGILYLHQDSRLTIIHRDLKAGNILLDADMNPKVADFGMARI FGMDQTEANTRRVVGTYGYMAPR
EYAMYGKFSMKSDVYSFGV-

At4g23290: CRK21

370 GHGGFGAVYKGMFPNGTEVAAKRLSKPSDQGEPEFKNEVLLVARLQHKNLVGLLGFSVEGEEKILVYEFVPNKSLDHFLFD
PIKRVQLDWPRRHNIIEGITRGILYLHQDSRLTIIHRDLKASNILLDAEMNPKIADFGLARNFRVNQTEANTGRVVGTFGYMPP
EYVANGQFSTKSDVYSFGV-

At4g23330: CRK22
360_GEGRFGEVYKGKFSNGTEVAVKRLSKVSGQDTKKFRNEAVLVSKIQHRNLARLLGFCLQGDGKFLIYEFVLNKSLDYFLFD
PEKQGELDWTRRYKIIGGIAQGILHLHQDPQLTIIYRDFKASNILLDADMNPKISDFGMATVFGMEESRGNTNWIAETFVYMSE
EYAVHGKFSMKSDVYSFGI-

At4g23310: CRK23

515 GQGGFGEVYKGTFPSGVQVAVKRLSKTSGQGEREFENEVVVVAKLQHRNLVRLLGYCLEGEEKILVYEFVHNKSLDYFLFD
TTMKRQLDWTRRYKIIGGIARGILYLHQDSRLTIIHRDLKAGNILLDADMNPKVADFGMARIFGMDQTEANTRRVVGTYGYMAP
EYAMYGQFSMKSDVYSFGV-

At4g23320: CRK24

180 GHGGFGEVYKGTFPNGTEVAVKRLSKTSGQGEEEFKNEVFLVAKLQHRNLVKLLGYAVKGDEKILVYEFLPNKSLDHFLED
PVKKGQLDWTRRYNIINGITRGIVYLHQDSRLTIIHRDLKAGNILLDADMNPKIVDFGVARNFRVDQTEATTARVVGTIGYMPP
EYVTNGQFSTKSDVYSFGV—

At4g05200:CRK25

354 GHGGFGEVYKGQLITGETVAIKRLSQGSTQGAEEFKNEVDVVAKLQHRNLAKLLGYCLDGEEKILVYEFVPNKSLDYFLFD

NEKRRVLDWQRRYKITIEGIARGILYLHRDSRLTIIHRDLKASNILLDADMHPKISDFGMARIFGVDQTOANTKRIVGTYGYMSP
EYATHGKYSVKSDVYSFGV-

At4g38830: CRK26

351 GEGGFGAVYKGVLSDGOKIAVKRLSKNAQQGETEFKNEFLLVAKLQHRNLVKLLGYSIEGTERLLVYEFLPHTSLDKFIFD
PIQGNELEWEIRYKIIGGVARGLLYLHQDSRLRI THRDLKASNILLDEEMTPKIADFGMARLFDIDHTTORY TNRIVGTFGYMA
PEYVMHGQFSFKTDVYSFGV-

At4g21230: CRK27

340 _GEGGFGVVYKGHLPDGLEIAVKRLSIHSGQGNAEFKTEVLLMTKLQHKNLVKLFGFSIKESERLLVYEFIPNTSLDRFLED
PIKQKQLDWEKRYNIIVGVSRGLLYLHEGSEFPITHRDLKSSNVLLDEQMLPKISDFGMARQFDFDNTQAVTRRVVGTYGYMAP
EYAMHGRFSVKTDVYSFGV-

At4g21400: CRK28

368 GRGGFGSVYKGVFSGGQEIAVKRLSCTSGQGDSEFKNEILLLAKLQHRNLVRLLGFCIEGQERILVYEFIKNASLDNFIFG
NCFPPFSPYDDPTVLFFLLCVDLYAVTDLKKRQLLDWGVRYKMIGGVARGLLYLHEDSRYRI THRDLKASNILLDQEMNPKIAD
FGLAKLYDTDQTSTHRFTSKIAGTYGYMAPEYATYGOFSVKTDVFSFGV-

At4g21410: CRK29
364_GRGGFGSVYKGVFPQGOEIAVKRLSGNSGQGDNEFKNEILLLAKLQHRNLVRLIGFCIQGEERLLVYEFIKNASLDQFIFD

TEKRQLLDWVVRYKMIGGIARGLLYLHEDSRFRI THRDLKASNTLLDOEMNPKIADFGLAKLFDSGQTMTHRFTSRIAGTYGYM
APEYAMHGQFSVKTDVFSFGV-
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At4gl1460: CRK30
353_GOGGFGEVYKGTLSNGTEVAVKRLSRTSDQGELEFKNEVLLVAKLQHRNLVRLLGFALQGEEKILVFEFVPNKSLDYFLFG
STNPTKKGQLDWTRRYNIIGGITRGLLYLHQDSRLTIIHRDIKASNILLDADMNPKIADFGMARNFRDHQTEDSTGRVVGTFGY
MPPEYVAHGQFSTKSDVYSFGV-

At4gl1470: CRK31

346 GOGGFGEVYKGMLPNETEIAVKRLSSNSGQGTQEFKNEVVIVAKLQHKNLVRLLGFCIERDEQILVYEFVSNKSLDYFLFD
PKMKSQLDWKRRYNIIGGVTRGLLYLHQDSRLTITHRDIKASNILLDADMNPKIADFGMARNFRVDQTEDQTGRVVGTFGYMPP
EYVTHGQFSTKSDVYSFGV-

At4g11480: CRK32
328_GKGGFGEVYKGMLPNETEVAVKRLSSNSGQGTQEFKNEVVIVAKLOQHKNLVRLLGFCLERDEQILVYEFVPNKSLNYFLFG
NKQKHLLDPTKKSQLDWKRRYNIIGGITRGLLYLHQODSRLTITHRD IKASNILLDADMNPKIADFGMARNFRVDOTEDNTRRVV
GTFGYMPPEYVTHGQFSTKSDVYSFGV -

At4g11490: CRK33
328_GOGGFGEVFKGVLQDGSEIAVKRLSKESAQGVQEFQNETSLVAKLQHRNLVGVLGFCMEGEEKILVYEFVPNKSLDQFLFE
PTKKGQLDWAKRYKIIVGTARGILYLHHDSPLKIIHRDLKASNILLDAEMEPKVADEGMARI FRVDQSRADTRRVVGTHGY ISP
EYLMHGQFSVKSDVYSFGV-

At4gl1530: CRK34

352 GRGGFGEVYRGKLSSGPEVAVKRLSKTSGQGAEEFKNEAVLVSKLQHKNLVRLLGFCLEGEEKILVYEFVPNKSLDYFLFD
PAKQGELDWTRRYNTIGGIARGILYLHQDSRLTITHRDLKASNILLDADMNPKIADFGMARTFGVDQSQANTRRIAGTFGYMSP
EYAMRGHFSMKSDVYSFGV-

At4g04490: CRK36
347_GQGGFGSVYKGILPSGQEIAVKRLAGGSGQGELEFKNEVLLLTRLQHRNLVKLLGFCNEGNEEILVYEHVPNSSLDHFIFD
EDKRWLLTWDVRYRIIEGVARGLLYLHEDSQLRITHRDLKASNILLDAEMNPKVADFGMARLFNMDETRGETSRVVGTYGYMAP
EYVRHGQFSAKSDVYSFGV-

At4g04500: CRK37

352 GQOGGFGSVYKGILPSGQEIAVKRLRKGSGQGGMEFKNEVLLLTRLOHRNLVKLLGFCNEKDEEILVYEFVPNSSLDHFIFD
EEKRRVLTWDVRYTIIEGVARGLLYLHEDSQLRI ITHRDLKASNILLDAEMNPKVADFGMARLFDMDETRGQTSRVVGTYGYMAP
EYATYGQFSTKSDVYSFGV-

At4g04510: CRK38

346 _GOGGFGSVYKGKLPGGEEIAVKRLTRGSGQGEIEFRNEVLLLTRLOHRNLVKLLGFCNEGDEEILVYEFVPNSSLDHFIFD
EEKRLLLTWDMRARI IEGVARGLVYLHEDSQLRI THRDLKASNILLDAYMNPKVADFGMARLFNMDQTRAVTRKVVGTFGYMAP
EYVRNRTFSVKTDVYSFGV-

At4g04540: CRK39
360_GOGGFGTVYKGTLLNGQEVAVKRLTKGSGQGDIEFKNEVSLLTRLQHRNLVKLLGFCNEGDEQILVYEFVPNSSLDHFIFD
DEKRSLLTWEMRYRIIEGIARGLLYLHEDSQLKITHRDLKASNILLDAEMNPKVADFGTARLFDSDETRAETKRIAGTRGYMAP

EYLNHGQISAKSDVYSFGV-

At4g04570: CRK40
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355_GOGGFGTVYKGTFPNGOEVAVKRLTKGSGQGDMEFKNEVSLLTRLQHKNLVKLLGFCNEGDEEILVYEFVPNSSLDHFIFD
EDKRSLLTWEVRFRIIEGIARGLLYLHEDSQLKIITHRDLKASNILLDAEMNPKVADFGTARLFDSDETRAETKRIAGTRGYMAP
EYLNHGQISAKSDVYSFGV-

At4g00970: CRK41

351 GEGGFGAVYKGVLDYGEEIAVKRLSMKSGQGDNEFINEVSLVAKLQHRNLVRLLGFCLQGEERILIYEFFKNTSLDHYIFD
SNRRMILDWETRYRIISGVARGLLYLHEDSREKIVHRDMKASNVLLDDAMNPKIADEGMAKLEFDTDOTSQTRETSKVAGTYGYM
APEYAMSGEFSVKTDVFSFGV-

At5g40380: CRK42
322_GOGGNGTVFLGILPNGKNVAVKRLVENTRDWVEEFFNEVNLISGIQHKNLVKLLGCSIEGPESLLVYEYVPNKSLDQFLED
ESQSKVLNWSQRLNIILGTAEGLAYLHGGSPVRI THRDIKTSNVLLDDOLNPKIADFGLARCFGLDKTHLSTGIAGTLGYMAPE
YVVRGQLTEKADVYSFGV-

At1lg70740: CRK43

69 GEGGFGPVFKGRLPDGRDIAVKKLSQVSRQGKNEFVNEAKLLAKVQHRNVVNLWGYCTHGDDKLLVYEYVVNESLDKVLEKS
NRKSEIDWKQRFEIITGIARGLLYLHEDAPNCIIHRDIKAGNILLDEKWVPKIADFGMARLYQEDVTHVNTRVAGTNGYMAPEY
VMHGVLSVKADVFSFGV -

At4g00960: CRK44

63 GEGGFGAVYKGVLDSGEEIAVKRLSMKSGQGDNEFVNEVSLVAKLQHRNLVRLLGFCFKGEERLLIYEFFKNTSLEKRMILD
WEKRYRITSGVARGLLYLHEDSHFKITHRDMKASNVLLDDAMNPKIADFGMVKLENTDQOTSQTMFTSKVAGTYGYMAPEYAMSG
QFSVKTDVFSFGV-

At4gl11890: CRK45

47_GRGGFGFVYKGRLONGQEIAVKILSTSSIRTERQFHNELIILSKLKHKNLINLLGFCTKRDQHGLVYEFMPNSSLDCFILDP
HRAAQLNWEMCRNIIDGIARGLRYLHEESGLWVVHRD IKPGNILLDSDLKPKIVGFELARTMQQGENAAETTEIVGTVGYLDPE
YIRSGRVSVKSDVYAFGV-

At4g28670: CRK46
338 GVGGYGEVFKGTLSDGREIATKRLHVSGKKPRDEIHNETDVISRCQHKNLVRLLGCCFTNMNSFIVYEFLANTSLDHILEN

PEKKKELDWKKRRTIILGTAEGLEYLHETCKIITHRDIKASNILLDLKYKPKISDFGLAKFYPEGGKDIPASSLSPSSIAGTLGY
MAPEYISKGRLSNKIDAYSFGV-
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